
 

 

 

                                             
 
 
 
 
 
 
 
 
 

Project Number 282910 
 

ÉCLAIRE 
 

Effects of Climate Change on Air Pollution Impacts and Response 
Strategies for European Ecosystems 

 
 

Seventh Framework Programme 
 

Theme: Environment 
 
 
 
 
 

D3.2. Background bi-directional NH3 exchange with soil/vegetation 
module  

 
 
 

Due date of deliverable: 31/03/2014 Actual submission date: 30/09/2015 
 

Start Date of Project: 01/10/2011 Duration: 48 months 
 

Organisation name of lead contractor for this deliverable : 
Karlsruher Institut fuer Technologie 
 

Project co-funded by the European Commission within the Seventh Framework Programme  

Dissemination Level 

PU Public  

PP Restricted to other programme participants (including the Commission Services)  

RE Restricted to a group specified by the consortium (including the Commission Services)  

CO Confidential, only for members of the consortium (including the Commission Services)  



ÉCLAIRE   Deliverable 3.2 
 
 

2 of 25 

1. Executive Summary  

 The objective of this task was to improve parameterisations and models of surface/atmosphere 

bi-directional NH3 exchange with soil and vegetation for background conditions, i.e. for semi-

natural ecosystems and for agro-ecosystems outside fertilisation events. 

 The strategy to fulfill these requirements was to evaluate and refine an existing state-of-the-art 

parameterisation for bi-directional NH3 exchange, the Massad-Nemitz-Sutton parameterisation 

scheme (“MNS-2010” hereafter; Massad et al., 2010). 

 The stomatal emission potential (Γs) of semi-natural and agricultural vegetation was refined either 

by adjusting to existing datasets and the data generated within Eclaire for crops, grassland and 

forest, or by using crop modelling (CERES-EGC).  

 CERES-EGC was also used to derive parameterisations of the soil emission potential (Γg) for 

background conditions (outside fertilisation events) for croplands across Europe. A meta-

modelling approach was developed with the aim of deriving simplified empirical relationships 

between Γg and management and environmental variables, which could then be implemented at 

low computational cost within chemical transport models (CTMs). 

 The parameterisation of the non-stomatal resistance (Rw) to NH3 deposition and its response to 

the pollution climate was adjusted to existing datasets and the data generated within Eclaire for 

crops, grassland and forest. 

 The MNS-2010 model was evaluated against 3 datasets from unfertilised ecosystems (one 

moorland, one temperate mixed forest and one Mediterranean forest) and 5 datasets from 

fertilised ecosystems (three grazed grasslands, one cut grassland and one crop rotation) over 

Europe. An additional comparison was performed on a grassland site in Brittany. 

 The NH3 dry deposition fluxes using the default MNS-2010 scheme were systematically 

underestimated by comparison to measured flux values. A sensitivity analysis indicated that 

lowering Γs values by a significant fraction would not significantly address the under-deposition 

issue in the model, but instead non-stomatal resistance to NH3 deposition (Rw) was generally 

over-estimated and that its parameterisation should be revised. The proposed revision of the 

MNS-2010 consisted in dividing by 3 the minimum non-stomatal resistance and its response to 

temperature. This resulted in a significant improvement in model results and predictive capability 

when tested against ECLAIRE datasets. 

 Soil and stomatal emission potential (Γg and Γs) were obtained from runs of the CERES-EGC 

crop model for the whole of Europe on a daily time step and with a 0.25°×0.25° grid resolution 

for three periods: a historical period (1950-2010) and two future periods with two different 

scenarios RCP4.5 (2010-2100) and RCP8.5 (2010 – 2100). 

 The soil data were extracted from the European soil database (Panagos et al., 2012) and were 

aggregated on the 0.25°×0.25° grid. Management data were extracted from the open access GHG-

Europe project database and were initially provided by M. Wattenbach. The data contains the 

crop sequences from 1976 to 2010 on a 1 x 1 km grid which were aggregated in the 0.25°×0.25° 

grid. Meteorological data were derived from the HadGEM2-ES climate model for two scenarios 

as described above (RCP 4.5 and RCP 8.5). 

 The Γg (Γs) simulated with CERES-EGC for background conditions vary between 50 and 6000 

(20 and 250) and lie within reported values in literature. The simulated stomatal emissions 

potentials were almost homogeneously distributed in Europe while soil emissions potentials are 

larger in alkaline soils. Maps of monthly Γg and Γs were produced on the 0.25°×0.25° grid 

 A meta-model of yearly averaged Γg was fitted to the simulated values which were shown to 

respond predominantly and positively to soil pH and fertilization rates and slightly but negatively 

to temperature and precipitation.  

 Overall, an updated parameterisation of the MNS-2010 is proposed and a new methodology for 

deriving g and s is evaluated. 



ÉCLAIRE   Deliverable 3.2 
 
 

3 of 25 

2. Objectives: 

 The objective of WP 3.2 was to improve parameterisations and models of surface/atmosphere bi-

directional NH3 exchange with soil and vegetation for background conditions, i.e. for semi-

natural ecosystems and for agro-ecosystems outside fertilisation events. 

 New flux measurement data from the ECLAIRE flux network and from controlled soil and litter 

emission measurements within ECLAIRE, as well as flux data from earlier European projects (eg 

NitroEurope IP) and from parallel national activities, would be used both to test existing schemes 

and to develop or improve new model descriptions of background NH3 exchange. 

 Particular emphasis was to be given to the improvement of responses of NH3 exchange to changes 

in meteorological conditions under a changing climate, such as temperature, leaf surface wetness 

and co-deposition of chemically interacting compounds.  

 The strategy adopted to fulfil these requirements was twofold:  

1. To evaluate and refine an existing state-of-the-art parameterisation for bi-directional NH3 

exchange, the Massad-Nemitz-Sutton parameterisation scheme (“MNS-2010” hereafter; 

Massad et al., 2010), to address the stomatal emission potential (Γs) of semi-natural and 

agricultural vegetation, and the non-stomatal resistance (Rw) to NH3 deposition and its 

response to the pollution climate. 

2. To use mechanistic crop modelling to derive parameterisations of the soil emission potential 

(Γg) for background conditions (outside fertilisation events) for croplands across Europe. 

More specifically, a meta-modelling approach was developed with the aim of deriving 

simplified empirical relationships between Γg and management and environmental variables, 

which could then be implemented at low computational cost within chemical transport models 

(CTMs). 

 
 

3. Activities: 

3.1 Evaluation and validation of the Massad-Nemitz-Sutton (2010) NH3 exchange parameterisation for 

background conditions 

 

3.1.1 Basic description 

The MNS-2010 parameterisation for bi-directional NH3 exchange was based on an extensive literature 

review of NH3 flux datasets, soil and vegetation emission potentials and resistance formulations for in-

canopy transfer and deposition (Massad et al., 2010). The MNS-2010 scheme was developed to provide 

general parameter tables and functions for the Nemitz-Milford-Sutton 2-layer NH3 canopy compensation 

point model (“NMS-2001” hereafter, Nemitz et al., 2001), with a view to implementing bi-directional 

NH3 exchange schemes in CTMs. Briefly, the exchange of NH3 between the atmosphere and the 

ecosystem is mediated by a network of physical resistances accounting for turbulent transfer above- and 

in-canopy, molecular diffusion through laminar sub-layers and through stomates, and uptake by wetness 

and by other non-stomatal surfaces (Fig. 1). 

 

Unlike traditional dry deposition schemes still used in most CTMs (Wesely et al., 1989), compensation 

point models such as NMS-2001 allow for NH3 emissions as well as deposition fluxes, based on the 

recognition that both plant leaves and the uppermost layers of topsoil and the leaf litter contain dissolved 

NH3 and NH4
+ (with a pH-dependent partitioning), which through Henry’s law generate non-zero NH3 

gas surface potentials. The exchange is bi-directional because depending on ambient atmospheric NH3 

levels and other environmental factors (temperature, relative humidity, surface wetness), deposition to 

the ecosystem from the atmosphere may prevail over plant/soil emissions, or vice versa. The sign and 

magnitude of the net flux is controlled by the difference between air concentration (a) and the so-called 

canopy compensation point (c). 



ÉCLAIRE   Deliverable 3.2 
 
 

4 of 25 

 
Figure 1. The Nemitz-Milford-Sutton (NMS-2001) 2-layer canopy compensation point model. 

 

The key parameterisations examined and derived by Massad et al. (2010) focused on the stomatal 

compensation point (χs), the soil surface NH3 concentration (χg) and the non-stomatal Rw. More 

specifically, since the solubility of NH3 in water is temperature-dependent, a more useful (temperature-

independent) measure of the NH3 emission potential is the ammonium to proton ratio in the substrate, 

noted Γ hereafter. For example the Γ value for plant stomates is given as the ratio of concentrations in 

the apoplast: 

𝛤𝑠 =
[𝑁𝐻4

+]
𝑎𝑝𝑜

[𝐻+]𝑎𝑝𝑜
           (1) 

The ground/soil emission potential Γg is given as: 

𝛤𝑔 =
[𝑁𝐻4

+]
𝑠𝑜𝑖𝑙

[𝐻+]𝑠𝑜𝑖𝑙
           (2) 

 

Major challenges in implementing Γ-based representations of plant and soil NH3 emission potentials in 

CTMs include the need for Γ values for all ecosystem types across the modelling domain and their 

temporal variability over seasonal and multi-annual time scales (Flechard et al., 2013). Based on their 

review of published Γs values, Massad et al. (2010) proposed that for unmanaged ecosystems Γs should 

increase with atmospheric N deposition, or N input (NIN), following: 

𝛤𝑠 = 246 + 0.0041 ∗ 𝑁𝐼𝑁
3.56  (unmanaged)      (3) 

For managed (agricultural) systems during background periods they derived a similar form of 

relationship, in which NIN is the sum of annual fertilisation and atmospheric deposition: 

𝛤𝑠 = 66.4 + 0.0853 ∗ 𝑁𝐼𝑁
1.59  (managed, background)    (4) 

 

Note that in this context, a “managed” ecosystem indicates either the occurrence of nitrogen fertilisation, 

or grazing by farm herbivores, or both. An unimproved grassland or moorland that is extensively grazed 

is referred to as managed even in the absence of mineral or organic N fertilisation. Figure 2 shows that 

for an identical N input level, the parameterised MNS-2010 value of Γs is always higher for semi-natural 

vegetation than for agricultural systems (in the range of typical atmospheric N deposition 0-50 kgN ha-1 

yr-1). In practice agro-ecosystems are typically fertilised with 100-200 kgN ha-1 yr-1, which yields typical 

background Γs values of 200-400, thus very similar to unmanaged Γs values for N deposition levels 

between 0 and 20 kgN ha-1 yr-1. 

 

Note that the MNS-2010 scheme also provides parameterisations for short-term temporal changes in Γs 

following the field application of mineral and organic fertilisers to agro-ecosystems, with the initial 

elevated Γs value at the date/time of fertilisation being a linear function of the applied N fertiliser dose 

(Γs,max=12.3*Napp+20.3) and Γs decreasing exponentially over the following few days (Γs(t)=Γs,max*e-t/τ), 

with t expressed in days and τ the e-folding time set at 2.88 days. By definition, this empirical 
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parameterisation does not apply to background periods and will not be tested here, but it is available for 

implementation in CTMs in the absence of more advanced (ecosystem modelling-based) solutions (see 

ECLAIRE deliverable 4.1). 

 
Figure 2. Relationship of the background stomatal emission potential (Γs) to annual N inputs in the MNS-

2010 scheme. 

 

For Γg values in background conditions, the MNS-2010 parameterisation scheme proposes that the soil 

emission potential is treated as negligible wherever there is vegetation (both managed and unmanaged); 

for periods when soil is bare in agroecosystems (between consecutive crops), Γs was set to 500. 

  

The non-stomatal resistance to NH3 deposition (Rw) was another key model variable investigated, 

reviewed and parameterised by Massad et al. (2010). The MNS-2010 parameterisation proposes a 

formulation of Rw that includes an inverse dependence to relative humidity (NH3 uptake is more efficient 

over wet surfaces), an inverse dependence to an acid/NH3 ratio (AR) index (the more acidic the surface, 

the more efficient the uptake), and a positive exponential response to temperature (increased temperature 

will tend to displace dissolved NH3 toward the gas phase, thus reducing uptake rates). The generic default 

Rw parameterisation was provided in Massad et al. (2010) as: 

𝑅𝑤 =
𝑅𝑤,𝑚𝑖𝑛

𝐿𝐴𝐼0.5 ∗ 𝑒𝛼(100−𝑅𝐻) ∗ 𝑒𝛽𝑇        (5) 

where α is an ecosystem-specific constant (range 0.0318 for forests to 0.176 for grasslands), RH is 

relative humidity (%), β=0.15, T is surface air temperature (°C), LAI the 1-sided leaf area index, and the 

minimum value Rw,min was given as: 

𝑅𝑤,𝑚𝑖𝑛 =
𝛾

𝐴𝑅
           (6) 

with γ = 31.5 s m-1 and AR the atmospheric molar concentration ratio calculated from 

(HNO3+2*SO2+HCl)/NH3. 

 

Figure 3 describes typical variations of Rw over forest as a function of surface relative humidity, ambient 

acids/NH3 ratio, surface temperature and leaf area index, according to the parameters of Massad et al. 

(2010). The lowest predicted Rw values (<50 s m-1) occur at 100% RH and at the highest AR and LAI 

values. Rw increases exponentially with decreasing RH, with slope =0.032 for forests (note that 

changing  to the value of 0.176 (grassland) results in a much steeper response to RH, with increases in 

Rw by factors of 2.1, 4.2 and 75.6, at 95%, 90% and 70% RH, respectively, compared with forests). A 

change in temperature from 5 to 20°C results in a tenfold increase in Rw; an increase in LAI from 1 to 5 

m2 m-2 roughly halves Rw ; and a change in AR from 0.2 (NH3-rich air) to 0.8 (NH3-poor air) decreases 

Rw by a factor of 4. 

 

A summary table of the parameterisations for Γ and Rw in MNS-2010 is provided in Appendix 1. 
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Figure 3. Variations of the non-stomatal resistance (Rw) over forest, as a function of relative humidity, 

temperature, leaf area index and the acid/NH3 ratio (AR), from the MNS-2010 scheme. 

 

3.1.2 Evaluation of the MNS-2010 scheme 

The MNS-2010 scheme was derived shortly before the start of ECLAIRE from a comprehensive 

compilation of many NH3 flux datasets worldwide, mostly in the period from the early 1990’s to 2010, 

and can therefore still be considered to represent the state of the art. However, although some of its 

parameterisations have been adapted for use in the CMAQ-EPIC CTM (Bash et al., 2013), it has not been 

extensively tested versus actual measured flux datasets at the field scale. This section will show results 

of model runs applied to “historical” (pre-ECLAIRE) long-term (seasonal to annual) datasets, as well as 

model applications using measurements from ECLAIRE core sites within Component 1. 

The European field sites and associated NH3 flux datasets spanning 20 years, for which the NMS-

2001/MNS-2010 model was tested in this Work Package, include the following: 

Unfertilised (semi-natural) ecosystems: 

 UK-AMO, Auchencorth Moss, extensively grazed moorland, 1995-96-98 (LIFE project) 

 NL-Spe, Speulderbos, temperate mixed forest, 2009-10 (NitroEurope), 2013 (ECLAIRE) 

 IT-BFo, Bosco Fontana, medit. forest, 2012 (ECLAIRE)  

 

Fertilised agro-ecosystems: 

 UK-EBu, Easter Bush, grazed grassland, 2007-08  (NitroEurope) 

 CH-Oe1, Oensingen, cut grassland, 2006-07-08-09 (NitroEurope) 

 CH-Pos, Posieux, grazed grassland, 2013 (ECLAIRE) 

 FR-Gri, Grignon, crop rotation, 2008-09 (NitroEurope), 2012 (ECLAIRE) 

 FR-Mej, Méjusseaume, grazed grassland, 2014-2015 (FR-ADEME BTEP project) 
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The ambient atmospheric NH3 concentrations measured at these sites spanned 6 orders or magnitude, 

although all concentrations above 100 µg m-3 were measured during slurry spreading events (Fig. 4). 

Median NH3 concentrations over the entire measurement periods at the differents sites were 0.4, 1.9, 2.1, 

3.9, 4.3, 4.9, 9.7 and 23.5 µg m-3 at UK-AMo, UK-Ebu, CH-Oe1, FR-Mej, NL-Spe, CH-Pos, FR-Gri and 

IT-BFo, respectively. Note that these concentrations do not necessarily represent the actual annual/multi-

annual median concentrations at the sites, as sampling was not continuous but rather focused on specific 

times of year (e.g. slurry spreading events at FR-Gri). Figure 4 also shows the compared time series of 

measured NH3 fluxes in the “background” flux range (the large fertiliser-related emission fluxes are not 

displayed here). The exchange was bi-directional at all sites, but more clearly so at the fertilised 

agricultural sites (CH-Oe1, CH-Pos, FR-Gri, FR-Mej, UK-Ebu) and at the Dutch high N-deposition 

Douglas Fir forest (NL-Spe), than at the remote Scottish moorland site (UK-AMo) or the Po Valley forest 

site (IT-BFo). 

 
Figure 4. Overview of measured ambient NH3 concentrations and exchange fluxes at selected European 

NH3 flux measurement sites. The y-axis on the flux graph has been truncated to display background fluxes 

only. Concentrations and fluxes were measured on a half-hourly basis using continuous analysers at all 

sites except at FR-Mej, where data measured using conditional time-averaged gradient (COTAG) 

systems represent mean values averaged over several days or weeks. 

 

The parameterised Γs values according to MNS-2010 are shown in Fig.5, with the lowest apoplastic Γs 

ratio (=69) occurring at UK-AMo (Scottish moorland) and the highest Γs (=3146) at NL-Spe (Dutch 

forest). The values for fertilised grasslands and croplands are in the range 300-550. 

 
Figure 5. Parameterised values of Γs for selected European NH3 flux measurement sites, from the MNS-

2010 scheme. Symbols: forests = blue triangles; extensively grazed moorland = yellow triangle; 

intensively grazed grasslands = yellow squares; cut grassland = green diamond; arable rotation = red 

circle. Note that the values for the N-fertilised agricultural sites are representative of background periods 

only (excluding fertilisation episodes). 
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The straightforward application, to these selected NH3 flux data sites, of the Rw parameterisation (Eq. 5-

6) using MNS-2010 parameters (as in Fig. 3), results in large diurnal and annual variations, driven largely 

by RH and T. Differences between sites arise from climate but also from LAI and the AR ratio (Fig. 6, 

left-hand panel). A dominant feature is that Rw never drops below around 30 s m-1 at any of the sites, 

which means that in the case of dry deposition (downward flux) the deposition velocity (Vd) never 

approaches the maximum value allowed by turbulence (Vmax = (Ra+Rb)
-1), even though flux observations 

at certain sites can and do show occurrences of Vd ~ Vmax (e.g. UK-AMo, Flechard and Fowler, 1998). 

Another significant feature is that the modelled Rw values systematically reach extremely high values (> 

105 s m-1) - effectively shutting off the non-stomatal pathway - in even moderately warm and dry 

conditions, although deliquescent aerosols on leaf surfaces (“micro-wetness”) can still sustain a 

significant sink for atmospheric NH3 (Burkhardt et al., 2009). 

 

 
Figure 6. Parameterised values of Rw for selected European NH3 flux measurement sites, from the MNS-

2010 (left) and MNS-revised (right) schemes. 

 

 

3.1.2.1 Comparison of MNS-2010 modelled fluxes versus ECLAIRE and other NH3 flux datasets 

 

Modelled NH3 dry deposition fluxes using the default MNS-2010 scheme were systematically 

underestimated by comparison to measured flux values (see left-hand side panels of both Fig. 7 for 

unfertilised vegetation and of Fig. 8 for agricultural sites). At the peatland and forest sites (Fig. 7), the 

average diurnal cycles for different seasons indicate that deposition was underestimated by typically a 

factor of 5 or 10. During background conditions at the grassland and cropland sites (Fig. 8), deposition 

was also underestimated to varying degrees, with the largest discrepancy occurring at FR-Gri. Figure 9 

shows the same data (each data point is the averaged flux for a certain time of day and in a given month 

or season, as in Figs. 7-8) displayed as scatter plots and linear regressions for different sites. At three 

sites (UK-AMo, CH-Oe1 and IF-BFo) there was a reasonably linear relationship and significant 

correlation between measured and modelled (MNS-2010) fluxes, albeit with regression slopes in the 

range 0.15-0.53, but at the other three sites there was little correlation between observations and model. 

 

Comparing measured and modelled fluxes at semi-natural sites and at agricultural sites outside 

fertilisation events means that, in the MNS-2010 parameterisation scheme, the soil emission potential is 

zero or close to zero, except in the case of grazing (see Appendix 1). Thus the reasons for the observed 

large underestimation of deposition must be sought in the stomatal emission potential (over-estimated Γs 

?) and/or in the non-stomatal sink strength (over-estimated Rw ?); invoking a larger soil emission potential 

would only enhance the discrepancy. 

 

A sensitivity analysis applied to these data sets indicated that lowering Γs values by a significant fraction 

(e.g. -20%, -50%) would not significantly address the under-deposition issue in the model; there is overall 

a low sensitivity of the predicted deposition flux to the Γs value because the stomatal flux is further 

MNS-2010 MNS-revised
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mediated by stomatal resistance (Rs), which is very large (or infinite) in the winter half-year, and still of 

the order of 100-200 s m-1 during the growing season. Further, night-time data (when stomates are almost 

completely closed, Rs very large) do show a clear underestimation of deposition (Figs. 7-8) at a time 

when the stomatal emission potential cannot be invoked to explain the discrepancy. This demonstrates 

that Rw in the MNS-2010 scheme is very likely over-estimated generally and that its parameterisation 

should be revised. 

 

 
Figure 7. Comparison of modelled (continuous lines) and measured (dashed lines + symbols) NH3 fluxes 

at UK-Amo (peatland), IT-BFo (Mediterranean forest) and NL-Spe (Douglas fir forest). Modelled fluxes 

were simulated using either the default parameters as per MNS-2010 (left-hand side) or revised 

parameters for Rw (right-hand side) (see text for details). 
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Figure 8. Comparison of modelled (continuous lines) and measured (dashed lines + symbols) NH3 fluxes 

at CH-Oe (cut grassland), UK-EBu (grazed pasture) and FR-Gri (crop rotation), during background 

conditions (fertilisation events were excluded from the datasets). Modelled fluxes were simulated using 

either the default parameters as per MNS-2010 (left-hand side) or revised parameters for Rw (right-hand 

side) (see text for details). (Note that for UK-Ebu, in addition to the Rw revision, a revised value of 

Γg=10000 was introduced for grazing periods, versus Γg=4000 in MNS-2010). 

 

 

3.1.2.2 Proposed revision of MNS-2010 parameters 

 

For a revised parameterisation of the MNS-2010 scheme (called “MNS-revised” hereafter), we start with 

the assumptions that i) stomatal emission potentials (Γs) are broadly satisfactorily predicted for 

background conditions on the basis of the extensive literature review performed by Massad et al. (2010), 

and ii) the main term responsible for the observed discrepancies to measured fluxes is the non-stomatal 

sink, characterised by Rw. 

 

Figure 6 showed that predicted Rw values in MNS-2010 (left panel of figure) never drop below around 

30 s m-1, which is not compatible with field observations that occasionally (or frequently, depending on 
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pollution climate) show near-perfect sink behaviour (i.e. near-zero canopy resistance Rc~0 s m-1, or Vd 

approaching Vmax). In Eq. (6) and MNS-2010 the minimum non-stomatal resistance Rw,min  is calculated 

on the basis of a γ value of 31.5 s m-1, which is clearly too high, at least for the set of measurement sites 

considered here. In parallel, the temperature multiplier (β=0.15 in Eq. 5 and MNS-2010) accounting for 

the temperature response of Rw leads to an extremely sharp response of Rw (Fig. 3) in daytime and 

summer. 

 

 
 

Figure 9. Scatter plot representation of modelled versus measured fluxes using average diurnal data 

from Figures 7-8. (Note that for UK-Ebu, in addition to the Rw revision, a revised value of Γg=10000 

was introduced for grazing periods). 

 

The response of the modelled fluxes to changes in the two critical parameters γ and β (Eq. 6) was 

investigated; a reduction by a factor of 3 for both γ and β (i.e. revised values of γ = 10 s m-1 and β = 0.05) 

resulted in i) a large decrease in Rw (Fig. 6, right-hand panel), and ii) a significant improvement in model 

results and predictive capability. The MNS-revised model flux results are presented in the right-hand 

side panels of Figs 7-8, and also in the scatter plots of Fig. 9. The improvement in model performance 

UK-Amo

IT-BFo

NL-Spe FR-Gri

CH-Oe1

UK-Ebu
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was especially pronounced at UK-AMo, IF-BFo and CH-Oe1, where model predictions were closest to 

flux measurements. The model satisfactorily reproduced the diurnal and seasonal patterns of change at 

UK-Amo and CH-Oe1, with the bi-directional structure well simulated at CH-Oe1. At the Dutch forest 

site (NL-Spe), the model performance was much improved during night-time (essentially in the flux 

range from 0 to -150 ng NH3 m
-2 s-1, as shown by the significant improvement in this range in the scatter 

plot of Fig. 9), which may be taken as a vindication of the revised Rw parameterisation, since the stomatal 

pathway can be assumed to be negligible at night. However, daytime deposition fluxes in winter and 

spring remained largely underestimated, while in summer and autumn there was a much better agreement. 

 

At FR-Gri, the improvement in the flux predictions was also manifest during night-time but not during 

daytime (Fig. 8); however the background flux dataset was of limited duration (around 20 days in March-

April 2012), which makes it difficult to evaluate a parameterisation designed for the long-term. This is 

for example illustrated in the treatment of the impact of the acids to ammonia ratio (AR) on Rw (Eq. 6); 

here, a long-term average ratio is required to characterize the general pollution climate of the site, while 

observations made by Loubet et al. (2012) at the FR-Gri site demonstrated the effect on dry deposition 

fluxes of short-term fluctuations in SO2 and HNO3 in the Paris metropolitan area surrounding the site. 

 

Fluxes from the grazed grassland at UK-EBu are shown in Figs 8-9 alongside the other sites since the 

fluxes observed during the period shown (summer 2007), in the range -50 to +150 ng ng NH3 m
-2 s-1, can 

qualify as “background” by contrast to the very sharp and short-lived NH3 emission peaks typically 

observed after fertilisation. The three summer months in 2007 at UK-Ebu did not contain any organic 

fertilisation event, but there was sheep grazing (5-2.5 LSU/ha), resulting in small but steady NH3 

emissions through the summer. The MNS-2010 scheme assumes a default Γg=4000 for grazed periods 

(see Appendix 1), which resulted in an under-estimation of emissions (left-hand side panel of Fig. 8). 

Implementing the change in Rw parameters (as described above) had little impact on modelled fluxes. By 

contrast, in this case the revision that would be required to bring model results in line with measurements 

would be a large increase in Γg (by at least a factor of 2) to better reflect the increased availability of soil 

NH4
+ through grazing. The right-hand side panel of Fig. 8 shows the mean diurnal emission patterns in 

measurements and from the model using a revised Γg value of 10000. 

 

These revised Rw and Γg parameterisations were further tested on a flux dataset from another grazed 

grassland (FR-Mej) in background conditions (outside fertilisation events), where long-term NH3 

exchange was measured using COTAG systems (Famulari et al., 2010) over several seasons in 2014-

2015 (Fig. 10). The measured and modelled datasets show broadly similar patterns of alternating periods 

of small emissions (during grazing in autumn 2014 and spring 2015) and consistent deposition during 

winter and also early summer 2015. However, the MNS-2010 scheme tended to underestimate deposition 

in winter and emission during spring grazing (Fig. 10). With revised Rw and a default Γg value of 10000, 

the MNS-revised scheme provides a fair representation of observed fluxes. Since fluxes are integrated 

over several days or weeks, the COTAG data do not allow for an investigation of diurnal or day to day 

patterns as for the other sites studied here, but they provide robust long-term flux estimates, which are 

useful for assessing the MNS parameterisation on yearly time scales. 
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Figure 10. Seasonal changes in measured (COnditional Time-Averaged Gradient, COTAG, thick lines) 

and modelled (MNS-2010 and MNS-revised, thin lines) NH3 fluxes over the FR-Mej pasture. The COTAG 

system provides time-integrated fluxes over periods of several days to weeks, distinguishing near-neutral 

(NNT) and slightly unstable (SUN) atmospheric conditions. Modelled fluxes were calculated for every 

half-hour, then averaged over the same NNT and SUN intervals. Grazing occurred late October – early 

November2014, second half of April and second half of May 2015.  
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3.2 Meta-modelling of crop emission potentials using CERES-EGC 
 

3.2.1 Objectives 

Within the main objectives of WP3 and WP4: developing updated parameterisation and models for 

simulating NH3 emissions and improving the description of surface-atmosphere exchange processes for 

atmospheric pollutants under variable climatic conditions, one of the major challenges was deriving a 

new set of parameterization for background NH3 emissions. NH3 exchange with the vegetation outside 

fertilization periods is bi-directional and highly depends on the plant canopy and soil characteristics as 

well as the climate and air NH3 concentrations (Flechard et al., 2013; Fowler et al., 2009; Massad et al., 

2008; Sutton et al., 1995). A logical step towards a better integration of Soil-vegetation NH3 exchange 

and atmospheric pollutant transport is coupling an ecosystem model and a chemistry and transport model 

(CTM). This type of online coupling is very challenging due to the complexity of both model types and 

variety of parameterisations. We propose here a methodology for offline coupling of NH3 background 

exchange. The methodology is based on the two layer bi-directional NH3 exchange model of Nemitz et 

al. (2001) and spatial modeling outputs with the CERES-EGC model, where we produce monthly and 

yearly maps of g and s at the European scale. These maps will either be directly used as input variables 

to the bi-directional NH3 emissions scheme within a CTM or as a database to construct a meta-model, 

namely an equation function of the CTM variables, which can be directly incorporated in the CTM.  

 

3.2.2 Methodology for deriving monthly maps of g and s 

The emission potentials g and s simulations are obtained from runs of the CERES-EGC model for the 

whole of Europe on a daily time step and with a 0.25°x0.25° grid resolution for three periods: a historical 

period (1950-2010) and two future periods with two different scenarios RCP4.5 (2010-2100) and RCP8.5 

(2010 – 2100). 

 

3.2.2.1 CERES-EGC model 

CERES-EGC is an agro-ecosytem type model which is a version of the CERES family of models (Jones 

and Kiniry, 1986) adapted to simulate the environmental impacts of crops by Gabrielle et al. (2006). The 

model is based on several modules each for a different type of crop, but all share the same subroutines 

for water dynamics, and soil carbon and nitrogen dynamics. At the moment, CERES-EGC simulates the 

development and growth of several types of agricultural crops namely: maize, wheat, barley, rape, 

sorghum, sunflower, pea, sugar-beet, soya, and an intercrop (based on the rape crop). The soil organic 

matter decomposition is based on the NCSOIL model (Gabrielle et al., 2002a; Molina et al., 1983). 

CERES-EGC runs at a daily time step and for one type of crop at a time. The originality of the model 

lies in the coupling of a widely used and validated crop growth model (Gabrielle et al., 2002b; 

Langensiepen et al., 2008; Rezzoug et al., 2008; Xiong et al., 2007) to several environmental impact 

modules linked to the Nitrogen cycle such as N2O, NO and NH3 emissions. 

 

3.2.2.2 Upscaling method 

Simulations by CERES-EGC are up-scaled by linking the model to a GIS database. The GIS database 

used for the model entry data is detailed below. The model runs independently for each grid cell and for 

consecutive 150 years of simulations.  

 

Soil database. The soil data were extracted from the European soil database (Panagos et al., 2012) and 

were aggregated on the 0.25°x0.25° grid. Several soil parameters necessary to run the CERES-EGC 

model were derived from pedotransfer functions (Ritchie, 1972). Figure 11 below shows the European 

map of the soil top layer pH values as used by the model simulations and further g calculations. 
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Figure 11. Soil pH values for the soil top layer used for model simulations and g calculations. 

 

 

Management data.  Data were extracted from the open access GHG-Europe project database and were 

initially provided by M. Wattenbach. The data contains the crop sequences from 1976 to 2010, the total 

yearly amount of nitrogen and the repartition in organic and mineral nitrogen on a 1 x 1 km grid. The 

data were aggregated on a 0.25°x0.25° grid by selecting the two major rotations from the pixels lying 

within this grid cell. Those two rotations represented on average 70% of the grid cell. Additional data 

such as dates of application of N fertilizer and sowing of crops were calculated from simple algorithms 

based on minimal and maximal temperature requirements, precipitation conditions as well as selected 

date intervals for each crop based on standard European management practice. Figure 12 below illustrates 

the total nitrogen fertilization used for 2005 as an input variable for the CERES-EGC simulation. 

 
Figure 12. Total mineral fertilization application map in kg ha-1 as used as input for model simulations. 

 

Climate data.  Meteorological data are derived from the HadGEM2-ES climate model for two scenarios 

as described above (RCP 4.5 and RCP 8.5). The variables needed to run the EGC-model on a daily time 

step are: Maximum and minimum daily temperatures (°C), Cumulated daily precipitation (mm), Average 

daily Short wave radiation (W m-2), and average daily wind speed (m s-1). 

 

 

3.2.2.3 Emission potential calculations 

Soil emission potential. g is defined as the soil ammonia emission potential and can be calculated using 

the equation below: 
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𝛤𝑔 =
[𝑁𝐻4

+]
𝑠𝑜𝑖𝑙

[𝐻+]𝑠𝑜𝑖𝑙
         (7) 

 

Where [NH4
+]soil is the top layer soil ammonium concentration in mol L-1 as simulated by the CERES-

EGC model and [H+]soil is derived from the soil pH map for the top layer. Note that the CERES-EGC 

outputs are given in gram N-NH4+ per hectare. We therefore use the simulated soil water content of the 

soil top layer and the Soil bulk density to transform the NH4
+ concentration into mol L-1. [see note1] 

 

Stomatal emission potential. Otherwise called s is the stomatal emission potential which can be 

calculated from the equation below: 
 

𝛤𝑠 =
[𝑁𝐻4

+]
𝑎𝑝𝑜

[𝐻+]𝑎𝑝𝑜
         (8) 

 

where [NH4
+]apo and [H+]apo are the apoplastic NH4

+ concentrations and apoplastic pH respectively. These 

two variables are not simulated by the CERES-EGC model; however the model simulated NH4
+ 

concentrations in g g-1 dry weight which we use as a proxy to estimate total plant NH4
+ content and use 

the equation below from Massad et al. (2010) to estimate s: 

 

𝛤𝑠 = 19.3 × 𝑒0.0506×[𝑁𝐻4
+]

𝑏𝑢𝑙𝑘         (9) 
 

where NH4
+

bulk is the total plant ammonium concentration in µg NH4
+ g−1 tissue fresh weight. We assume 

that the ratio of fresh weight to dry weight of the leaves is equal to 10. 

 

 

3.2.4 Methodology for developing the meta-modelling concept of background g in Europe 

The simulations of CERES-EGC g were used to retrieve a meta-model of g. Such a meta-model is 

useful as it is a simple representation of a complex model which can be included in a chemical transport 

model. The objective here is to develop a model of the g which is representative of the background 

conditions, away from any fertilization events, as the g following fertilization was developed based on 

the Volt’air model dedicated to such conditions, while the processes in CERES-EGC are not well adapted 

to reproduce these conditions. However, since CERES-EGC simulations include fertilization events, we 

used despiked yearly averaged g to evaluate the background g meta-model as detailed below. 

The methodology used for finding the g meta-model was similar as the one used in D3.1 and 

D4.1. Monthly means of (𝛤𝑔
𝐶𝐸𝑅𝐸𝑆 ) were retrieved from the CERES-EGC computations in each 

0.25°×0.25° grid cell in Europe, together with the drivers of the model (soil and meteorological data and 

nitrogen fertilization rates) for the year 2005. Extreme values of g were filtered out by a regressive 

despiking algorithm. All data were then averaged over the entire year. Then a multiple linear regression 

was performed between the logarithm of 𝛤𝑔
𝐶𝐸𝑅𝐸𝑆 and the other variables in the dataset, to find 

𝛤𝑔
𝑚𝑒𝑡𝑎−𝑚𝑜𝑑𝑒𝑙(𝑏𝑔𝑑) which satisfies: 

 

𝑙𝑛(𝛤𝑔
𝑚𝑒𝑡𝑎−𝑚𝑜𝑑𝑒𝑙(𝑏𝑔𝑑) ) = [𝑎0 + ∑ 𝑎𝑖𝑥𝑖(𝑠𝑖𝑡𝑒, 𝑝𝑒𝑟𝑖𝑜𝑑)1:𝑚 ]    (10) 

 

where a0···am are the model coefficients and x1···xm are the yearly averaged soil, meteorological and 

fertilisation variables which are by nature dependent on the sites and periods. The linear regression 

                                                 

1  



ÉCLAIRE   Deliverable 3.2 
 
 

17 of 25 

retrieves the a0···am coefficients that minimize the mean square error of the logarithms using the linear 

model (lm) function in R: 

 

𝑀𝑆𝐸 =  
1

𝑁
∑ [𝑙𝑛(𝛤𝑔

𝑚𝑒𝑡𝑎−𝑚𝑜𝑑𝑒𝑙) − 𝑙𝑛(𝛤𝑔
𝐶𝐸𝑅𝐸𝑆)]

2
𝐸𝑢𝑟𝑜𝑝𝑒𝑎𝑛 𝑝𝑖𝑥𝑒𝑙𝑠    (11) 

 

The best model performance was retrieved with a stepwise algorithm that maximises the Akaïke An 

Information Criterion (AIC = −2ln(L)− 2(NP + 1), where L is the likelihood and NP the number of 

parameters of the model. 

 

 

3.2.5 Results of the CERES-EGC modelling of NH3 emission potentials 

We present here results for g and s calculations based on spatial CERES-EGC outputs for the year 

2005 and for the year 2050 based on two different climate scenarios RCP4.5 and RCP8.5. 

 

3.2.5.1 Yearly dynamics of NH3 emission potentials 

Figure 13 illustrates the box plot for the yearly dynamics of all pixels of the European domain for g. 

The simulated values for g for background conditions vary between 50 and 6000 and lie within reported 

values in literature (Flechard et al., 2013; Massad et al., 2010). The yearly dynamics of the means and 

medians are however very small but could be explained by the bias of looking at monthly means of g. 

Peak g values are usually very temporary and only last a few days as given for example in Massad et al. 

(2010) with an exponential decrease and a decaying time of 2.8 days.  

 
Figure 13. Box plot of yearly dynamics of g for the year 2005. Red dots represent means.  

 

A similar pattern is noted also for s values as illustrated in Figure 14 below where monthly means and 

medians present little variability. Simulated s vary between 20 and 250 and are also in line with expected 

values as noted in the literature. We notice however a different distribution where maximum values are 

in the cold months and minimal values in warm months. This could be an artefact of the calculation we 

used since simulated NH4
+ concentrations are normalized by the total biomass of the plant and months 

11, 12, 1, 2 and 3 shows the lowest yearly biomass values.  
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Figure 14. Box plot of yearly dynamics of s for the year 2005. Red dots represent means. 

 

3.2.5.2 Spatial variability of g and s 

The spatial variability of g values is tightly correlated to that of the soil pH values as illustrated in Figure 

15 for the year 2005 with low values in acidic soils and high values in alkaline soils.  

 

  
Figure 15. Spatial distribution of yearly average g and s values for 2005. Note that the two scales 

are different. The large g values in Bulgaria and Romania are due to default soil pH set to 7. 

 

Concerning s, we notice a homogenous distribution on the entire domain (Figure 15) with some hot 

spots in France and Spain but with generally weak values. This is explained by the fact that plant NH4
+ 

concentrations as modelled by CERES are a result of soil available NH4
+ and plant demand which is a 

result of plant growth and therefore availability of Nitrogen and are therefore not very variable. An 

improvement of this modelling exercise would be to better parameterize plant roots absorption of NH4
+ 

after the fertilization events when the absorption of the plant is peaking (Husted et al., 1996; Massad et 

al., 2009). 

 

 

3.2.5.3 Effect of climate change on of NH3 emission potentials 

Figure 16 illustrates the difference between yearly averages for 2050 between the two climatic scenarios 

RCP8.5 and RCP5.5 for g
 and s respectively. 

 

g s 
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Figure 16. Difference in yearly g

 and s plant averaged for 2050 between two climatic scenarios 

RCP8.5 and RCP4.5. Note the different scales. 

 

We notice an increase in g
 values with RCP8.5 scenario, especially for northern regions. This can partly 

be explained by the effect on soil water content in the soil top layer that affects the calculation of g.  

Concerning s, we notice a decrease for the RCP8.5 scenario as compared to the RCP4.5 scenario except 

for the south of Spain. This could be explained by an increase in plant growth and therefore an increase 

in plant N uptake except where plants are water stressed and therefore growth is limited. 

 

 

3.2.6 Results of the meta-modelling concept of background g
 in Europe 

These results show the first attempt to retrieve the background g
 meta-model for European conditions.  

 

 

3.2.6.1 Meta-model parameters and performance 

Two meta-models were tested, one with the most available meteorological and soil variables (Model 1) 

and the second with only soil pH and yearly fertilization (Model 2; Table 1). The meta-modelling 

approach was quite successful as shown by the quite high efficiency values (Table 2), although the 

RRMSE > 1 indicate that the g is correctly represented by the meta-model within roughly 60%. 

Nevertheless, bearing in mind the considerable range of g
 values, from below 10-1 to more than 103, it 

is clear that the meta-models reproduce the order of magnitude of g
 in Europe correctly as shown by 

Figure 17.  

 

 

Table 1. Coefficient values of the meta-models 1 and 2 of 𝑙𝑛(𝛤𝑔
𝑚𝑒𝑡𝑎−𝑚𝑜𝑑𝑒𝑙). The 

meteorological and soil variables are yearly averages.  

Coefficient Model 1 Model 2 

 Estimate Std. Error Estimate Std. Error 

a0 -9.78 0.086 -10.3 0.06 

Minimum daily temperature (°C) 0.028 0.0004 - - 

Maximum daily temperature (°C) -0.059 0.008 - - 

Daily precipitation (mm) -0.004 0.008 - - 

ln(annual Fertilisation in kg N ha-1) 0.39 0.007 0.37 0.007 

Soil pH 2.22 0.010 2.16 0.01 

 

 
  

g s 
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Table 2: Quality of fit of the meta-models 1 and 

2 of background g
 

for Europe. Model 1 

incorporates all variables while Model 2 only 

uses fertilisation rate and soil pH. RMSE = 

Root Mean Square Error, RRMSE = Relative 

Root Mean Square Error, MAE = Mean 

Average Error, RMAE = Relative Mean 

Average Error, EF = Efficiency 

 

 Model 1 Model 2 

RMSE 135 134 

RRMSE 1.61 1.60 

MAE 44 44 

RMAE 0.52 0.53 

Bias 4.9 4.8 

EF 0.56 0.56 

 

The parameters of the meta-model of g
 (Table 1) show that, as expected, g

 is responding positively to 

soil pH and nitrogen fertilisation. It is also positively correlated with minimum daily temperature, while 

it is negatively correlated with precipitation (which leads to more dilution of the soil ammonium in soil 

water) and maximum temperature. Overall the response to temperature is negative because the coefficient 

of maximum daily temperature is larger than that of the minimum temperature. Hence the response of 

the mean temperature will be negative. 

 

The main drivers of g
 are however fertilization and soil pH, as shown by the overall good performance 

of the Model 2, which only uses these two variables. The corresponding simplified model gives the yearly 

averaged background g
 in the form: 

 

𝛤𝑔
𝑏𝑔𝑑

~𝛼 × 𝑁𝑎𝑝𝑝𝑙𝑖𝑒𝑑
0.37 × 𝑒 2.16𝑝𝐻𝑠𝑜𝑖𝑙      (11) 

 

Where Napplied is in kg N ha-1. Equation 11 however does not show any response to temperature, which 

means that in first order, g will not respond to climate change. The response to temperature and 

precipitation would however be of the following form: 

 

𝛤𝑔
𝑏𝑔𝑑

~ 𝛼 × 𝑒 −0.03𝑇× 𝑒 −0.004𝑃       (12) 

 

These equations have to be taken with caution as they have to be validated prior to being used. It is 

nevertheless demonstrated how new parameterisation in the MNS 2010 approach can be deduced from 

CERES-EGC modelling at European scale (see Table in Appendix 1 where g is unknown).  
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Figure 17. Observed (CERES-EGC) versus predicted (meta-model) yearly averaged g

 in Europe. Left: Model 

1. Right: Model 2. 

 

4. Results: 

This deliverable has provided improved parameterisations for background bi-directional NH3 exchange 

with soil and vegetation, based on extensive testing and calibration and/or meta-modelling using state-

of-the-art models: 

 the Massad-Nemitz-Sutton (2010) parameterisation for semi-natural and background agricultural 

vegetation, for stomatal exchange and non-stomatal uptake; 

 the CERES-EGC crop model for meta-modelling of the background soil emission potential; 

 A proof of concept for developing a meta-model of soil emission potential based on yearly 

averages. 

 

The MNS parameterisation was found to provide realistic NH3 exchange estimates over a range of semi-

natural and agricultural sites in background conditions, with minimal adjustments required for some 

parameters. More field-scale testing using a wider range of flux datasets, as well as regional-scale testing 

within chemical transport models could further refine the model’s calibration, but the scheme already 

shows good potential for a generalised implementation in CTMs. Some areas could be further improved, 

such as the characterisation of ground-layer emissions from decomposing leaf litter, even in unfertilised 

ecosystems (e.g. Hansen et al., 2013). 

 

We proved the concept of using the CERES-EGC modelling approach for retrieving soil and plant 

ammonia emission potentials. Preliminary results are satisfactory in the sense that values are  consistent 

with values reported in the literature. We present a first analysis based on monthly averages which needs 

to be refined with respect to temporal variability as it would be more conclusive to look at daily values. 

These maps can be used as input variables to chemistry and transport models to simulate the effect of 

different climate change scenarios or land use change scenarios. 

 

We showed that the approach of developing a meta-model of the soil emission potential was suitable and 

could lead to simple formulation of this potential in background conditions in Europe. Further 

developments should include monthly variations of the soil emission potential and species specific 

analysis.  
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5. Milestones achieved: 

MS12: Summary report (on site applications of improved NH3/NO and VOC models, including 

uncertainty assessment and comparison with original approaches) 

 

MS13: Provision of site based estimates of NH3/NO and VOC exchange for ÉCLAIRE core sites for 

present and future environmental conditions 

 

6. Deviations and reasons: 

This deliverable was due Month 30 and was delayed Month 48. We had planned to base our work on the 

ESX model framework, which led to an initial delay in delivery. However ultimately we changed our 

strategy (after Month 36) to develop an approach based on the improvement of the parameterisations of 

the MNS 2010 modelling framework. 
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Appendix 1. Summary of the MNS-2010 parameterisation of a two-layer NH3 bi-directional exchange model (Massad et al., 2010). 

 

 
(Source: Table 8 in Massad et al., 2010, Atmos. Chem. Phys., 10, 10359–10386. www.atmos-chem-phys.net/10/10359/2010/doi:10.5194/acp-10-10359-2010) 

 


