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Abstract 
 

The LOTOS-EUROS (LE) model is a 3-D regional chemistry transport model (CTM). It is used to 

investigate air pollution throughout Europe by using the model to evaluate transport of pollutants and 

atmospheric processes. With the help of the LE model it is possible to calculate the formation and 

transport of nitrogen dioxide, ozone, particulate matter and other species throughout Europe. The LE 

model systematically underestimates NOx concentrations. The underestimation is larger in the 

summer than in the winter and it is thought that by including soil NOx emissions into the LE model this 

underestimation can be decreased. Soil emissions have been recognized as a major source of global 

tropospheric NOx. Bacteria use processes as nitrification and denitrification to gain energy. During 

these processes NOx from soils is produced as a by-product. The soil NOx emissions are controlled by 

ecosystem characteristics, climate and nitrogen availability. Nitrogen availability is in turn determined 

by N-deposition from the atmosphere and the application of fertilizers. These factors have been 

accounted for in various soil NOx parameterizations which differ significantly in the amount of soil NOx 

predicted (5,5 – 21           globally, 0.6 – 1.5           for Europe). Hudman et al. (2012) used the 

most recent literature available to improve the physical representation of the parameterization. This 

parameterization of soil NOx was implemented in the LE model and evaluated against satellite 

observations from the Ozone Monitoring Instrument (OMI), the Global Ozone Monitoring Experiment-

2 (GOME2) and in-situ observations. The vertical height of LE is limited to 3,5km. To improve the 

comparison between the satellite observations and the model a layer of the TM5 CTM was added. 

With the help of this extra layer the height of the LE model was virtually increased to the tropopause.  

 

With the soil NOx parameterization hotspots were found above agricultural regions where high 

amounts of fertilizer are applied. Also regions with for soil NOx favourable climate showed large 

amounts of NOx emissions. Evaluation of the emissions showed that soil emissions can be the 

dominant source of NOx in the summer. Yearly emission totals of ~450 kilo tons of N were found for 

Europe. A labelling routine was used to make a selection of regions where soil NOx emissions are the 

dominant source of NOx, for example in rural southern France. OMI and GOME-2 satellite 

observations were used to evaluate the model performance in the selected regions. The agreement 

between OMI or GOME-2 and the model increased significantly after adding the soil NOx emissions. 

The underestimation of the NO2 density columns by the model has been decreased. Spatial and 

temporal correlations between model and satellite observations showed an improvement in most 

regions. Adding a vertical layer further improved the correlations between the model and 

observations. Ground based observations in southern France were used to further evaluate the model 

performance of NO2 and O3 concentrations. The evaluation showed an improved model performance 

for NO2 and O3 surface concentrations during the summer. 

 

The results showed the importance of soil NOx emissions for the model performance. The 

implementation of soil NOx emissions leads to more realistic simulations  of NOx concentrations. The 

extra vertical layer showed the importance of correct sampling of the satellite data. It showed that for 

further comparisons with satellite observations it will be important to increase the top of LE to the 

tropopause. 
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1. Introduction 
 

Nitrogen oxides (NOx = NO + NO2) are highly reactive in the atmosphere, where they are a key factor 

in the chemical formation of tropospheric ozone and affect the concentration of multiple trace gasses. 

Soil emissions have been recognized as a major emission source of global tropospheric NOx. Soil 

NOx emission is the name of the process in which nitrogen oxide is produced in the soil by micro-

organisms and bacterial life and later emitted to the atmosphere. Bacteria use processes as 

nitrification and denitrification to gain energy and during these processes NO is produced as a by-

product (Fiencke, Spieck & Bock 2005). The nitrogen in the soil originates from fertilizers and a 

natural amount, besides deposition from the atmosphere. 

 

The yearly global NOx emissions amount up to 23.7-53.8           (Steinkamp, Lawrence 2011). 

Major sources of the emissions are fossil fuel combustion (~20          ) (Holland et al. 1999), 

lightning (~5 ± 3          ), biomass burning (4-20          ) and soil emissions. The estimates of 

total NOx emitted yearly from soils differ widely, the total amount ranging between 5.5 to 21           

(Steinkamp, Lawrence 2011, Yienger, Levy 1995, Davidson, Kingerlee 1997). The large range of 

estimates of soil NOx reflects our incomplete knowledge of the processes driving soil NOx emissions. 

The main drivers of Soil NOx production are temperature, soil moisture, the nitrogen amount in the soil 

and the soil type (van Dijk et al. 2002, Meixner, Ashuri & Trebs 2004). Beside these main drivers 

many other parameters contribute to the total production of Soil NOx, such as the climate, vegetation 

types and phosphorous and carbon concentrations in the soil, which make it a complex process to 

predict.  

 

By using lab and field measurements, parameterizations are made for each of the main drivers. 

Algorithms based on the parameterizations can be used in atmospheric chemistry models to predict 

the amount of nitrogen oxides emitted to the atmosphere. Many algorithms were developed over the 

years, but the most widely applied algorithm is the one developed by Yienger and Levy in 1995 (from 

here on YL95). YL95 predicted a flux of 5.5          . Recent measurements from satellites indicated 

that a larger fraction may be contributed to soil NOx (Steinkamp, Lawrence 2011, Jaeglé et al. 2004, 

Wang et al. 2007, Boersma et al. 2008, Hudman et al. 2010, Lin 2012). Recently the YL95 algorithm 

was updated by Steinkamp and Lawrence (2011), who used more measurements to improve 

emission factors used in the algorithm. (Hudman et al. 2012) used the most recent literature available 

to improve the physical representation of the algorithm. The European regional air quality model 

LOTOS-EUROS (LE) did not account for the soil NOx emissions. The LE model systematically 

underestimates NOx concentrations as mentioned by (Schaap et al. 2008). The underestimation is 

larger in the summer than in the winter and it is thought that by including soil NOx emissions into the 

LE model this underestimation can be decreased. 

 

The goal of this report is the description of the implementation, analysis and validation of the recently 

improved soil NOx parameterization in the LE model. The high resolution of the LE model gives the 

opportunity to simulate the soil NOx emissions at a unprecedented scale which leads to a better 

understanding of the spatial and temporal patterns of NOx emissions and concentrations throughout 

Europe. The labelling option in the LE model is used to find regions where soil NOx emissions have 

the most impact on the concentrations of NOx. For these regions the module is analysed and 

validated. The validation of the module with the satellite observations has been done by using the 

newest data available of the GOME2 and OMI instruments. The model performance for surface 

concentrations is evaluated by comparing LE with the module to concentrations observed at EMEP 

measurement sites. The greatest impact of the emissions is seen in areas with small anthropogenic 

sources, so only rural background stations have been used in the comparison. The soil NOx 

emissions have a variable spatial and temporal effect on the concentration level, the validation by 

satellite and surface observations therefore includes the analysis of temporal and spatial variability. 

Analysis of the temporal profiles gives information about the main causes for the offset in the 

concentration levels. 
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2. Soil NOx formation and emission 
 

 

Figure 1 Hole in the pipe model 

Soil NOx is produced by microbial and chemical processes. The microbial processes are nitrification 

and denitrification. The organisms responsible for the processes are chemotrophs. Chemotrophs are 

organisms that rely on oxidation of electron donors for their energy. Nitrogen oxide is produced as a 

by-product during the nitrification and denitrification processes. The chemical process that can 

produce NO in soils is chemodenitrification. The contribution of this process is small compared to the 

microbial processes. The soil NOx flux is the total amount of production minus the loss to 

consumption, for most soils this means a positive flux but it is possible to obtain a negative flux when 

there is no production or a relatively low amount of production compared to the loss to the bacterial 

processes in the soil. The scheme in Figure 1 is referred to as the “hole in the pipe” because if 

nitrification and denitrification would be 100% completed, no NO would be emitted. 

 

Nitrification 

 

The production of nitrogen oxide during the nitrification process can be explained with the nitrogen 

cycle pictured in Figure 1. Nitrification consists of the oxidation of ammonium (NH4
+
) and ammonia 

(NH3) to nitrate (NO3
-
) by bacteria which get their energy from the reaction. Multiple types of bacteria 

take part in this cycle. Figure 2 shows the soil nitrogen cycle. Step 1 describes the fixation of    to 

NH3 by nitrogen fixing bacteria. Steps 4 and 5 describe the oxidation of ammonia to nitrite which is 

then oxidized to nitrate. The reactions for these steps are, the oxidation reactions of ammonia to 

nitrite by nitrosomonas and nitrosifying bacteria in reaction 2-1 and 2-2 with intermediate 

product     , and the oxidation of nitrite to nitrate by nitrobacter shown in reaction 2-3. 

            
           2-1 

          
            2-2 

    
         

     2-3 

 

The reactions for oxidation of ammonium to nitrate are reactions 2-4 and 2-5. 

   
         

           2-4 

    
          

            2-5 

Ammonium and ammonia are related by reaction 2-6, 

           
       2-6 

       

The direction of this reaction depends on the pH level. When pH is low it reacts to the right, when the 

pH level is high it is driven to the left. 
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Figure 2 The soil nitrogen cycle(Fiencke, Spieck & Bock 2005) 

As explained nitrification is not a single process but a dynamical process in which different aerobic 

bacteria do their own part (Fiencke, Spieck & Bock 2005). The yield of NO follows from nitrite 

reductase by bacteria. The used nitrite ranges between 0.1% to 10% of the oxidized NH4
+
 /    (Kool 

et al. 2009). Rates of nitrification are increased by fertilization as the amount of NH4
+
 is increased. In 

areas where oxygen is limited, for example flooded soils, activity of the aerobic bacteria is decreased. 

Beside these controlling factors also soil temperature and soil texture play a role. 

 

Denitrification 

 

Denitrification is defined as a group of processes during which nitrate or nitrite is reduced to the 

gaseous nitrogen species NO, N2O which are then reduced to the final form N2. The process 

illustrated in Figure 1 by steps 7, 8, 9 is made possible by bacterial life that survives under anaerobic 

conditions. The anaerobic bacteria use the nitrogen oxides as their electron acceptors instead of 

oxygen for respiration. In reaction 2-7 the pathway from nitrite to final forms of nitrogen is shown, 

 
   

     
                2-7 

 

In soils that contain a higher percentage of moisture, denitrification can become the dominant form of 

NO production because of the anaerobic conditions, as seen in Figure 3. There are numerous factors 

that regulate the process. Soil water content and soil texture are the most dominant as these regulate 

the available amount of oxygen in the ground. Beside the water content    
  availability is crucial and 

this may limit the process. Furthermore there are a number of other parameters that restrict the 

proportions of the different gases NO, N2O or N2 produced in the process. These include the soil 

temperature, soil acidity, nitrate and nitrite concentrations and carbon availability. 
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Figure 3 The relation between water-filled pore space (WFPS) of soil and the relative fluxes of nitrogen trace gases 

(Meixner, Ashuri & Trebs 2004) 

The NO flux from soils in which denitrification takes place is generally very low, as produced NO 

usually cannot escape from the soil, and is consumed in later steps before it can diffuse or be 

removed by advection. In case of anaerobic microsites in an aerobic site the opposite however can be 

true, as diffusion from the microsites is possible, in which denitrification can still become a dominant 

source of NO emissions. 

2.1  Soil NOx parameters 

 

The flux of NO from the soil to the atmosphere is the total amount of production minus the 

consumption of nitrogen oxide. The most important controlling factors of soil NOx are, in order of 

importance, 

 Moisture content 

 Fertilizer 

 Soil Temperature 

 Biome 

 Climate 

 Canopy reduction factor 

 

 
Figure 4 Soil NOx emission cycle  

 

Beside these major factors there are also multiple factors of lesser influence, these will not be further 

explained.  
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Moisture content 

 

The most important factor mentioned in literature is the volumetric soil moisture content (Meixner, 

Ashuri & Trebs 2004, Hall, Matson & Roth 1996). As illustrated in Figure 3, nitrification and 

denitrification produce multiple fluxes of nitrogen at different rates depending on the water filled pore 

space (WFPS). Nitrification as well as denitrification depends on the moisture content for two reasons. 

First the supply of NH4
+
 for the micro-organisms depends on the diffusion of NH4

+
 over water films. 

Secondly water in the soil pores control the flow of all gaseous diffusion in the soil. As soon as the soil 

pores become saturated in water, the emissions become limited, as a result of low diffusion and or 

consumption in the remaining pocket holes. The ratio of volumetric water content to porosity , which is 

called water filled pore space (WFPS) is widely used as the parameter for water content(van Dijk et 

al. 2002, Linn, Doran 1984, Davidson 1992). Figure 5 shows the NO flux as a function of WFPS with 

the two limiting cases on either end of the graph. 

 

 

Figure 5 NO flux as a function of WFPS 

Fertilizer 

 

Most studies show a positive soil N emission response to fertilization, both to natural and inorganic 

nitrogen. Field and laboratory studies have shown a correlation between fertilization with NO3
-
 and 

NH4
+
 and the following fluxes of NO. Response to fertilization by animal excreta and deposition from 

the atmosphere is generally fast with the major response within 1-2 days. Levels of nitrogen before 

fertilization are reached again within months. In the literature a large range can be found for this 

decay time, i.e. weeks to months (Matson, Naylor & Ortiz-Monasterio 1998, Russell et al. 2006). The 

total amount of NO from fertilizers released to the atmosphere globally is found to be in the range of 

0.5 – 2% of the total amount of fertilizer applied. Although this seems site specific and ranges wildly in 

studies done (Stehfest, Bouwman 2006). 

 

Pulsing – Rewetting of the soil 

 

Pulsing, defined as the increase of soil emissions after rewetting of the soil after a period of drought, 

is a major influence to the total flux. The two most important factors for the pulsing events are the 

moisture difference before and after the rewetting and the number of dry days before the event itself. 

The difference in moisture implies a possible increase in diffusion and advection of NO. When the 

ground is dry for a long time the nitrogen builds up in the ground as it has nowhere to go and isn’t 

consumed by microbes as there isn’t any substrate of moisture from which it is taken. The longer this 

dry period process continues the less diffusion in the soil and the more nitrogen build-up in the 

ground. The temperature and fertilizer are also important factors because of their effects in the 

production of NO. Increases in soil NO flux after rewetting are reported in most of the biomes a 
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described in (Kim et al. 2012). In Kim et al. (2012) most of the pulsing studies done before were 

combined to try and determine a common response to rewetting depending on different biomes. Most 

of the studies reported an increase in the NO flux, following rewetting. The factor used as a multiplier 

representing the change in the NO flux is called the pulsing factor. The pulsing factors reported 

ranged from 0.4 to over    . 

 

Soil temperature 

 

The production of NO by microbial processes is also influenced by the temperature of the soil. The 

dependence is due to the enzymatic and chemical processes done by the micro-organisms. The 

processes increase exponentially when not limited by other factors such as moisture or the lack of 

nutrients (Meixner, Ashuri & Trebs 2004, Hall, Matson & Roth 1996, Saad, Conrad 1993, Yan, Ohara 

& Akimoto 2005). The reason for the observed exponential nature is explained by the influence on cell 

division of the bacteria. From the observational data a maximum was found for 35ºC. 

 

Climate, Biome and minor soil properties 

 

NO emissions are also influenced by the type of climate, the type of biome, the amount of carbon in 

the ground, the pH level of the soil and the concentrations of NO in the atmosphere. The pH levels in 

the in the soil influence the chemical processes taking place, like the balance between ammonia and 

ammonium, as reported by (van Dijk et al. 2002). For soils with low pH levels pH < 5.5 there is a 

strong relation between pH and NO production. For soils with higher pH levels, pH > 5.5, there seems 

to be only a weak relation. The amount of carbon in the soil is influenced by the decomposition of 

organic matter, this is also a source of inorganic nitrogen. The ratio of carbon to nitrogen influences 

nitrogen mineralization and indirectly affects the NO production by changing the availability of NH4
+
 in 

the soil. The type of biome is important because of the indirect and direct influences of the vegetation 

around to the NO emissions. There are four different properties of a biome which cause an indirect 

influence. First the plants affect the NO emissions by competing with the micro-organisms for 

nutrients, and thus limit the NO production rates. Second, in each biome the microclimate at the soil 

surface is different and as such the production conditions change. Third the soil is different, the soil 

moisture in each biome is different because of the roots of vegetation, the pH changes and the texture 

becomes different. Finally the plants influence the compounds of carbon and nitrogen in the soil. The 

concentrations of nitrogen oxides in the atmosphere influence the direction of the flux of nitrogen. As 

the nitrogen oxide is produced in pockets, instead of a homogenous layer, the concentrations in the 

air around these pockets vary greatly. Because of the difference in concentration a flux is established 

and the flux can go both ways, depending on the concentration. The concentration in the atmosphere 

around the pockets thus determines the direction of the flux, and thus determines if the soil is a sink 

or a source. The concentration at which the production equals the consumption is called the 

compensation concentration, or compensation point. The influence is however local and is of less 

importance at a larger scale, mostly because of the fact that the average concentration of NO in the 

air is way less than the compensation point. When looking at a larger scale, soil NOx can thus be 

represented by a one way flux. 

 

Vegetation, the Canopy Reduction Factor 

 

Beside the indirect influences described in the previous section there is also a major influence of 

above ground vegetation to the effective NO flux to the atmosphere. The vegatation directly controls 

the flux through the ability to absorb gaseous nitrogen through stomata on the leaves and stems. This 

factor is commonly represented by the Canopy Reduction Factor (Jacob, Bakwin 1991, Wang, Jacob 

& Logan 1998, Sparks 2001, Ganzeveld et al. 2002). The canopy reduction factor can reduce the flux 

by a factor of up to four for dense forests as described by (Yienger, Levy 1995). The uptake is mostly 

in the form of NO2 instead of NO. The lifetime of NO in the canopy is rather short, NO cycles to NO2 

which in turn is taken up in the canopy or cycles back to NO. The quantity of NO cycled and taken up 
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as NO2 in the canopy depends on a number of factors. Major factors for canopy reduction are the 

wind-speed, deposition speed and leaf area. The wind speed influences the ventilation rate of the 

canopy. When there is a lack of advection, NO stays in the canopy and has a larger chance to be 

cycled to NO2 and taken up by the leafs. The leaf area and deposition speed both influence the 

deposition rate because NO and NO2 first have to be deposited on the leaf before it can be absorbed. 

2.2 The soil NOx parameterization 

 

(Novak, Pierce 1993) proposed a model that covered the temperature and biome dependence of the 

soil NOx emissions. YL95 made an empirical parameterization that was both temperature and 

precipitation dependent to predict these fluxes, their seasonal dependency, and to include pulsing. 

Recently, Hudman et al. (2012) proposed the Berkeley and Dalhousie Soil NOx Parameterisation, 

from here on BDSNP. For the BDSN parameterization Hudman et al.(2012) updated the temperature, 

moisture, fertilizer and pulsing relations, and used the emission factors from a recent publication by 

(Steinkamp, Lawrence 2011). The above parameterizations are used in chemical transport models to 

simulate the NO soil emission source. In this section the Novak and Pierce and the BDSNP 

parameterisations are described as these parameterizations are used in the new module 

implemented in the LE model. 

2.2.1 Novak and Pierce 

 
In the LOTOS-EUROS version used for this study, v1.8.002, there is the option to use the ‘’bio-emis- 
NOx’’ project, aimed at adding a first order contribution of NO emission from soils to the total emission 
inventory. The approach of Novak and Pierce (1993) is used which only takes land use and 
temperature into account. Only four land types are used, grassland, forest, wetlands and agriculture. 
The temperature dependence is defined as, 
 

                   
   

2-8 

with    a land use dependent temperature and A the emission factor. 
Figure 6 shows the emission factors and the temperature relations used in the parameterization for 
each of the land use classes. 

 

Figure 6 Land use, Emission Factors and temperature relations. (Novak, Pierce 1993) 

The temperature data is part of the meteorological input, usually the ECMWF meteorological fields 
that used as a default in the model. The parameterization by Novak and Pierce does not use a 
relation for moisture and fertilizer which can result in an underestimation of the soil NOx emissions as 
shown by (Hall, Matson & Roth 1996, Russell et al. 2006, Stehfest, Bouwman 2006, Johansson 
1984).  
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2.2.2 The BDSN parameterization 

 

The BDSN parameterization extends the YL95 parameterization by updating the soil-moisture, 

temperature and the fertilizer relations and by using the recently updated emission factors by 

(Steinkamp, Lawrence 2011). In the BDSN parameterization the soil NOx is represented by a relation 

that is, to our current knowledge, consistent with measurements and biological and meteorological 

controlling factors. 

 
          

                              2-9 

 

Equation 2-9  shows the BDSN parameterization.     represents the NO flux.       
          

represents the biome emission factors, which are a function of the emission factors and the nitrogen 

availability.  The relations           represent the temperature and moisture relations, in which   is 

the temperature and   is the water filled pore space.         represents the pulsing factor, which is a 

function of the number dry days before the pulsing event. 

Soil moisture and temperature 

 

BDSNP follows the exponential function from YL95, but instead of only applying it to temperatures 

between 15 ºC & 35ºC it is applied to temperatures from 0ºC to 30ºC. At low values of moisture 

emissions are limited by missing water films, for high values denitrification dominates and less NO is 

emitted as seen in Figure 3. As observed by (Otter et al. 1999, Parsons et al. 1996) the best fit can be 

made with a Poisson function which is illustrated together with the temperature function in Figure 7. 

The equations of the temperature and moisture relations combined are shown in equations 2-10 and 

2-11, 

 
                  2-10 

             
 2-11 

 

with T and θ the temperature and the water filled pore space (0<θ<1). In BDSNP a subdivision is 

made between arid and non-arid soils, the values of   and   are chosen as such that the maximum 

(unity) is reached for a WFPS of 0.2 for arid soils and 0.3 for other soils. 

 

 

Figure 7 A representation of the soil NOx emission dependence on temperature and soil moisture in the BDSNP 

parameterization. (Hudman et. al. 2012) 
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The pulsing scheme 

 

For pulsing events the approach of Yan et al. (2005) is used. Yan et al. derived a parameterization 

based on four field studies which related pulsed emissions to dry periods before the rewetting event. 

The following relation was derived from field measurements, 

 

 (      )  [       (    )      ]      2-12 

 

where P gives the magnitude of the peak,      is the dry period in hours,   a constant representing the 

fall time of the pulse and t the time period passed after the rewetting event in hours. A two-part 

condition is used to check for possibility of a pulse. The dry period is described as the period in which 

the WFPS is less than 0.3 and a pulse can occur when the difference in WFPS is larger than 0.01. 

Also a pulse cannot occur if the dry period is less than 72 hours.  

Fertilizer use 

 

Instead of the constant extra emission factor as used in YL95 for all agricultural areas, a new 

approach was chosen for the fertilizer application in BDSNP. A spatially resolved dataset of fertilizer 

use is used from (Potter et al. 2010) at a resolution of 0.5 by 0.5 degrees. The dataset was made for 

the year of 2000. In the dataset two types of fertilizer are considered, chemical fertilizer and animal 

excreta. In BDSNP it is assumed that 37% of all the excreta remains in the ground as manure and is 

combined together with the applied chemical fertilizer as a total N pool in the soil. For the chemical 

fertilizer it is assumed that 75% of all chemical fertilizer is applied as a Gaussian distribution over the 

month around the start date of the growing season, reflecting the different starting days of fertilization. 

The other 25% is then applied over the growing season in equal measures. Outside the growing 

season the value of F is chosen as zero. A mass balance is solved to determine the amount of N 

fertilizer available in the soil. The mass balance is a combination of applied fertilizer and runoff of the 

fertilizer in the ground: 

 

                       
 
  
      (    

  
 ) 

2-13 

  

where        is the available fertilizer in the soil (ng N m
-2

),   is the application rate (ng N m
-2

 t
-1

), and 

  is the decay lifetime. Based on measurements the decay time   is chosen as 4 months, as a mean 

of values from literature in the range of 2 to 7 months (Matson, Naylor & Ortiz-Monasterio 1998, 

Russell et al. 2006).  

Nitrogen deposited from the atmosphere by wet and dry deposition is used as a second source for the 

fertilizer pool. The decay time   of the deposited fertilizer is chosen to be 6 months over land use with 

natural vegetation. This means a second mass balance is solved independently for the deposited 

fertilizer. 

Biome emission factors 

 

The biome emission factors       
             are a function of the amount of fertilizer        in the 

ground and the emission factors   , which together represent the amount of nitrogen and nutrients 

available in the soil.    is function of the climate and the biome type. Equation 2-14 shows the biome 

emission factor equation, 

 

      
                     ̅         2-14 

 

with  ̅ the emission rate of the fertilizer in the soil. Steinkamp and Lawrence (2011) made an effort to 

improve YL95’s wet and dry biome coefficients by recalculating the coefficients with the help of 560 

new measurements. The geometric mean wet emission factors from Steinkamp and Lawrence (2011) 

are used, as these reflect the data distribution of the emission factors best.  Instead of choosing a 
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percentage of 2.5 of all fertilizer applied N to be emitted, the emission rate is scaled to a value that 

matches the observed fertilizer emissions by (Stehfest, Bouwman 2006). 

 

With the implementation of a variable fertilizer pool besides the original ecosystem pool the 

parameterization should be able to catch the seasonal variability and give pulsed emissions 

corresponding to the meteorology instead of a constant factor over the whole growing season.  
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3. Implementation of the Berkeley-Dalhousie soil NOx 

parameterization in LOTOS-EUROS 
 

The LOTOS-EUROS model is a 3-D regional chemistry transport model. It is used to investigate air 

pollution by using the model to evaluate transport of pollutants and atmospheric processes. With the 

help of the LE model it is possible to calculate the formation and transport of nitrogen dioxide, ozone, 

particulate matter and other species throughout Europe. The model is being further developed at TNO 

and applied in scientific research and used as a tool for policy support. The soil NOx module of choice 

is the BDSN Parameterisation used in the Hudman et al. (2012) paper. It is one of the most recent 

approaches available and documented in (Hudman et al. 2012). 

3.1 The LOTOS-EUROS Model 

 

The focus of the LE model is the domain of Europe. The basic horizontal domain spans from 35 to 70 

degrees north and from 15 degrees west to 35 degrees east. By default the domain is mapped using 

a grid with a resolution of 0.5° x 0.25° degrees longitude latitude. This gives the grid cells a size of 36 

x 28km at 50° north varying in latitudinal direction. 

 

Figure 8 Example of a LOTOS-EUROS grid 

The LE model covers the lower part of the troposphere and thus covers the most important zone in 

connection to air quality. The vertical domain is made up of three dynamic layers in combination with 

a surface layer with a constant depth of 25 meters, as shown in Figure 8. The maximum height of the 

model is 3.5 km above sea level. The lowest layer above the surface layer is the mixing layer. The 

mixing layer represents the layer of the atmosphere between the surface layer and the bottom of the 

inversion layer. The height of this mixing layer follows a diurnal cycle as the thickness grows with an 

increase in solar energy. The height of the mixing layer is determined by meteorological input. The 

meteorological input for the LE model is usually taken from the ECMWF short-range forecasts, which 

is available with a time resolution of 3 hours. The data is interpolated in time to derive information for 

each time-step in the model, which usually is one hour. The remaining two layers extend from the top 

of the mixing layer to the top of the model at 3.5 km. Both layers have a minimum thickness of 500m 

which means that it is possible that the model extends above 3.5 km when the mixing layer is thicker 

than 2.5 km. An illustration of the vertical layers and the domain is given in Figure 8. The red lines 

indicate the vertical layers and the blue squares the LE grid. 

 

The LE model includes the processes of transport, chemistry, dry and wet deposition and emissions. 

These processes are combined into one equation which is readily called the continuity equation. The 

continuity equation describes the concentration throughout a time interval for an independent 

chemical component included in the model. In short the main processes of transport, chemistry, dry 
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and wet deposition and emissions will now be described, for a more elaborate description see 

(Schaap et al. 2008, Sauter et al. 2012) 

 

Transport in the LE model consists of advection in the horizontal and vertical directions and diffusion 

and entrainment in the vertical direction. Advection in the model consists of the wind components that 

are obtained from the meteorological datasets. The advection scheme developed by (Walcek 2000) is 

used to solve the system. The wind components follow the terrain orography. The vertical advection is 

controlled by calculating the vertical wind speed in relation to the horizontal wind fields that diverge 

and converge because of geophysical factors like terrain and the rotation of the earth. 

 

Chemistry in the LE model is described by a combination of modules. The most widely used structure 

to represent the photochemistry of urban pollution that lumps the reactions together, is the Carbon 

Bond (CB) mechanism. The CB mechanism used in the LE model is an updated version of the CB-IV 

mechanism by (Whitten, Hogo & Killus 1980). Aerosol chemistry is by default controlled by the 

ISORROPIA2 module (Nenes, Pandis & Pilinis 1999, Fountoukis, Nenes 2007). The module is used 

to describe the equilibrium between the gaseous nitric acid, sulphuric acid, ammonia, particulate 

ammonium nitrate, ammonium sulphate and aerosol water. Besides the module also a scheme is 

included to describe the formation of nitrate by the reaction of HNO3 with sea salt aerosols. In this 

scheme the formation of ammonium sulphate from sulphuric acid, water and N2O5 is also included 

(Wichink Kruit et al. 2012). The chemical performance of LE has been tested on multiple occasions, 

most recently by (Vlemmix et al. 2011). The overall performance of the LE model in comparison 

studies is good. However NOx levels are underestimated as made clear by (Huijnen et al. 2010). 

 

The DEPAC 3.11 module is used to describe the dry deposition of gases and particles (van Zanten et 

al. 2010). The exchange of gas between surface and atmosphere is described using the resistance 

approach. The resistance is used to calculate the flux for a concentration difference between the 

surface and the atmosphere. There are three pathways for the flux, through the stomata, through the 

external leaf surface and through the soil. The compensation point approach is only used for 

ammonia in DEPAC 3.11. Dry deposition of particles is implemented following (Zhang et al. 2001).  

 

Wet deposition is described by the process of below-cloud scavenging. In this approach a scavenging 

coefficient is used to describe the rate at which specie is transferred from air into the rain droplets. For 

below cloud scavenging of aerosols the scheme by (Scott 1978) is applied. For below cloud 

scavenging of gases a component dependent wash-out coefficient is used. In the version of LE used 

for this report there was no in-cloud scavenging included. 

 

Trace gas- and aerosol emissions are divided in multiple groups in which each group has its own 

inventory or algorithm to account for the emissions. The emission groups are anthropogenic sources, 

biogenic sources, sea-spray sources, dust sources, forest fires and special components.  

 

The anthropogenic emissions, like traffic and industrial emissions are taken from the TNO MACC 

2003-2007 inventory (Denier van der Gon et al. 2010, Kuenen et al. 2011). The temporal variability of 

the emissions is controlled by time profiles. Time profiles are needed as the inventory only gives the 

total emissions for an entire year. Different profiles are used for each source category. Time factors 

are given for three types of profiles which together give the hourly profile for an entire year.  

 

The three profiles are the monthly profile, the weekly profile and the daily profile. The monthly profile 

gives a representation of the monthly emissions following a seasonal cycle, for example the difference 

in household heating emissions during the winter compared to the summer. The weekly profile gives a 

representation of emissions that follow a weekly cycle for each day of the week, for example the 

difference in the emissions during the working week and the weekend. The daily profile gives a 

representation of emissions that change during each hour of the day, for example the difference in 
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road transport during rush hour and a nightly hour. Besides time profiles there are also temperature 

profiles included. A temperature dependent factor is used for the emission of VOC and CO. 

 

Forest fires emit a large combination of chemical species, for example nitrogen oxides, carbon 

monoxide and all kinds of aerosol types. In LOTOS-EUROS an inventory is used from the MACC/D-

FIRE project ((Kaiser et al. 2012)) to represent the fire emissions. 

 

The biogenic emissions include the isoprene and monoterpene emissions from trees grass and crops. 

The emissions are dependent on temperature and radiation and are calculated for each time step. 

Soil NOx emissions are not included in the default biogenic emissions.  

 

For the dust sources, sea-spray sources and special components please we refer to (Sauter et al. 

2012). 

3.2 Module input 

 

For the implementation of BDSNP, the parameterisation has been split in multiple steps. In Figure 9 the 

program set-up is shown in a flow chart. 

 

Figure 9 Soil NOx Module overview and flow chart 

3.2.1 Land use & emission factors 

 
The emissions are driven by the nitrogen and carbon present in the ground, the biome type and the 
climate. The emission factors are based on measurements done in measurement chambers. 
Steinkamp and Lawrence (2011) made a compilation of known publications to generate a dataset of 
emission measurements. This new dataset gave the opportunity to improve the emission factors from 
the YL95 Parameterisation. The dataset encompasses 583 field measurements, mostly chamber 
measurements, from the period of 1976 to 2010. There are still some spatial gaps in the 
measurements around the world, especially over Russia and the Middle East. For the spatial 
distribution of the measurements see Figure 10.  
 
Although the measurement points cover a large part of the earth, it is still not enough to make a good 
distribution over the different biomes. In Steinkamp and Lawrence a distribution for all biomes was 
done but it isn’t entirely reasonable that biome types in Africa behave the same as in Southern 
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America or Russia. For the LOTOS-EUROS application we can safely use the Steinkamp and 
Lawrence emission factors, since much of the measurements were taken throughout Europe. 

  

Figure 10 Spatial Distribution of measurements and the Soil NOx flux(in ng m-2 s-1) (Steinkamp and Lawrence 2011) 

To be able to divide the surface of the Earth into different parts a land cover map is used. The land 

cover system splits biomes into different climate classes. In the publication by Steinkamp and 

Lawrence the land cover system from (Friedl et al. 2006) is used in combination with the Köeppen 

climate classifications (Kottek et al. 2006) which gives 24 land cover types. For each of these land 

cover types two emission factors, the wet and dry emission factors, are determined from the 

measurements available. The emission factors indicate the maximum potential for the soil NOx 

emissions when there is no application of fertilizer and when the emissions are independent of 

meteorology. The geometric and arithmetic mean are given for the measurements. The geometric 

mean is used for the calculations which should give the best fit possible compared to the real 

situation. The arithmetic mean is used to give an upper limit to the soil NOx emissions. For the BDSN 

Parameterisation only the geometric mean wet emission factors are used. The land cover classes 

used in Steinkamp and Lawrence are matched with the land cover classes in LE for consistency.  

 

Table 1 Coupling between the Land cover systems and the emission factors 

 
Between the LE land cover system and the system used in the BDSN Parameterisation there are 

some discrepancies. LE has a fewer number of land cover types and also in the types itself are some 

differences. A fit between both systems is made to be able to catch the dynamics of the BDSNP 

system. In Table 1 the coupling between the land cover types of the BDSNP method to the LE types is 

listed. The LE land cover map has a resolution of 1km x 1km. The emission factors from Table 1 are 

distributed according to the land cover map types. 

Lotos Euros Modis Steinkamp and Lawrence Emission Factors in ng/m2/s for Climate Class:

Land Type Land Type A - Equatorial B - Arid C - Temperate D -Snow E - Polar

  1 Urban areas 22 Urban and Buildup 0,57 0,57 0,57 0,57 0,57

  2 Agriculture 21 Cropland 0,57 0,57 0,57 0,57 0,57

  3 Grassland 9 Grassland 0,42 0,42 0,42 0,84 0,84

  4 Deciduous forest 16 Decidious Forest 0,08 0,08 0,36 0,36 0,3

  5 Coniferous forest 18 Evergreen Needle Forest 1,66 1,66 1,66 1,66 1,66

  6 Mixed forest 14 Mixed Forest 0,03 0,03 0,03 0,03 0,03

  7 Water 0 Water 0 0 0 0 0

  8 Marsh or wetland 1 Permanent Wetland 0 0 0 0 0

  9 Sand, bare rocks 3/5 barren 0,06 0,06 0,06 0 0

 10 Tundra 8 Open Shrubland 0,09 0,09 0,09 0,01 0,01

 11 Permanent ice 2 Snow and Ice 0 0 0 0 0

 12 Tropical forest 20 Evergr Broadl Forest AB 0,44 0,44 0,44 0,44 0,44

 13 Woodland scrub 6  Closed Shrubland 0,09 0,09 0,09 0,09 0,09
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Figure 11  Emission Factor for each Lotos-Euros grid cell throughout Europe 

For the distribution a climate map is needed. As a basis the Köeppen climate classes map is used 

and manually converted to the LE grid resolution. For later improvements a perfectly gridded map can 

be made, however the difference in emission should be minimal as the most important emission 

factors, like agriculture and forests, have more or less the same values for all the climate classes. In 

Figure 11 the grid cell averaged distribution of the emission factors is illustrated. It shows the maximum 

potential emission in absence of any fertilizer or deposition. The hotspots near Bordeaux, Sweden 

and Finland follow from the high emission factors for coniferous forests. The green yellow zones in 

the middle of Europe show the mix of forests and agriculture. The green zones in the northern part of 

England and Ireland indicate the high percentage of grassland and farms. The blue to dark blue 

zones around the Black Sea and in Western Europe indicate the mixture of farmlands and urban 

zones. 

 

3.2.2 Meteorology: soil temperature 

 

For soil temperature, used as input in equation 2-10, there are two realistic datasets that can be used. 

The first is using the ECMWF soil temperature data, available in the ECMWF dataset products under 

the name Soil Temperature Level 1(stl1). The stl1 data is based upon the temperature in the top 7cm 

of the soil, this is also where most of the soil NOx production occurs.(Laville et al. 2009) The retrieved 

ECMWF dataset has a resolution of ¼ x ½ degrees. For comparison with the Hudman paper it would 

be good to stay close to the input data used in their model, but the difference in resolution and the 

consistent use of ECMWF data makes the choice for the ECMWF data more logical. 
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3.2.3 Meteorology: water filled pore space 

 

WFPS is defined as the volumetric soil water content divided by porosity. The ECMWF data set does 

not have a dataset for WFPS. it does however provide the volumetric soil water content layer 1(swvl1) 

data, so using the swvl1 data means that another input file is needed for the porosity data. However 

there isn’t a porosity map available in the LE-datasets. There is however an 1kmx1km land use 

dataset that lists the percentage of clay, silt and sand fractions as well as a description of the 

coarseness of the soil texture, ranging from very fine to coarse. Using the available data in 

combination with porosity data from literature for the soil types gives the possibility to produce a soil 

porosity map. A problem with this method is that it is incompatible with the ECMWF data as the 

combination of the input gives unreal data for WFPS. It would be more feasible to use an input file 

that doesn’t need a separate porosity input file. In the GEOS-5 meteorology fields the water filled pore 

space is available under the variable name GWETTOP. GWETTOP describes the water filled pore 

space for the top two centimetres of the soil. The resolution of the data is ½ x 
2
/3 degrees.  

 

Figure 12 WFPS for august first, with a range for θ from 0 to 1. 

In Figure 12 an example of a day in summer is given of the WFPS for Europe for the first time step of 

the day taken from the GEOS-5 data. Areas with low WFPS are seen around the Mediterranean, with 

the arid regions in Spain and northern Africa visible. Local dry regions are also observed in the south 

west of France and central Poland. Northern Europe and the United Kingdom show an overall high 

level of moisture. This indicates that potential emissions will be more limited for these regions than in 

more favourable regions like southern France. The data has a time resolution of three hours. For the 

soil NOx module the GEOS-5 meteorology data will be used. 

3.2.4 Aridity 

 

A region is called arid if it characterized by a large deficit of water to the point that plants are hindered 

in growth. For the calculation of the soil moisture relation      a map is needed to divide the grid into 

arid and non-arid zones. With the help of the Köeppen climate classes map (Kottek et al. 2006) a grid 

can be made to divide the grid in 2 coarse parts. In future steps this can be improved by taking the 

mean of the soil wetness for a year and divide it into arid and non-arid areas.  
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3.2.5 Wet- and dry deposition rates 

 
The wet and dry deposition rates from the LE model are used for the calculation of the deposition of 
fertilizer-N. The species used by Hudman et al. (2012),    ,    ,     ,    

 ,    and     are 
archived for each time step in the LE model and can be used as a fertilizer source. In the new module 
this is done by adding the total N to a reservoir that empties every hour into a dynamic deposition 
fertilizer pool.  
For the deposition fertilizer pool the same approach is used as in Hudman et al. (2012), every model 

time-step an amount of N is added and over time the pool decays. Equation 2-13 shows the applied 

relation. Hudman et al. (2012) assume that 60% of the, per time step, deposited N remains in the soil. 
The remaining 40% is assumed to be lost to runoff. The same numbers are chosen for the LE 
module. For the decay constant   the value is chosen to be six months based on Hudman et al. The 
dynamic deposition fertilizer pool needs a starting value as it is filled over the first months. In Figure 
13 the mean deposition pool size is shown for a situation where there is no starting value used for the 
deposition pool. The mean is taken over all the LE-grid cells. 

 

Figure 13 The Mean Nitrogen Deposition Pool for 2005-2007 

There is a large variability for the size of the pool as well as the time it takes for the pool to reach its 

pseudo steady-state. The large standard deviation isn’t strange as the deposition amount varies 

widely over time and space. To determine an optimal start-up time constant, for which all of the grid 

cells have reached their quasi-equilibrium level, two masks are laid over the LE grid. The two masks, 

respectively called Rural and Intense represent the two basic cases, background deposition over land 

and intense deposition over areas with a lot of deposition. The two masks are illustrated in Figure 14 by 

the bordered squares. For the rural case the border area between Romania and Serbia is chosen. For 

the intense case an area containing the Netherlands and a part of the Ruhr area are chosen. For 

each of the masks the yearly mean deposition pool size is calculated to estimate the length of the 

start-up. In Figure 14 the positions of the masks are shown as well as the mean total deposition per 

year (2005-2007).  
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Figure 14 The mean total deposition per year in kg/ha/yr and the masks - Intense and Rural 

In Figure 15 the deposition pool for the rural and intense case are illustrated. 

 

Figure 15 The mean deposition pool in kg/m2 in the rural mask case 

In the intense mask’s case the start-up time constant is slightly shorter compared to the rural case 

with around seven months needed to reach the equilibrium level. For the rural case it takes around 

eight months to reach equilibrium. The size of the deposition pool is around three to four times larger 

than the deposition pool in the rural case. This means fertilization by deposition will occur more evenly 

around Europe than the fertilization by chemical and manure fertilization as the differences in pool 

size for chemical and manure fertilization are greater. To obtain an optimal starting value, for the 

deposition pool, a model run is done for two years after which the pool level is written to an input file, 
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from which the starting values can be read. The time range of two years is chosen to ensure 

equilibrium levels of soil N for all regions. 
 

3.2.6 Chemical fertilizer and manure 

 
Datasets by Potter et al. (2010) are used for the chemical and manure fertilizer input. The datasets by 
Potter et al. (2010) give a representation of the global fertilizer distribution. The datasets have a 
spatial resolution of 0.5 x 0.5 degrees. In Figure 16 the distribution of the manure and chemical fertilizer 
are shown for Europe. Hotspots are visible over the dens animal husbandry areas in the Netherlands, 
Denmark, Bretagne, Ireland, Wales, and the Po valley. Chemical fertilizer is used throughout Europe 
for agriculture. 

 

Figure 16 Distribution of chemical fertilizer(left) and manure(right) Nitrogen in kg/ha/yr 

From the applied manure N, 37% is assumed to remain in the soil. The other 63% is assumed to be 
lost to runoff. For chemical fertilizer this is assumed to be 100%. The applied fertilizer is tracked in the 
model by a fertilizer pool. For each time-step the fertilizer is deposited into the fertilizer pool, where it 
decays over time. The relation used for this calculation is the same as the one used for the 

deposition, shown in equation 2-13, with the difference that the decay constant is chosen to be 4 

months, the same as done by Hudman et al. (2012). 
 
Beside fertilization data a dataset for the growing season is needed for the distribution of fertilizer in 
time and space. 75% of the fertilizer is applied around the first day of the growing season. The 
remaining 25% of the fertilizer is evenly applied over each day of the growing season. The growing 
season is calculated by using the growing dates derived from the MODIS Land Cover Dynamics 
product.(Ganguly et al. 2010)  In the product the growing season is calculated by analysing the 
enhanced vegetation index (EVI) for the time range of 2001 to 2004. The deviation of the growing 
season length is relatively small in areas with high fertilization. 
 
A start-up value is needed for the fertilization pool. The fertilization pool only depends on the 
fertilization input which is chosen to be the same for each year. Analysis of the fertilizer pool level for 
three years showed that after three years the pool reaches its equilibrium level. After two years it 
reaches a level of 99% compared to the final fertilizer pool equilibrium. This means that a spin-up run 
of 3 years is needed to create a steady-state input file for the fertilizer pool. 
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3.2.7 Fertilizer emission rate 

 
The emission rate is dependent on the soil properties but there are not sufficient measurements to 
give a value for each subset of soils or land use. In the literature two approaches are used. The first is 
estimating the emission rate by measuring the emissions from fertilized soil, calculating the factor 
afterwards (Steinkamp, Lawrence 2011, Stehfest, Bouwman 2006, Yan, Ohara & Akimoto 2005). The 
second approach is the use of observed fertilizer emission data, which are subsequently scaled up, 
and then scaling the emission factor in the module so that the soil NOx module reproduces the same 

total observed fertilizer emission total. The second approach gives a global estimate of        
          of 

fertilizer induced emissions by Stehfest and Bouwman (2006), and 3.13        by Steinkamp and 

Lawrence (2011). The estimate done by Steinkamp and Lawrence amounts to a fraction of        
of fertilizer lost to emissions. Yienger and Levy (1995) assumed a fraction of 2.5% based upon a 
small number of measurements. Hudman et al. (2012) use the second approach to scale the rate to 
0.68% so that the total emissions amount to the 1.8        observed. Most of the estimates from the 
literature are done for global models instead of regional models, which further complicates the choice 
of the value for the fertilizer emission rate to use in the LE model. As a first step the rate from the 
Hudman paper will be used.  
 

3.2.8 Cultivation index 

 
The cultivation index is a measure for the fraction of land being cultivated compared to the total area. 
The cultivation index is used to calculate the amount of chemical fertilizer that is distributed in each 
LE grid cell as a function of the cultivated area. This is because only agriculture and grasslands are 
fertilized with chemical fertilizer. By assuming that both agriculture and grassland in the LE-grid 
counts as ‘’cultivated’’ a subdivision for the application of fertilizer can be used. Figure 17 shows the 
fraction of total area that has a land-use of agriculture or grassland. 

 

Figure 17 Fraction of land area used for Agriculture and Grassland 
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3.2.9 Canopy reduction factor (CRF) 

 

There are multiple schemes available that describe the process of reduction of NOx in the canopy of 

vegetation. The process itself is a complex interaction between the reactive trace gases in the 

canopy, in which NO is oxidized to NO2 which further reacts to other species, and the interaction 

between the biosphere and the atmosphere. The magnitude of canopy reduction is uncertain as 

observations give mixed evidence.  

 

For the soil NOx module the approach by Wang et al. (1998) is used. Wang et al. use a parameter   to 

account for the canopy reduction. They use the approach described in a paper by Jacob and Bakwin 

(1991). The parameter   represents the fraction of NOx that is deposited in the canopy layer and 

subsequently absorbed by the vegetation. It is defined as, 

 

  
  

     
   3-1 

in which    and    represent the deposition and ventilation rate for NOx in the canopy air. Ventilation 

is defined as the movement of air from the canopy by turbulence. The deposition rate    is defined as, 

 

   
 

     
   3-2 

where    is the canopy surface resistence for deposition and    the depth of the canopy. The 

ventilation rate is calculated by assuming that it is proportional to the mean wind speed   inside the 

canopy layer, 

 

   
  

   
 

 3-3 

 

in which   is a dimensionless coefficient. Following Wang et al. (1998), the coefficient   has a value 

of          during the day and          at night.  

 

Figure 18 Canopy reduction factor simulated with LOTOS-EUROS for the summer of 2005 
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Based upon calculations done by (Shaw, Pereira 1982) the mean wind speed is parameterized as, 

 

       
 

 √   
       3-4 

 

where V is the above canopy wind speed and   is a non-dimensional coefficient which characterizes 

the rate at which the wind speed decreases with the depth in the canopy. The values for   are 1, 2 

and 4 for grass, shrub and forest biomes respectively.  

 

The advantage of this approach is the physical approximation, accounting for deposition speed and 

wind speed (i.e. turbulence and thus gas exchange between canopy and atmosphere) in the canopy. 

Its disadvantages are the missing chemical reactions and chemical products of the reactions that 

occur in the canopy layer. The CRF parameterization was applied to the summer (June July August) 

of 2005. Figure 18 illustrates the average percentage of soil NOx that isn’t lost to the canopy. The 

darker green parts indicate the forested areas in Europe where the canopy reduction is larger, for 

example the forested areas in Switzerland, the Pyrenees and the northern Nordic countries. The 

lighter green to white regions in the United Kingdom, northern France, and the Netherlands indicate 

more grassland and urban areas. Regions with more deciduous forests have higher coefficients 

because of the higher LAI. Regions with more coniferous forests like Scandinavia have lower 

coefficients, following a lower LAI. 
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4. Analysis of estimated soil NOx emissions 
 

Most of the publications only report estimates of the global soil NOx emissions, but there are also 

some estimates for European region available (Huijnen et al. 2010, Kesik et al. 2006, Butterbach-Bahl 

et al. 2009, Winiwarter et al. 2011). Schulze et al. (2010) present a range of estimates for Europe, 

combined from multiple publications, ranging between 0.6-1.5          . With the most recent 

estimates by Steinkamp & Lawrence (2011) which give a range of 0.7 to 1.04            based upon 

a recent improved version of the Yienger and Levy (1995) modelling approach. Emission estimates 

based upon the biochemical DNDC model as described in (Butterbach-Bahl et al. 2009) and (Li et al. 

2011) give a range of 48.9 – 189.8           for the EU15 countries forest and agricultural emissions. 

In Table 2 a complete list is given in chronological order for soil NOx estimates in Europe and the global 

total. 

 

Table 2 Summary of European and Global Soil NOx emissions, according to multiple sources 

Source 

Emissions in 

          Region Type Approach 

Simpson et al (1999) 0,2 EU15 Agriculture Yienger and Levy 1995 

Simpson et al (1999) 0,6-1,5 Europe All land use types Skiba(1997),YL 95 

Van Egmond et al(2002) 0,7 Europe w/out Russia All land use types  

Lathiere et al(2005) 0,6 Europe All land use types ORCHIDEE model 

Butterbach-Bahl(2009) 0,13 EU15 Agriculture Yienger and Levy 1995 

Butterbach-Bahl(2009) 0,18 EU15 Agriculture & Forests DNDC model 

NatAir (2010) 0,1 EU15 Agriculture DNDC model 

Steinkamp & Lawrence 
(2011) 0,7-1,04 Europe All land use types Improved YL95 

Yienger and Levy (1995) 5,5 Global All land use types Yienger and Levy 1995 

Steinkamp et al (2009) 13(range 4-21) Global All land use types Improved YL95 

Hudman(2012) 10,7 Global All land use types Hudman without CRF 

4.1 Model soil NOx emission analysis 

 
A simulation run has been performed with the LOTOS-EUROS model for the period of 2005-2007. 

The soil NOx emissions of the new module are compared to the emissions of the Novak and Pierce 

module and a constant monthly emission dataset acquired from the TM5 chemical transport model. 

The constant emission dataset is a twelve year (1983-1995) mean made by (Lathière et al. 2005). A 

summary of the soil NOx emissions is given in   
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Table 3, in kiloton N yr
-1

, for the year 2005 for the EU15 countries. For comparison a percentage is 

given to illustrate the soil NOx emission strength of the new module to the total emissions. In the table 

it can be seen that the yearly amount of soil NOx lies around the 7% of the annual total NOx for the 

EU15 countries. The yearly contribution of soil NOx to the overall NOx emissions ranges from more 

than 20% for countries with only a few other NOx sources to less than 5% for countries with a large 

amount of anthropogenic emissions.  
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Table 3 Summary of the NOx emissions for 2005 

 
The total yearly soil NOx emissions for the LE model domain were ~450 kiloton N with emissions 

ranging from 423 kiloton N for 2005 to 467 kiloton N for 2007. The differences between the years are 

the result of variations in meteorology and deposition.  

 

 
Figure 19 Soil NOx emissions for the year 2006 

 

Figure 19 shows the total soil NOx emissions of 2006. Hot-spots can be seen in agricultural areas 

throughout Europe with higher emissions for regions with higher fertilizer use, like the Netherlands, 

Bretagne and the Po valley. Agricultural areas like the north of Serbia and the region north of the 

black sea are easily visible. Emissions from the forests in Eastern Europe and Scandinavia are also 

visible although less than the areas with high fertilizer use. Southern France shows a lot of emissions 

due to agriculture and the favourable meteorological conditions. The north of Spain shows higher 

emissions due to farmland and fertilizer use. The high emissions in the south of Spain follow from a 

Country BDSNP in kt Lathiere et al. in kt Novak and Pierce in kt Other Sources in kt Fraction BDSNP to total

Austria 3,20 6,20 3,29 65,02 4,70%

Belgium 3,19 8,47 1,70 86,85 3,54%

Denmark 3,30 7,01 2,95 98,53 3,24%

Finland 12,58 5,38 1,57 58,51 17,69%

France 51,03 86,48 36,25 416,46 10,92%

Germany 33,00 54,53 20,23 457,53 6,73%

Greece 11,88 14,32 8,99 132,94 8,20%

Hungary 6,13 9,05 6,74 61,89 9,02%

Ireland 2,23 14,68 4,67 37,74 5,59%

Italy 26,47 33,29 20,24 397,87 6,24%

Luxembourg 0,19 0,81 0,15 3,89 4,73%

Netherlands 5,39 9,08 2,46 129,76 3,99%

Norway 3,93 3,09 2,56 66,35 5,59%

Portugal 8,55 9,13 6,48 106,34 7,44%

Slovenia 0,63 1,39 0,66 19,88 3,09%

Spain 51,31 64,28 35,35 492,29 9,44%

Sweden 18,48 7,56 5,33 87,97 17,36%

UK 9,84 36,32 17,20 525,37 1,84%

Total 251,34 371,07 176,83 3245,20 7,19%
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combination of cultivated soil, counted as agriculture, and the dry meteorological conditions, which 

are favourable because of the definition that southern Spain is semi-arid. Emissions from England 

and Ireland seem to be missing. The high emission factors and fertilizer use would indicate a lot of 

emissions. However the meteorological conditions counteract this. The soil in the United Kingdom and 

Ireland are overall very moist, which thwart the possibility of high soil NOx emissions. 

 

Figure 20 shows the temporal variation of the soil NOx emissions to the total amount of emissions per 

month. Although 7% of the yearly emissions for the EU15 countries does not seem much, the soil NOx 

emissions vary throughout the year. The monthly percentages are higher during the spring and 

summer than during the autumn and winter because of the growing season, fertilizer use and higher 

temperatures. Emissions reach above and over 30% of the total for countries like Ukraine and Poland. 

Even with the higher anthropogenic emissions in Spain, France and Italy there are still percentages 

above 15% during the summer months. Although soil NOx emissions in the Netherlands are quite high 

they are still only 5% of the total emissions even during the summer. Even for the North East of the 

Netherlands there is still a small impact of the emissions because of the Pollution coming from the 

Ruhr area and the Randstad. Soil NOx emissions in France are for the greater part centralized in the 

south away from major cities like Paris. The same can be said for emissions in Poland and Spain. 

This soil NOx emissions allow to make a comparison between model and measurement that is 

relatively free of interference from other NOx sources. In appendix A a more extensive set of yearly 

emissions is given on a per country total basis for Europe. 

 

  

Figure 20 Percentage of Soil NOx emissions to total emissions for 2005. 

4.2 Surface concentration analysis 

 

Surface concentrations can be used to analyse the impact of the soil NOx emissions on modelled 

concentration levels throughout the year. Figure 20 above shows the percentages of soil NOx 

emissions respective to the total. The emissions peak around July and are the lowest in the winter 

around January. Because of this we are going to use the months of July and January for the analysis 

of the surface concentration.  
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4.2.1 Nitrogen dioxide surface concentrations 

 

The soil NOx emissions double the NOx emission totals in some of the agricultural areas so a large 

change is expected. The top two figures of Figure 21 shows the relative NO2 concentration difference 

after the implementation of the soil NOx module compared to the situation before implementation for 

January and July 2005. 

 

Figure 21 Relative(%)(top) and Absolute(bottom) NO2 concentration difference between LE with and without soil NOx for 

January and July 2005. 

The impact of the new module is almost zero during January. Only regions with very low 

anthropogenic emissions show a noticeable increase. However this is mostly insignificant as there are 

no emissions included for northern Africa in the LE model and regions in Northern-Scandinavia 

already have very low concentrations as shown in the bottom two figures of Figure 21. During July 

there is a large increase in surface concentrations throughout Europe. The increase is mainly 

focussed around the agricultural areas, but there are also a noticeable difference in the lower Ruhr 

area and the Netherlands. Large cities like Paris, London, Moscow (Partially outside the grid) and 

Madrid show almost no increase. There is only a small increase for Ireland and England, as was also 

seen in Figure 19 for the emissions in the year 2006 emissions.  
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4.2.2 Ozone surface concentrations 

 

A change in the concentrations of ozone precursors like NOx will change the local lifetime of ozone. A 

large increase can either lengthen or shorten the lifetime of ozone so it is possible that ozone 

concentrations can decrease while increasing the NO2 concentration. Figure 22 shows the relative 

and absolute difference in O3 concentrations after the implementation of the soil NOx module. 

 

 

Figure 22 Relative(%)(top) and Absolute(bottom) O3 concentration difference between LE with and without soil NOx for 

January and July 2005. 

During the winter O3 levels are relatively low, and are driven by long-range transport and 

stratosphere-troposphere exchange. Relative differences during January are thus insignificant. During 

the summer there is enough sunlight the photochemical production of ozone from precursors. The soil 

NOx emissions have a larger effect on the O3 levels during July. The Ozone levels decrease for the 

Netherlands and industrial regions in Germany. This is because of the already high NOx 

concentrations for these areas. Any further increase will decrease the O3 lifetime. Southern France, 

eastern Europa and central Spain have an increase in the O3 levels as the extra emissions lead to 

efficient photochemical production of ozone. 
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5. Validation of the predicted soil NOx emissions with 

observations 
 

Observations are used to evaluate the estimated soil NOx emissions. Surface observation stations are 

a good way to compare local concentrations versus modelled concentrations. As there are only a 

limited number of measuring stations, positioned where soil emissions are dominant, another type of 

observations is needed. Satellite measurements can be used since these can make global 

observations at high spatial resolution. 

5.1 Satellite observations 

 

To observe NO2 columns (molecules cm
-2

) from satellites, instruments are used that measure the 

solar radiation that is scattered back in the atmosphere by trace gasses and aerosols in the earth’s 

atmosphere. Examples of satellite instruments that do this are the Ozone Monitoring Instrument (OMI) 

(Levelt et al. 2006) and the Global Ozone Monitoring Experiment-2(GOME2) (Callies et al. 2000). 

 

Radiation from the sun is scattered back in the earth’s atmosphere by scattering by air molecules, 

clouds, aerosols and the earth’s surface. Trace gas column densities of molecular species can be 

obtained by measuring the vibrational structure in the electronic bands for vibrations that take place 

within the instruments wavelength range (Boersma et al. 2002). By selecting a dedicated spectral 

window data can be obtained for a specific trace gas from the radiance intensity   . Basically    is a 

combination of the irradiance of the sun, the scattering and reflection contributions. Light is scattered 

in the atmosphere by collisions with gaseous particles in air, clouds and aerosols. The equation for    

as a function of wavelength   can be approximated as, 

 

                                                  5-1 

  

with   the wavelength,   the albedo,    the sun’s irradiance,    the backscattered radiance,     the 

“slant” column abundances in the pathway of the measurement and    the absorption cross sections. 

The extra terms are made up by effects as the ring effect (inelastic scattering) and further albedo 

effects. By filtering the interference effects of other species and atmospheric gasses the slant column 

density     can be determined. For the slant columns a correction has to be made to determine the 

vertical column densities. The correction factor needed is called the Air-Mass-Factor (AMF) which is 

determined by calculation with a CTM like TM5. The Air-Mass-Factor   gives the ratio of column 

abundances of the absorption species in the slant column to the abundances in the vertical column. 

The factor depends on a number of parameters like cloud and surface albedo, aerosol optical 

thickness, cloud height and vertical distributions of the chemical species in question. 

 

5.1.1 The Ozone Monitoring Instrument and the Global Ozone Monitoring Experiment-2 

 

The Ozone Monitoring instrument (OMI) is aboard the Aura satellite which follows a polar sun-

synchronous orbit around the earth. The Aura satellite passes at a local time of around 13:45. The 

instrument measures the backscattered solar radiation in the uv-range over a wavelength range of 

270 to 500nm with a resolution of 0.5nm. The instrument has a viewing angle of 114 degrees which 

gives a 2600 km wide swath on the surface. This enables the instrument to make almost daily 

measurements of the entire globe. Radiation is split into two channels the UV channel, ranging from 

270 to 380 nm, and the VIS channel, ranging from 350 to 500 nm. The OMI pixel size is relatively 

small with a resolution of 13 km x 24 km at nadir position to 13 km x 128 km at the swaths outer edge.  

 

The OMI data-product was obtained from www.temis.nl. The OMI product used is the DOMINO v2.0 

product by (Boersma et al. 2007, Boersma et al. 2011). The DOMINO product represents the 
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abundance of NO2 in the troposphere. For former comparisons of the LOTOS EUROS model with 

OMI observations, the DOMINO v1.0 product was used. The DOMINO v2.0 data are ~20% lower than 

DOMINO v1.0 data and shows improvements in comparisons to independent MAX-DOAS 

measurements over eastern Asia (Irie et al. 2012). The OMI DOMINO v2.0 product is extensively 

used in scientific research and validated in multiple publications(Boersma et al. 2008, Hudman et al. 

2010, Hudman et al. 2012, Huijnen et al. 2010, Irie et al. 2012, van et al. 2008, Boersma et al. 2008, 

Ma et al. 2013, Boersma et al. 2009). 

 

 

Figure 23 GOME-2 transmittance as derived from the level 1b product(GOME-2 Factsheet) 

The Global Ozone Monitoring Experiment 2(GOME-2) instrument sits aboard the Metop-A satellite, 

the Metop mission which tries to provide long-term datasets in support of meteorological and 

environmental forecasting and climate monitoring. As seen in Figure 23 the optical spectrometer has 

a broad spectrum ranging from 240 – 790 nm at a high spectral resolution between 0.2-0.4 nm. It has 

a ground pixel resolution of about 80 km x 40 km. The Metop-A satellite passes at a local time of 

around 09:30. 

 
The GOME2 data-product was both obtained from www.temis.nl. The GOME-2 product used is the 

TM4NO2A product by (Boersma, Eskes & Brinksma 2004). The TM4NO2A product represents the 

tropospheric column abundances of NO2. The GOME-2 TM4NO2A product is validated and is being 

used in comparison studies (Irie et al. 2012, Boersma, Eskes & Brinksma 2004, Merlaud et al. 2012). 

5.1.2 Method 

 

Part of the data products of OMI and GOME2 are the tropospheric column densities derived with the 

retrieval algorithm for each of the measurements done by the satellite instruments. The OMI and 

GOME2 observation points are different for each day and a re-gridding of the data is needed to 

compare the column data of LOTOS EUROS with the satellite observations. In the LE model this is 

done for each simulation time step. Observation times of the satellite measurements are matched with 

the time interval of the LE simulation time step. A fast way to match satellite observations to LE grid 

cells is using the grid cell centre point data to allocate each measurement to just one LOTOS EUROS 

cell.  Although this is a quick way to grid the data it does not represent all the information. Because of 

the positions of the grid centres for observations the result is a “checkerboard” distribution as shown 

on the left side in Figure 24 for all the OMI observations in one year. In case of the GOME2 

observations this effect is even worse, because of the resolution of the instrument.  
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Figure 24 Gridding by centre positions(Left), Number of observations for 2005, using the grid centres(middle) and the 

algorithm(right) 

For both of the satellite instruments a routine is performed to solve this problem. For each of the 

satellite instrument’s observations a few steps are performed by the LE model. 

 The corner points of the satellite observation is used to make a cell 

 The cell is divided into a large number of smaller sub-cells with the same value as the larger 

cell 

 Each sub-cell is matched to a LE cell according to the sub-cell’s centre point position. 

 For each of the cell positions a LE cell value is simulated, taking into account the observation 

time, product pressure levels, air densities at each pressure level and other properties 

needed for the simulation. 

 For each sub-cell both the observation value and LE simulated value are added to separate 

counters of LE cell values. 

 A third counter is used for each LE cell to count the number of sub cells allocated to each LE 

grid cell 

 A fourth counter is used to count the combined surface area of the allocated sub cells for 

each LE cell 

 

Only the observations that have a cloud radiance factor of less than 50% are used. After the 

allocation of all the observations of one day a second set of steps is performed, the allocation step,  

 The third counter is used to calculate the daily observation value of each LE cell by dividing 

the LE cell value over the first counter 

 The surface counter value is compared to a coverage fraction requirement    

 

The difference between both approaches is illustrated in the middle and right figure of Figure 24. The 

figure shows the number of observations in a year for the OMI instrument. The middle figure 

illustrates the first approach, the right figure the second. 

 

5.1.2.1 Extra layers on top of LE 

 

A second improvement to the comparison of LE with the satellite observations is the adding of an 

extra layer on top of the LE-model. The LE-model reaches to a height of 3,5km. The OMI and GOME2 

density columns hold to the top of the troposphere. Although most of the mass of the species resides 

in and slightly above the mixing layer in the troposphere, this is not true for each region in Europe 

throughout the year. Emissions due to lightning and airplane emissions mostly take place above the 

3,5 km mark. Therefore the remaining height of the troposphere above the top of LE cannot be 

excluded without a comparison. To evaluate the impact of an extra layer, a layer simulated with TM5 

is added to the LE-model. This layer reaches from around 3,5km to the tropopause and should catch 

the basic behaviour of the top of the troposphere. The effect isn’t exactly the same as an extra 

dynamical layer on top of the LE-model as there is no exchange between both layers and the TM5 



 

  
Enrico Dammers – TU/Eindhoven – TNO – Page 32 

 
  

layer is simulated in a different model. The TM5 layer is added to the LE-model for comparison with 

OMI observations. The TM5 layer has a constant monthly value which varies per month. 

 

5.1.2.2 Impact of the fraction requirement    

 

The allocation step is only performed when more than a certain percentage of the cell is covered by 

satellite observations. This percentage can be chosen accordingly and depends on the precision 

wanted and the type of model-grid that is used. Requiring a higher percentage of area usually 

improves the ratio and correlation between the observations and the model. The disadvantage on the 

other hand is a decline in the number of observations. For the comparison of the LE-model with the 

OMI and GOME2 observations an evaluation is performed to find a correct cover fraction for the 

monthly mean of both model and observations. The evaluated fractions are,    0.05 and with 

intermediate steps of    ,         to       . A coverage requirement of 1.0 ensures that for the 

days with cover all observations of OMI around the grid cell are accounted for. This is only possible 

when there are almost no clouds and thus ensures that only the observations of cloud-free days are 

counted. The errors in the OMI observations are partially due to cloud interference, so when only 

using cloud free days this improves the observational data. A selection of cells is chosen for which 

both the OMI and GOME2 instruments have observations in January (winter) and July (summer) for a 

cover fraction of     . 

 

  

Figure 25  Masked area 

This masked area is shown in Figure 25 which shows the number of days that a cell has cover in July 

2005 for a cover fraction of    . For each of the evaluated cover fractions a scatterplot is made for the 

OMI observations to the LE simulated columns. An example is shown in Figure 26 for a coverage 

fraction      for the observations during January 2005. A least square fit is applied to the data to 

calculate the bias and the slope between the OMI and LE data. For the least square fit the Reduced 

Major Axis method was used. This method uses the normal between the fit and the data to calculate 

the least square fit. The new soil NOx module was included in the LE-simulation for the OMI and 

GOME2 observations. 
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Figure 26  Observations and LE to OMI fit for a coverage fraction of 1.0 for January 2005. 

Figure 27 and Figure 28 show the most important results of the analysis. As shown in top figure of Figure 

27 the average number of days with coverage becomes less with an increasing coverage requirement. 

Even during the winter the average number of days with coverage, in case of the OMI instrument, is 

still more than five per LE cell. For GOME2 this is a bit less with the number of days just below five 

days of coverage per LE cell. During the summer the NO2 column densities are lower than during the 

winter. The ratio between the LE-model and the observations is shown in the bottom figure of Figure 

27. The ratio between LE and the OMI observations is larger than one for January. This indicates an 

overestimation of the LE model during January, or an underestimation by the OMI-instrument. For 

July the ratio is less than one. This is a result of the underestimation by the LE-model and higher bias 

in the OMI observational data for the summer (Huijnen et al. 2010). The ratio shows a small 

improvement with higher cover fractions for the LE to OMI and the LE to GOME2 ratios in the winter. 

For the summer however there is a difference. The ratio between LE and GOME2 becomes worse, 

the correlation doesn’t improve and the bias keeps about the same value. A possible explanation 

could be that the relative size of the GOME2 observations is so large that it doesn’t capture the sharp 

gradients in the column densities, which the LE columns do simulate. The difference with January 

would be that the gradients in the NO2 columns are lower because of the longer lifetime of NO2 in the 

winter. This in turn makes it possible for GOME2 to observe the gradients. 
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Figure 27  Mean monthly days of observation(top) and the ratio of LE to observations(bottom) as a function of the cover 

fraction 

The top figure of Figure 28 shows the bias between the LE model to the observations. The bias shows 

an overall improvement during the winter for both of the instruments. During the summer the bias 

stays more or less the same. The bottom figure of Figure 28 shows the correlation coefficient of the 

instrument observations compared to LE. With an increasing coverage fraction the correlation 

improves for both the OMI and GOME2 instruments during the winter, during the summer only the 

OMI observations improve. Because of the improved correlation, slope and bias a cover requirement 

of 1.0 is chosen. It should be kept in mind that this does however mean that fewer observations are 

taken into account, which in turn can possibly lead to a larger uncertainty. 
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Figure 28  The bias(top) and the correlation R2 coefficient(bottom) as a function of the cover fraction 

5.1.3 LE to OMI observations 

 

5.1.3.1 Monthly observations 

 

The LE-model was used to simulate four runs. For the first two runs were with and without the soil 

NOx module. The TM5 layers were added for the second two runs. The OMI observations were 

compared with the LE observations for the years 2005-2007. The difference between the LE runs is 

almost zero in January as there are almost no added soil emissions. Figure 29 shows the monthly 

mean for OMI and LE (with soil NOx) density columns derived with the model for January 2006. Cells 

without satellite observations were made grey. The lower right figure of Figure 29 shows the OMI 

density columns for January 2006. 
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Figure 29 Column Densities for January 2006 in 1e15 molec. cm-2, top left LE with soil NOx, top right the added TM5 

Layer, bottom left LE with soil NOx and a TM5 layer, bottom right OMI observations. 

OMI has a greater value in the heavily polluted areas as the Netherlands, Germany and the PO 

valley.  Also large cities as Athens, Istanbul and Madrid have higher values. Beside the large cities 

and polluted areas the values correspond well throughout the grid. The top right figure in Figure 29 

shows the TM5 layer for January 2006. The lower left figure in Figure 29 shows the column densities 

for January for the LE run with soil NOx in which the TM5 layer is added to the LE layers. The addition 

of the layer solves a part of the underestimation of the column densities in the more polluted areas. It 

does however also give an overestimation for the Iberian Peninsula. For Scotland and Ireland it is 

hard to say if the column density value improves or not as there are very few observations near 

Ireland and Scotland. The column densities seem to be overestimated by LE but this can also be an 

effect because of the relative few observations. 

 

For July the effect of the soil NOx emissions is easily visible. The top left figure of Figure 30 shows the 

column densities for the LE run with the soil NOx module for July. As shown in Figure 21 the 

introduction of the soil emissions almost double the concentrations in southern France and central 

Spain. Also the concentrations around the Black Sea are increased. Beside the contribution to the 

agricultural areas the module also added an overall background concentration throughout Europe. 

Comparing the OMI values with the LE-model reveals the large underestimation by the LE-model. 

Adding the soil NOx emissions improves the column density levels throughout Europe but does not 

immediately close the gap between the observations and LE. The top right figure of Figure 30 shows 

the column density contribution of the TM5 layer. Compared to the TM5 layer in January the July 

values are higher in Spain, Italy and Turkey. For the rural regions there is a background concentration 

of about the same amount as the LE model simulates for the lower layers.  
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Figure 30 Column Densities for July in 1e15 molec. cm-2, top left LE with soil NOx, top right the added TM5 Layer, 

bottom left LE with soil NOx and a TM5 layer, bottom right OMI observations. 

Figure 30 shows the effect of adding the TM5 layer to the LE model. The influence of the soil NOx is still 

visible for southern France, central Spain and Eastern Europe, where it almost doubles the column 

densities. The TM5 layer improves the column densities for Italy and especially the east. The TM5 

layer shows a larger effect than the soil NOx module for almost all regions throughout Europe besides 

Spain and southern France. Comparing the values with the OMI observations shows a persistent 

underestimation for Greece and Turkey and the area around the Black Sea. For Turkey this could be 

an underestimation of the emissions. The emissions of the North African countries are not included in 

the LE model. This explains the large difference for the North African concentrations and some of the 

coastal concentrations in the Mediterranean. The basic comparison with OMI for July shows that the 

LE version with a TM5 layer and the soil NOx emissions gives a dramatic improvement over the old 

LE version. For the January comparison this is less evident, although LE with the TM5 layer seems to 

be a give the best comparison with OMI. 

 

5.1.3.2 The labelling routine 

 

The LE labelling routine by (Kranenburg et al. 2012) is used to estimate the effect of the soil NOx 

emissions on the OMI column densities. The labelling routine uses emission source apportionment to 

sort emissions into different groups (labels) which are tracked throughout the model simulation. With 

the help of the labelling routine the soil NOx fractions of the density columns are calculated for the 

period of 2005-2006. 
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Figure 31  Left,Soil NOx fraction of the density column to the total column, averaged for for July 2005 & 2006. Right, 

selected areas for soil NOx. 

The month of July of both years is used to derive a select area for which the LE-model shows the soil 

NOx column fraction of more than 50% and a column density of more than 1e15 molecules/cm2. The 

value of 1e15 molecules/cm2 is chosen to stay above the instruments detection limit. The months for 

two years are used to limit the impact of annual inter-variability. The left figure of Figure 31 shows the 

fraction of the soil NOx column density compared to the total density, averaged for July 2005 and July 

2006. The red dots represent the EMEP measurement stations which lie inside the selection regions. 

The right figure shows the six regions that meet the requirements. The regions are, with appropriate 

names, the Iberian Peninsula, Southern France, Northern Germany, Central Eastern (CES) Poland, 

Slovakia-Serbia and Belarus-Ukraine. 

 

5.1.3.3 Time and spatial correlations between OMI and LE 

 

For each of the six regions the means of both LE and OMI are calculated for each month and the time 

and spatial correlations are calculated for the OMI observations and the LE runs. A least square fit is 

made for the observation points compared to the LE runs and from the fit the bias and slopes are 

derived. The time correlation of a region is calculated by first spatially averaging all the observations 

that lie inside the region. Each of the daily region averages is then used to calculate the time 

correlation, means etc. An example of the time correlation plot for the July 2006 observations of 

southern France is shown in Figure 32.  As seen in Figure 30 and Figure 31 the region of southern France 

has a high fraction of soil NOx and respectable column densities for a background area. We will use 

this region as an example for the analysis. For the other regions short conclusions will be given. 
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Table 4 OMI to LE Time: Correlation,Slope and Bias for the southern France region for different months for 2006 

Time Correlation R
2 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.61 0.74 0.73 0.71 0.86 0.35 0.60 0.67 0.36 0.81 0.40 0.91 

LE-soil NOx 0.62 0.74 0.73 0.72 0.86 0.40 0.67 0.58 0.34 0.81 0.41 0.92 

LE-soil NOx – TM5 0.62 0.76 0.74 0.75 0.91 0.59 0.72 0.72 0.49 0.83 0.47 0.91 

Slope Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.98 0.59 0.71 0.94 0.51 0.32 0.21 0.49 0.73 0.60 0.85 0.75 

LE-soil NOx 0.99 0.60 0.73 0.98 0.58 0.35 0.31 0.97 0.89 0.68 0.88 0.76 

LE-soil NOx – TM5 1.03 0.63 0.84 1.04 0.74 0.41 0.52 1.10 1.06 0.86 0.97 0.79 

Bias Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.34 0.56 0.19 -0.3 -0.1 0.01 0.14 -0.1 -0.2 0.18 0.12 0.43 

LE-soil NOx 0.35 0.59 0.21 -0.3 -0.1 0.08 0.19 -0.5 -0.3 0.20 0.16 0.46 

LE-soil NOx – TM5 0.72 0.95 0.29 -0.1 -0.0 0.45 0.36 -0.2 -0.0 0.37 0.50 1.15 
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Table 4 lists the time correlation of the southern France region. For the LE with soil NOx runs and 

months of 2006 the correlation is shown, together with the bias between OMI observations and LE 

and the slope of the least square fit. The analysis shows the underestimation of LE-without soil NOx in 

the summer months. The soil NOx module fixes a part of the underestimation but not everything. 

August shows a slope of almost one as does September. However the lower values for the slope 

during June and July and the meagre correlation coefficients indicate that the effect of soil NOx is too 

small. The high slopes during August and September show that the emissions are too strong during 

the end of the summer. A second explanation is that the observed columns during august are right 

because the soil NOx emissions are more important. Analysis of the pulsing algorithm shows number 

of small pulses occurring during August. As this increases the emissions, the soil NOx fraction 

becomes larger and thus more important. 

 

Figure 32  Scatter plot of the spatially averaged OMI observations to LE with TM5 layer simulated values for July 2006 

 

The spread in the observed columns however also becomes larger which deteriorates the correlation. 

The overall effect over the year of by the soil NOx module shows a time correlation that doesn’t 

improve dramatically. Adding the TM5 layer has a stronger effect. The correlation improves during the 

summer. The slope and bias also increases. The overall constant effect by the TM5 layer could be an 

effect of the constant monthly concentration inside the layer. Overall the adding of the soil NOx 

emissions and a TM5 layer show a positive effect. 

 

The spatial correlation is calculated by first taking the mean over all the days for each grid cell. Each 

of the grid cells inside the masked region are then used to calculate the correlation, means etc. The 

spatial statistics listed in Table 5 indicate an overall improvement for the slope of the fit for the LE run 

with the soil NOx module. The bias stays about the same which together with the slope indicates that 

column densities are improved where needed. 

Table 5 OMI to LE Spatial: Correlation,Slope and Bias for the southern France region for different months for 2006 

Spatial Correlation R
2 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.82 0.60 0.85 0.89 0.65 0.76 0.84 0.63 0.72 0.77 0.73 0.89 

LE-soil NOx 0.82 0.61 0.85 0.89 0.62 0.73 0.81 0.60 0.68 0.76 0.74 0.89 



 

  
Enrico Dammers – TU/Eindhoven – TNO – Page 41 

 
  

LE-soil NOx – TM5 0.82 0.62 0.85 0.90 0.76 0.83 0.87 0.64 0.72 0.78 0.72 0.89 

Slope Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.57 0.74 0.49 0.77 0.43 0.52 0.39 0.56 0.79 0.61 1.38 0.80 

LE-soil NOx 0.57 0.74 0.49 0.81 0.46 0.59 0.51 0.64 0.92 0.67 1.40 0.81 

LE-soil NOx – TM5 0.59 0.73 0.52 0.83 0.59 0.64 0.63 0.68 0.97 0.70 1.47 0.80 

Bias Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.93 1.27 0.37 -0.2 -0.0 -0.3 -0.2 -0.3 -0.3 0.15 -1.1 0.21 

LE-soil NOx 0.97 1.32 0.40 -0.2 0.02 -0.3 -0.2 -0.2 -0.3 0.21 -1.0 0.25 

LE-soil NOx – TM5 1.44 1.76 0.69 0.10 0.24 0.10 0.22 0.21 0.19 0.69 -0.6 1.06 

 

There is still an underestimation during the summer but it is less than before. A decrease in the spatial 

correlation coefficients indicate that the distribution of soil NOx emissions aren’t perfect in every spot. 

The small decrease however indicates that the error is not too large. The small difference in the 

August correlation coefficient indicates that the averaged column densities are right. This could 

indicate that the effect of the observed pulse is of the right size but not at the right time, and could be 

off by a day. Adding the TM5 layer to the LE-model further improves the slope and correlation for 

each month. The effect of the TM5 layer on the slope is about as large as the soil NOx module.  

 

The other regions show similar results with an overall improvement to the slopes and spatial and time 

correlations during the early summer. Similar problems are seen with the time and spatial correlations 

around September which tend to decrease a bit due a larger spread in the data. A reason for this can 

be both the fertilizer and the WFPS meteorology. The resolutions of the data fields of both factors are 

larger than the resolution of the LE model which could give rise to overestimations in some grid cells 

and underestimations in the cells around it. Overall the adding of the soil NOx emissions and the TM5 

layer show a positive effect with here and there some tweaking needed. 

 

5.1.3.4 Analysis of the LE and OMI time profiles 

 

To further investigate the effect of the soil NOx emissions and the TM5 layer two temporal profiles are 

derived for southern France. A monthly profile is derived by calculating the mean and standard error 

of the observations for each month in southern France. The same is done for the weekly profile. Each 

of the observations is binned according to the weekdays for which then the mean and standard error 

are calculated. 

 

 

Figure 33 Monthly profiles of southern France for 2006, left LE , right LE with TM5 layer. 

Figure 33 shows the monthly profiles of southern France for the year 2006 for the LE model with (right) 

and without (left) the TM5 layer. The black line indicates the OMI observation mean throughout the 
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year and the bars represent the standard error which is multiplied by two to describe the 0.99 

confidence interval. The red line describes the LE run with soil NOx emissions, the blue line the LE run 

without. The basic LE run does not capture the full dynamical behaviour throughout the year. The 

peak during the summer months is not met by a peak in the simulation and the density columns are a 

bit too high during the winter. The soil NOx emissions gives an overall constant value which increases 

to a maximum in the summer to a minimum during the winter. This decreases the gap a bit during the 

summer but does not give rise to the higher values for July and August. The TM5 layer does the same 

with one difference, that it adds a higher amount of concentration during July and August which 

improves the temporal behaviour during the summer. The combination of both gives an overall 

improvement in the temporal behaviour of the model. During the winter however the column densities 

are too high. Incorrect time profiles and emissions of the other NOx sources could be the cause of this 

problem.  

 

 

Figure 34 Weekly profiles of southern France derived for the whole of 2006, left LE, right LE with TM5 layer 

Figure 34 shows the weekly profiles of southern France for the year 2006 for the LE model with (right) 

and without (left) the TM5 layer. The OMI profile is indicated by the black line, and the LE run with and 

without soil NOx by the red and blue lines. The soil NOx emissions add an overall constant 

concentration during the week, as expected as the emissions do not follow a weekly profile. The TM5 

layer adds a greater part to the density columns than the soil NOx. However the TM5 layer adds the 

higher layers of the troposphere to the model and the higher layers have a dynamic that is more 

visible over the months than on a daily basis. The result of the TM5 layer is thus a rather constant 

amount that is added to the density column.  

 

For the other regions the same behaviour is observed with the soil NOx emissions closing the bias 

between observations and model. The TM5 layer improves the bias between observations and model 

for most regions for both the monthly and weekly profiles. The peak in the monthly profile of France, 

shown in Figure 33, is also observed in the monthly temporal profile of the Iberian Peninsula. For the 

other regions this peak is absent. This indicates a possible source of NOx due to lightning, which isn’t 

included in the LE model. 

 

5.1.4 LE to GOME2 Observations 

5.1.4.1 Monthly observations 

 

For further validation the GOME2 instrument was also used. The LE model, with and without soil NOx 

module, was used to simulate the year of 2007 for which the GOME2 observations were available. 

The TM5 layers were not added in the GOME2 scripts due to time restrictions. One difference 

compared to the OMI observations is the observation time. The AURA satellite with OMI passes 
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around 13:45 local time and the Metop-B satellite with GOME2 around 10:00. The difference is that 

rush hour occurs just before the GOME2 observations are done. This will increase the NO2 column in 

the lower levels of the troposphere due to anthropogenic sources. The NO2 signal coming from the 

soil NOx process is thus expected to be less dominant.  Figure 35 shows the column densities derived 

from the GOME2 observations and the LE-model with the soil NOx module. The differences between 

GOME2 and LE are mostly visible for the PO valley and the area around Madrid were GOME2 has 

higher values than the LE-model. Istanbul also has column densities that are up to two times higher 

than the LE-model, as said before this can be because of emissions that are too low in Turkey. The 

column densities in Eastern Europe and northern Germany are higher for the LE-model. However the 

observations are near the regions for which there are no observations. There is thus a large chance 

that this is an effect of snow cover and a lack of observations. 

 

Figure 35 Column Densities for January 2007 in 1e15 molec. cm-2, left LE with soil NOx, right GOME2 observations 

Figure 36 shows the increase in the simulated LE density columns due to the soil NOx emissions for 

July 2007. Large effects due to the soil NOx emissions are visible for Eastern Europe, Spain and the 

southwest of France. Lesser effects are visible for the mid-south of France and northern Germany 

than in the comparison with the OMI instrument. A reason for this can be that there are overall higher 

column densities due to the observation time and the rush hour emissions that haven’t spread as 

much as around 13:45.  
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Figure 36 Relative increase(%) in the LE simulated density columns due to the soil NOx emissions in July 2007 

 

 

Figure 37 LE Column Densities for July 2007 in 1e15 molec. cm-2, left LE with soil NOx, right GOME2 observations 

Figure 37 shows the GOME2 observations and the LE-model with the soil NOx module. The 

comparison shows an underestimation of the column densities throughout Europe although the 

difference is less than with the OMI observations. A part of the underestimation can be explained by 

the missing concentrations in the higher troposphere, as there is no layer added above     km for the 

LE observations. The column densities of the GOME2 observations are a lot higher than the 

observations by the OMI instrument. The main reason is the difference in the observation time. OMI 

passes after noon, at a time of the day at which the suns radiation is at its maximum. This causes a 

large amount of the NO2 to be photolized.  

 

5.1.4.2 Time and spatial correlations between GOME2 and LE 
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The statistical analysis was performed for the same regions as for the OMI observations. There are 

fewer observations in total than done by the OMI instrument. Also each observation covers more LE-

grid cells. Therefore the error will be bigger for the monthly statistics and variations are larger. To stay 

consistent throughout the report the region of southwest France will be used for analysis. Table 6 

shows the GOME2 to LE time correlation for the southern France region.  

 
Table 6 GOME2 to LE Time: Correlation,Slope and Bias for the southern France region for different months for 2007 

Time Correlation R
2 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.95 0.66 0.78 0.69 0.73 0.63 0.80 0.86 0.76 0.49 0.64 0.60 

LE-soil NOx 0.95 0.65 0.79 0.70 0.74 0.64 0.83 0.87 0.77 0.49 0.63 0.60 

Slope Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.77 0.50 0.67 0.25 0.37 0.46 0.51 0.74 1.34 0.57 0.69 0.44 

LE-soil NOx 0.78 0.51 0.67 0.27 0.41 0.52 0.60 0.80 1.40 0.57 0.71 0.44 

Bias Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.03 0.32 -0.2 0.34 0.13 0.12 -0.1 -0.1 -0.6 -0.3 0.15 0.45 

LE-soil NOx 0.06 0.33 -0.1 0.39 0.17 0.16 -0.0 -0.0 -0.5 -0.1 0.24 0.52 

 

The addition of the soil NOx emissions shows an overall increase in the slope coefficients during the 

summer. The bias stays around the same number in all cases. The correlation also improves for the 

summer. This indicates that the time variation in the emissions during these months is good. The 

overall improvement in the slope shows that the strength of the emissions is also correct. The 

anomaly in the slope coefficient during September is a result of an exceptionally high observation 

value for LE. This anomaly is also observed in the comparison with the OMI instrument. In both cases 

it seems an error by the model as the standard error is also large.  

 
Table 7 GOME2 to LE Spatial: Correlation,Slope and Bias for the southern France region for different months for 2007 

Spatial Correlation R
2 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.64 0.45 0.78 0.79 0.65 0.43 0.69 0.72 0.73 0.81 0.77 0.74 

LE-soil NOx 0.64 0.45 0.78 0.78 0.64 0.43 0.70 0.70 0.71 0.80 0.77 0.74 

Slope Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.83 0.68 0.49 0.38 0.32 0.78 0.38 0.58 0.60 0.68 1.01 0.34 

LE-soil NOx 0.84 0.69 0.50 0.41 0.36 0.87 0.43 0.63 0.64 0.70 1.01 0.34 

Bias Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LE-without soil NOx 0.11 -0.1 -0.1 0.00 0.17 -0.6 0.38 -0.0 0.42 -0.5 -1.8 0.55 

LE-soil NOx 0.16 -0.1 -0.1 0.03 0.24 -0.7 0.15 0.15 0.65 -0.4 -1.7 0.60 

 

Table 7 shows the spatial statistics of the GOME2 to LE comparison. As with the time slope coefficient 

there is an overall improvement. The correlation coefficients show a small decrease, which together 

with the slope improvement indicates an overall emission strength that is about right but a spatial 

distribution that could be better. A reason for this can be both the fertilizer and the WFPS 

meteorology. The resolutions of the data fields for both factors are larger than the resolution of the LE 

model which could give rise to overestimations in some grid cells and underestimations in the cells 

around it. The inclusion soil NOx emissions appear to improve the model performance over southern 

France. For the other regions the same behaviour is observed, with slopes showing overall 

improvement for both the spatial and time comparison. Also the time correlation factor shows an 

improvement for all the regions. The spatial correlation factors improve a bit for most regions except 

for the regions, Iberian Peninsula and Slovakia-Serbia. 
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5.1.4.3 Analysis of the LE and GOME2 time profiles 

 

As was done with the OMI to LE time profiles, the temporal profiles are derived for the GOME-2 

observations. A monthly profile is derived by calculating the mean and standard error of the 

observations for each month in southern France. The same is done for the weekly profile. Each of the 

observations is binned according to the weekdays for which then the mean and standard error are 

calculated. 

 

Figure 38 Weekly and Monthly Profile southern France for 2007 

Figure 38 shows the weekly and monthly column density profiles for southern France. LE with soil NOx 

emissions (red lines) show an improvement in the bias between the GOME2 observations (black line) 

and the LE-model without the emissions (blue line). The week-weekend effect is again visible for both 

the observations and in the model although the slopes at the start and the end of the week are less 

steep than with the OMI observations. The LE-model follows the GOME2 observations, although the 

weekend effect is less visible after Friday. The monthly profile reveals a few interesting points. The 

bias during the summer between LE and GOME2 has decreased as expected. During November the 

observations show a different behaviour than the LE model. The two months do not show a difference 

in the number of observations compared to the other months, and the same effect is not observed for 

OMI. Monthly plots reveal that the density column concentrations in the northern part of the southern 

France are higher than the surrounding months. Compared to the months around April the 

concentrations from northern France and Germany have shifted to the southwest. This shifting is also 

observed in the LE columns, although it does not spread far enough to reach the southern France 

region. Adding an extra layer to the LE model should further decrease the remaining bias throughout 

the year. The bias between model and observations has also improved for the other regions. Adding 

the soil NOx emissions improves the monthly profiles for all regions. The bias between observations 

and the model in the weekly profile also improved, with the soil NOx emissions adding an equal 

amount for all days. 
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5.2 Surface observations 

 

Surface concentration data of trace gases are obtained from EMEP. Data is freely available at 

http://www.emep.int/. The EMEP measurement network covers Europe and measures concentrations 

of multiple gases, particles and precipitation ((Hjellbrekke, Fjaeraa 2012)). The EMEP measurement 

sites are usually located away from large cities in rural areas. Rural areas are also the areas where 

soil NOx emissions can be dominant and thus a good position to validate the soil NOx module. Figure 

39 shows the positions of the stations in Europe. Stations are spread throughout Europe, although the 

number of stations is rather small throughout the Mediterranean countries and in Eastern Europe. The 

lack of measurements in these soil NOx dominant regions will hamper the validation. The time 

resolution of the data differs per station, with most stations producing hourly data, and some only 

giving daily averages. 

 

Figure 39 EMEP observation stations 

EMEP surface measurements differ from satellite observations both in horizontal and vertical 

representation. Surface observations are representative for only a local area compared to satellite 

observations which cover hundreds to thousands of square kilometres. The EMEP measurements are 

done with chemiluminescence analysers in which only air from the surface is analysed. Comparison 

studies between satellite and surface observations have been performed for these instruments which 

overall show mixed results because of the spatial variability inside a satellite pixel (Brinksma et al. 

2008, Lamsal et al. 2008, Lamsal et al. 2010). As EMEP stations are located in rural areas where 

inhomogeneity is smaller, this should not have a large influence. 

 

5.2.1 Measurements stations 

 

With the help of the selection regions, that were derived and shown in Figure 31, measurement stations 

were chosen from the EMEP network. From the 247 available stations, with measurements for NO, 

NO2 and/or O3, only 14 stations are positioned inside the defined selection. From these stations only 6 
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have NO2 measurements from which only 2 had 24 hour data. These stations are Peyrusse-Vieille in 

the south-west of France, and La Tardiérre positioned more near Bretagne. The positions are shown 

in Figure 40. For O3 there are 7 out of 14 stations with 24 hour data for all three years (2005-2007) 

including Peyrusse-Vieille and La Tardiérre. The 24 hour measurements of 2006, of the 2 French 

stations are used to further validate the soil NOx module and complement the validation by the 

satellite observations. Only the stations with 24 hour data were used in the validation.  

 

Figure 40 Measurement Stations within Soil NOx regions, Orange Arrow indicates Peyrusse-Vieille, and the Green 

Arrow, La Tardiérre 

5.2.2 Method 

 

The large spatial variability in surface concentrations makes it hard to compare the measured 
concentrations with simulated model concentrations. The model concentration represents an entire 
grid cell, which covers hundreds of square kilometres, compared to the surface observation that 
represents the concentration for a local area. The LE values are sampled for the geographical 
locations of the measurement stations. Interpolation of the four nearest cell values is used to 
account for the position of the observations. The positions of the cell centres are then used to 
calculate the distance from the measurement station to the cell centre. These distances are then 
used for weighting of the cell values. 
 

5.2.3 NO2 Measurements 

 

The station observations of Peyrusse-Vieille and La Tardiérre are compared to the surface layer NO2 

concentrations of the LE-model. Figure 41 shows the daily mean concentration measured at and 

simulated for Peyrusse-Vieille throughout the year. The figure shows the large improvement of NO2 

concentrations by the new soil NOx emissions during the summer compared to LE without soil NOx. 

Evaluation of the emissions shows that the concentration peaks in July and August are due to extra 
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emissions. The data from the measurement station shows an overall agreement with LE with soil NOx 

although the increase in concentrations due to soil NOx seems too large during the summer. Also the 

timeframe of increased concentrations is too long in the module, which could be due to a too high 

increase in emissions or a lifetime that is too long. There is also a high offset observed during the 

winter. Analysing the daily maximums reveals that the concentration in LE stays low throughout the 

day. 

 

Figure 41 Daily mean NO2 surface concentrations for Peyrusse-Vieille for 2006 

Figure 42 shows the observed NO2 concentrations for the La Tardiérre station. The observations show 

an overall bias compared to the LE values. This is possibly due to a constant emission source near 

the measurement station, which would not appear in the same way in the LE model due to the 

discrete resolution. 

 

Figure 42 Daily mean NO2 surface concentrations for La Tardiérre 
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The observed concentrations show an overall agreement with the temporal variance of the LE-model 

with the soil NOx module. Peaks in the observations around mid-July and august also appear in the 

simulated concentrations. During the end and start of the year there are the same observed 

concentration peaks as with the Peyrusse-Vieille station.  

 

Figure 43 shows the weekly profiles for the Peyrusse-Vieille and La Tardiérre measurement stations for 

the month July in 2006. The green line represents the observations for which each hour in the week 

averaged over July. Each data point is therefore obtained from four or five observation points over 

which the data is averaged. The blue and the black line represent the LE runs with and without the 

soil NOx module. 

 

Figure 43 NO2 Week profiles for July 2006 

Both profiles show an increase in concentrations due to the soil NOx emissions. The week profile of 

the Peyrusse-Vieille station however shows the overestimation by the LE model, which follows 

partially from the extra concentrations due to the pulsing events and due to too much emissions. The 

pulsing signal is not observed by the measurements. The measurement station in La Tardiérre shows 

the possible emission source near the station. As it is summer it would normally mean that during the 

day the NO2 concentrations would go down to lower values, like observed by the Peyrusse-Vieille 

station. If soil NOx would be this constant emission source it would also show in the LE 

concentrations, which isn’t the case. The LE-simulation does show most of the dynamical behaviour 

like the double peak during the morning and the evening, however not with the same strength.  
 

5.2.4 O3 Measurements 

 

The increase in ozone pre-cursor concentrations yields a change in the ozone concentrations as 

shown in Figure 22 for July 2005. Figure 44 shows the daily mean O3 observed and simulated values for 

the Peyrusse-Vieille station. During the summer there is an increase in the Ozone concentration. The 

increase is not too large and stays near the observed values and it improves the bias near the end of 

the summer.  



 

  
Enrico Dammers – TU/Eindhoven – TNO – Page 51 

 
  

 

Figure 44 Daily mean O3 surface concentrations for Peyrusse-Vieille for 2006 

Figure 45 shows the observed daily means for the La Tardiérre station. The observed values show a 

good agreement with both of the LE runs throughout the year. With LE giving peaks where also 

expected by the measurements. The increase of zone during the summer of the LE soil NOx run 

shows a modest improvement during the peaks in July and August. 

 

 

Figure 45 Daily mean O3 surface concentrations for La Tardiérre 

The week profiles of both stations for July are shown in Figure 46. The increase of Ozone during the 

day is visible for both stations. The simulated concentrations during the weekend now give a good fit 

with the observed concentrations, but the simulated concentrations are too high during the start of the 

week. In the observed OMI observations there was also a more sharp increase and decrease of 
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concentrations at the start and the end of the week. Taking this into account it seems that the 

emissions are too large during the week, and the LE emission profile does not distribute the 

emissions sharply enough during the end of the week. The observations of the Peyrusse-Vieille 

station also show a more sharply defined daily profile than both LE-runs. The soil NOx adds an overall 

concentration for all days, but does not fix the sharpness of the profile.  

 

Figure 46 Week profiles of O3 concentration for July 2006 

The La Tardiérre station also shows an improved agreement between both profiles. The O3 

concentrations show an increase during the day and decrease during the night. The increase during 

the day improves the concentration level for most days, although during the weekend the modelled 

concentration level is off compared to the observations. The higher concentrations during the day are 

not enough to fully close the gap but this could partially be because of a missed emission source. The 

higher observed concentrations of NO2 shown in and Figure 43 give rise to an offset in the O3 

concentration. This can explain the higher observed O3 values during the day.  

 

Overall the soil NOx emissions improve model performance of the NO2 and O3 concentration levels in 

the southern France region. However the modelled concentrations for the Peyrusse-Vieille and the La 

Tardiérre stations show that further tweaking of the emissions is needed. The lack of stations with 

hourly data hampers any further analysis in the other soil NOx dominant regions. 
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6. Conclusions 
 

An improvement to the LOTOS-EUROS (LE) model has been made by adding soil NOx emissions. A 

recent soil NOx parameterization by Hudman et al (2012) that takes into account the physical and 

chemical drivers of soil NOx has been implemented. With this parameterization yearly soil NOx 

emissions were simulated at an unprecedented resolution. Soil NOx hotspots were found above 

agricultural regions where high amounts of fertilizer are used. Also regions a favourable climate for 

soil NOx showed large amounts of NOx emissions. A yearly emission total of ~450 kilo tons of N was 

found for Europe.  

 

Analysis of the concentrations showed the spatial distribution of soil NOx emissions and the impact on 

the concentrations. Agricultural regions situated away from other NOx sources showed a large 

increase (50-100%) in the surface concentrations. With the help of a labelling routine a selection of 

regions was derived where the soil emissions were found to be the dominant source of NOx, for 

example southern France. The selected regions were used to validate the simulated soil NOx 

emissions.  

 

A validation was done with OMI and GOME-2 satellite observations. To improve the comparison 

between satellite observations and the model a layer from the global TM5 CTM was added to the LE 

model. With the help of this extra layer the height of the LE model was virtually increased to the 

tropopause. The evaluation revealed that the agreement of OMI and GOME-2 to the model increased 

significantly after adding the soil NOx emissions. The underestimation of the NO2 density columns by 

the model has been significantly decreased (>25%) in most of the selected regions. The correlation 

between the model and observations increased during the summer for most regions (+0.05). The 

added vertical layer further improved the correlations (+0.1) between the satellite observations and 

the model for most regions. This shows the importance of correct sampling of the satellite data. For 

further satellite comparisons it seems essential to increase the top of LE to the tropopause.  

 

Also a validation with ground based observations has been performed. Comparison of simulations 

with observations from the regional background sites from the EMEP network in southern France 

showed an improved model performance for the NO2 and O3 surface concentrations. For further 

validation it would be necessary to have NO2 observations at hourly resolution from more locations in 

Europe. 

 

The temporal variation of NOx concentrations does not always match with the observations from 

ground and satellites. The soil NOx emissions seem to be too low at the start of the summer and too 

high at the end of the summer. This could be related to the limited knowledge on the temporal 

distribution of fertilizer, and the coarse resolution of some of the required meteorology fields. 

Especially higher resolution maps of water filled pore space (WFPS) might improve the results 

significantly. Acquisition of spatial and temporal improved datasets is advised as the first step to 

better simulate soil NOx emissions. 
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7. Recommendations for further research 
 

This research revealed several issues needed to further improve the LE model. The first step would 

be to further improve the soil NOx emissions by using a more representative meteorological dataset 

for the WFPS variable. As the ECMWF Meteorological fields do contain a variable for the moisture in 

the ground only a porosity map is needed. The porosity could be derived by a multi-year analysis of 

the first layers volumetric soil moisture content. The maximum values observed would then indicate 

the porosity. Two further steps to improve the soil NOx module would be to improve the growing 

season parameterization. The growing season variable controls the fertilizer distribution which is 

beside moisture one of the important factors in the module. The growing season varies from year to 

year, and especially the daily use of fertilizer. When it is colder at the start of the year farmers wait 

with using their fertilizer. This isn’t represented in the model and thus gives rise to an error in the 

temporal variation. Also the input data used for the fertilizer should be improved. A global dataset is 

now being used with a rather coarse resolution for both manure and chemical fertilizer. By reanalysing 

the use fertilizer with the help from agricultural institutions as FAOSTAT an improvement can be 

made. With the help of more measurements it would be possible to further improve the emission 

factors. This would especially benefit the spatial variation of the emissions as now emission factors 

are the same for multiple climates which seems unreasonable. 

 

The second step to improve the LE-model would be to add vertical layers to represent the full 

troposphere. Adding the top of the troposphere would improve any comparison with the satellite 

observations and open the way to use the observations to analyse the temporal variations in the LE-

model. It will also mean that emissions from aircraft and lightning could be included. Exchange 

between the new top layers and the lower layers may help explain the dynamical behaviour observed 

by satellite. The effects on ground level concentrations by adding extra vertical layers are expected to 

be insignificant. 

 

As shown in this report it is possible to tell something about the temporal profiles of the emissions in 

the model with the help of satellite observations. A way to solve the coverage problems would be to 

do a multi-year analysis. By doing this yearly variations would be filtered and less visible. With the 

help of a satellite instrument it is possible to say something about the performance of the emission 

profiles in the model. One of the next steps should be to improve the individual emission profiles and 

to test them with the OMI and GOME-2 instruments. With the help of multiple satellite instruments it is 

possible to say something about the hourly emission profile but because of the lack of measurements 

on each day nothing exact. With the help of measurement stations more can be said about the hourly 

performance of the model 
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8. Appendices 

A. Soil NOx yearly emission totals (2005-2007). 

 

Table 8, Table 9 and Table 10 list the soil NOx emissions of the years 2005-2007 for the countries 

covered by the LE grid. 

Table 8 Summary of the NOx emissions for 2005 

 

  

Country (2005 Emissions) BDSNP in kt Lathiere et al. in kt Novak and Pierce in kt Other Sources in kt Fraction BDSNP to total

ALBANIA 1,46 2,66 1,57 10,05 12,67%

 ATLANTIC 0,00 0,00 0,00 0,00 0,00%

 AUSTRIA 3,20 6,20 3,29 65,02 4,70%

 BALTIC SEA 0,00 0,00 0,00 0,00 0,00%

 BELGIUM 3,19 8,47 1,70 86,85 3,54%

 BULGARIA 5,74 10,09 6,88 69,45 7,63%

 BOSNIA I HERZOGOVINA 1,44 2,24 1,85 13,95 9,38%

 BELARUS 12,97 15,39 13,95 46,66 21,75%

 BLACK SEA 0,00 0,00 0,00 0,00 0,00%

 SWITZERLAND 0,85 5,51 1,13 24,51 3,37%

 CYPRUS 0,95 0,00 0,63 1,77 34,96%

 CZECH REPUBLIC 5,89 9,04 4,32 80,71 6,80%

 GERMANY 33,00 54,53 20,23 457,53 6,73%

 DENMARK 3,30 7,01 2,95 98,53 3,24%

 SPAIN 51,31 64,28 35,35 492,29 9,44%

 ESTONIA 1,40 0,90 2,29 15,51 8,28%

 FINLAND 12,58 5,38 1,57 58,51 17,69%

 FRANCE 51,03 86,48 36,25 416,46 10,92%

 GREAT BRITAIN 9,84 36,32 17,20 525,37 1,84%

 GREECE 11,88 14,32 8,99 132,94 8,20%

 CROATIA 2,89 3,48 2,99 25,35 10,25%

 HUNGARY 6,13 9,05 6,74 61,89 9,02%

 IRELAND 2,23 14,68 4,67 37,74 5,59%

 ITALY 26,47 33,29 20,24 397,87 6,24%

 LITHUANIA 1,57 2,50 4,45 16,84 8,51%

 LUXEMBURG 0,19 0,81 0,15 3,89 4,73%

 LIVONIA 2,26 1,87 3,19 14,77 13,28%

 MNovak and PierceAVIA 2,78 3,15 3,09 16,51 14,40%

 MEDITERRANEAN SEA 0,00 0,00 0,00 0,00 0,00%

 MAKEDONIA 1,54 2,06 1,48 11,23 12,06%

 MALTA 0,02 0,00 0,03 5,07 0,46%

 NETHERLANDS 5,39 9,08 2,46 129,76 3,99%

 NORWAY 3,93 3,09 2,56 66,35 5,59%

 NORTH SEA 0,00 0,00 0,00 0,00 0,00%

 POLAND 29,49 34,64 18,47 214,61 12,08%

 PORTUGAL 8,55 9,13 6,48 106,34 7,44%

 ROMANIA 11,74 17,46 14,10 92,88 11,23%

 RUSSIA 14,66 11,79 16,64 95,71 13,29%

 SLOVAKIA 2,14 3,66 2,22 28,24 7,05%

 SLOVENIA 0,63 1,39 0,66 19,88 3,09%

 SWEDEN 18,48 7,56 5,33 87,97 17,36%

 TURKEY 30,08 40,15 27,37 199,92 13,08%

 UKRAINE 34,79 38,11 36,80 231,00 13,09%

 SERBIA and MONTENEGRO 6,94 8,17 5,59 50,10 12,16%

Total kt N 422,96 583,93 345,88 4510,04 8,57%
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Table 9 Summary of the NOx emissions for 2006 

 

  

Country (2006 Emissions) BDSNP in kt Lathiere et al. in kt Novak and Pierce in kt Other Sources in kt Fraction BDSNP to total

ALBANIA 1,37 2,66 1,62 10,26 11,76%

 ATLANTIC 0,00 0,00 0,00 0,00 0,00%

 AUSTRIA 2,99 6,20 3,45 62,31 4,58%

 BALTIC SEA 0,00 0,00 0,00 0,00 0,00%

 BELGIUM 3,55 8,47 1,74 82,06 4,15%

 BULGARIA 6,91 10,09 7,10 66,93 9,35%

 BOSNIA I HERZOGOVINA 1,57 2,24 1,95 14,10 10,03%

 BELARUS 16,16 15,39 14,22 47,36 25,45%

 BLACK SEA 0,00 0,00 0,00 0,00 0,00%

 SWITZERLAND 0,96 5,51 1,18 23,65 3,90%

 CYPRUS 0,86 0,00 0,63 1,76 32,82%

 CZECH REPUBLIC 6,35 9,04 4,52 77,29 7,59%

 GERMANY 36,23 54,53 21,01 444,52 7,54%

 DENMARK 3,59 7,01 3,08 99,20 3,49%

 SPAIN 47,32 64,28 36,36 480,04 8,97%

 ESTONIA 1,99 0,90 2,41 15,26 11,54%

 FINLAND 16,36 5,38 1,61 63,14 20,57%

 FRANCE 50,31 86,48 37,40 400,85 11,15%

 GREAT BRITAIN 10,93 36,32 17,59 518,45 2,06%

 GREECE 10,69 14,32 9,10 127,52 7,73%

 CROATIA 2,95 3,48 3,14 24,91 10,58%

 HUNGARY 6,84 9,05 7,00 61,98 9,95%

 IRELAND 2,21 14,68 4,72 36,08 5,78%

 ITALY 30,46 33,29 21,10 386,91 7,30%

 LITHUANIA 2,98 2,50 4,67 17,55 14,51%

 LUXEMBURG 0,17 0,81 0,15 3,67 4,52%

 LIVONIA 3,56 1,87 3,38 15,27 18,91%

 MNovak and PierceAVIA 2,83 3,15 3,07 16,52 14,63%

 MEDITERRANEAN SEA 0,00 0,00 0,00 0,00 0,00%

 MAKEDONIA 1,43 2,06 1,53 11,28 11,25%

 MALTA 0,03 0,00 0,04 4,95 0,52%

 NETHERLANDS 6,72 9,08 2,55 123,27 5,17%

 NORWAY 4,66 3,09 2,65 65,96 6,60%

 NORTH SEA 0,00 0,00 0,00 0,00 0,00%

 POLAND 34,53 34,64 19,25 202,18 14,59%

 PORTUGAL 7,04 9,13 6,64 94,66 6,92%

 ROMANIA 14,40 17,46 14,43 87,86 14,08%

 RUSSIA 18,35 11,79 16,93 100,19 15,48%

 SLOVAKIA 2,42 3,66 2,31 25,21 8,75%

 SLOVENIA 0,59 1,39 0,69 19,77 2,92%

 SWEDEN 22,15 7,56 5,57 87,38 20,23%

 TURKEY 30,49 40,15 27,73 195,88 13,47%

 UKRAINE 36,08 38,11 36,44 241,33 13,01%

 SERBIA and MONTENEGRO 7,41 8,17 5,83 50,31 12,83%

Total kt N 456,44 583,93 354,82 4407,83 9,38%
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Table 10 Summary of the NOx emissions for 2007 

 

  

Country (2007 Emissions) BDSNP in kt Lathiere et al. in kt Novak and Pierce in kt Other Sources in kt Fraction BDSNP to total

ALBANIA 1,67 2,66 1,69 12,25 11,98%

 ATLANTIC 0,00 0,00 0,00 0,00 0,00%

 AUSTRIA 3,96 6,20 3,48 60,16 6,18%

 BALTIC SEA 0,00 0,00 0,00 0,00 0,00%

 BELGIUM 2,74 8,47 1,70 79,36 3,34%

 BULGARIA 9,77 10,08 7,58 63,85 13,27%

 BOSNIA I HERZOGOVINA 2,24 2,24 2,01 14,83 13,11%

 BELARUS 18,58 15,39 14,62 47,56 28,09%

 BLACK SEA 0,00 0,00 0,00 0,00 0,00%

 SWITZERLAND 0,80 5,51 1,16 22,56 3,44%

 CYPRUS 0,85 0,00 0,65 1,75 32,67%

 CZECH REPUBLIC 7,24 9,04 4,52 73,64 8,95%

 GERMANY 29,74 54,53 20,60 421,37 6,59%

 DENMARK 2,79 7,01 3,02 95,18 2,85%

 SPAIN 37,75 64,26 34,43 479,27 7,30%

 ESTONIA 1,52 0,90 2,39 16,15 8,59%

 FINLAND 12,57 5,38 1,57 59,92 17,34%

 FRANCE 40,36 86,47 35,89 387,58 9,43%

 GREAT BRITAIN 8,00 36,31 17,14 484,55 1,62%

 GREECE 13,10 14,32 9,55 123,66 9,58%

 CROATIA 3,93 3,48 3,23 24,49 13,83%

 HUNGARY 11,12 9,05 7,37 55,79 16,62%

 IRELAND 1,85 14,67 4,67 34,96 5,01%

 ITALY 31,86 33,29 21,23 376,79 7,80%

 LITHUANIA 2,54 2,50 4,64 19,92 11,31%

 LUXEMBURG 0,14 0,81 0,15 3,45 3,82%

 LIVONIA 2,93 1,87 3,35 14,85 16,49%

 MNovak and PierceAVIA 4,13 3,15 3,36 16,46 20,03%

 MEDITERRANEAN SEA 0,00 0,00 0,00 0,00 0,00%

 MAKEDONIA 1,97 2,06 1,63 11,98 14,09%

 MALTA 0,02 0,00 0,04 4,90 0,47%

 NETHERLANDS 5,24 9,08 2,50 115,61 4,34%

 NORWAY 3,91 3,09 2,57 68,56 5,40%

 NORTH SEA 0,00 0,00 0,00 0,00 0,00%

 POLAND 32,32 34,64 19,18 189,32 14,58%

 PORTUGAL 5,75 9,13 6,31 89,97 6,01%

 ROMANIA 23,58 17,46 15,50 82,27 22,28%

 RUSSIA 18,61 11,79 17,30 100,01 15,69%

 SLOVAKIA 3,56 3,66 2,38 24,20 12,83%

 SLOVENIA 0,83 1,39 0,70 18,64 4,25%

 SWEDEN 18,36 7,56 5,37 85,33 17,70%

 TURKEY 39,41 40,14 29,02 190,88 17,11%

 UKRAINE 50,87 38,11 39,18 251,33 16,83%

 SERBIA and MONTENEGRO 10,66 8,17 6,16 51,88 17,05%

Total kt N 467,28 583,86 357,79 4275,25 9,85%
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