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 Summary 

Secondary inorganic aerosols (SIA) form the major fraction of particulate matter 

(PM). The origin of SIA, containing ammonium nitrate and ammonium sulphate, is 

almost completely anthropogenic, and can be influenced by abatement strategies. 

The precursor gases, i.e., NOx, SO2, NH3, are mainly emitted by traffic, energy 

production and agricultural sources. This report describes model improvements 

following from the recommendations from the previous BOP project. These 

recommendations mainly consist of improvement of the height distribution of the 

emissions, improvement of the cloud chemistry module, implementation of the 

compensation point approach for ammonia, improvement of the dry deposition 

module for particles, implementation of a new version of the thermodynamic 

equilibrium module, i.e., ISORROPIA II, and including the formation of coarse 

mode NO3. The model improvements are validated with reliable SIA measurements 

in the Netherlands and Europe. 

The underestimation of more than 50% for SIA in PM2.5 is reduced to 23% and the 

underestimation of about 60% for SIA in PM10 is reduced to 30% for the single 

measurement station Vredepeel during the BOP measurement campaign. The 

underestimation is reduced from 50% to 20% for SIA in PM10 for the average of all 

7 measurement stations in the NAQMN in the Netherlands in 2009. The remaining 

understimations are mainly caused by the underestimations of fine and coarse 

mode nitrate. 
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 1 Introduction 

1.1 Background 

Secondary inorganic aerosol (SIA) is the dominant mass fraction of PM2.5 and PM10 

in the Netherlands (Weijers et al., 2011). On average, the contribution of nitrate, 

sulphate and ammonium is in the order of 45% in both PM2.5 and PM10. Moreover, 

the chemical distribution on days with high PM levels shows a distinct increase in 

the contribution of nitrate (Weijers et al., 2011). These mass contributions were 

obtained during the BOP study that aimed to reduce the uncertainties in the mass, 

composition and origin of PM in the Netherlands (Mathijssen and Koelemeijer, 

2010). Although SIA was not targeted specifically during this project, it was found 

that the contribution of SIA was about 50% higher than anticipated based on 

measurements obtained in the National Air Quality Monitoring Network (NAQMN ) 

(See Figure 1). The consequence of this finding was that the anthropogenic 

contribution to PM in the Netherlands was revised to a higher contribution of about 

75-80%, indicating that policies currently in place to abate the NOx, SOx and NH3 

emissions are thought to be more effective (Mathijssen and Koelemeijer, 2010). 

Mitigation strategies are designed using chemistry transport models. In the 

Netherlands, the LOTOS-EUROS and OPS models are used to evaluate mitigation 

strategies and options. In this study, we will use the LOTOS-EUROS model as a 

means for testing new parameterizations as it is well suited to treat the non-linear 

system of SIA formation. It is the intention of the BOP2 project to incorporate new 

findings in the OPS-model as well. Currently, the LOTOS-EUROS model provides 

information on fine mode ammonium nitrate and ammonium sulfate.  

The LOTOS-EUROS model has always been evaluated against the LVS 

measurements in the NAQMN. During the BOP measurement campaign from 

August 2007 till September 2008, a comparison between the model results and the 

LVS measurements shows that the model underestimates the SIA levels (Schaap et 

al., 2009) with about 30% (See Figure 1).  

Vredepeel SIA

0

2

4

6

8

10

12

LVS LE v1.7.3 Leckel PM2.5 Leckel PM10 

c
o

n
c

e
n

tr
a

ti
o

n
 (

µ
g

/m
3
)

NH4

NO3

SO4

 

Figure 1 Comparison of the modelled SIA concentrations (g/m3) with LOTOS-EUROS against  

measurements of the LVS system in the NAQMN as well as the SIA concentration 

obtained with a Leckel system during BOP in PM2.5 and PM10. 
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 A similar comparison with the Leckel data obtained during this campaign shows that 

the underestimation of the SIA levels is even larger with more than 50% for PM2.5 

and even up to 60% for PM10. Besides, these measurements show that there is a 

significant contribution of especially coarse mode nitrate to the total SIA 

concentration in PM10 that is not present in the model calculations at all. Hence, 

the higher than expected levels of SIA call for a renewed attention to the modelling 

of SIA in the Netherlands. 

 

Below, we first summarise the findings of BOP concerning SIA modelling. Next, we 

describe the specific goals concerning LOTOS-EUROS within BOP2. 

1.2 Summary of BOP results 

Within BOP, LOTOS-EUROS model results were compared to the filter 

measurements obtained at 5 sites with both SIA in PM2.5 and SIA in PM10 data. 

Furthermore, MARGA systems were used to monitor SIA at an hourly resolution at 

three sites. The central site was Cabauw, where the MARGA was employed for a 

full year. 

The comparison between the modelled and measured daily values for SIA showed 

a considerable agreement. The model is able to capture a large part of the seasonal 

and day to day variability in the observed concentrations. The correlation 

coefficients at a daily basis are about 0.6 for NO3 and NH4 and around 0.4 for SO4. 

However, as shown in Figure 1 all three components are systematically 

underestimated.  

In Figure 2 we illustrate the model performance for ammonium, nitrate and sulphate 

in comparison to the MARGA measurements at Cabauw. Inspection reveals that 

base line values appear well estimated for all SIA components and that the 

underestimation predominantly takes place at the peak concentrations. For 

example, four periods with sulphate concentrations above 10 µg/m
3
 are not 

captured by the model. Hence, the formation of sulphate during these episodes that 

occur mostly in the winter/spring needs to be addressed. For nitrate, the variability 

towards high concentrations is much better captured and a systematic relative 

underestimation remains. The MARGA data set provides a unique case for model 

validation. The detailed data provide new insights in the model performance and 

may provide a good basis to tackle a number of shortcomings.  

Based on the model evaluation within BOP the following conclusions were drawn: 

 The MARGA data provided insight into the equilibrium between particulate 

ammonium nitrate and gaseous nitric acid and ammonia. As the nitrate levels 

were sensitive to the concentrations of the precursor gases, as well as the 

meteorological conditions (T, RH) the full picture was needed to assess why 

nitrate was underestimated systematically. Evaluation of the seasonal cycles 

showed that, for the particulates, they were generally captured by the model. 

 Ammonia was severely underestimated and the seasonal variability of nitric 

acid in the model was much higher than in reality. The same applied to the 

diurnal variations. Hence, in winter the nitric acid concentrations were much 

lower than measured, even with an underestimation of ammonia levels. This 

means that the ammonium nitrate in the model was significantly more stable 

than in reality. For the summer, it was difficult to draw conclusions about this 

aspect, as the concentration product of the underestimated ammonia and the 

overestimated nitric acid may have been more inline with the measured values. 

It is recommended to investigate possible improvements of the current 

description of the thermodynamic equilibrium module ISORROPIA.  
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  The underestimation of ammonia needs further attention. As Cabauw is located 

in an agricultural area, local emission contributions can not be excluded. 

Therefore, a comparison to the observations in nature areas should be used for 

validation. Furthermore, ongoing activities at RIVM on the incorporation of the 

compensation point in the deposition routine for ammonia may yield a 

considerable improvement of the modelled ammonia concentrations and likely 

has an impact on the particulate concentrations. 

 The BOP filter measurements indicated that a significant part of the nitrate (up 

to 1 μg/m3) was found in the coarse mode. The model did not incorporate the 

formation of coarse mode nitrate through reaction of nitric acid with sea salt (or 

dust). Incorporation of this process appears to be needed as it may contribute 

to lowering the underestimation of nitrate and the overestimation of nitric acid.  

 Further analysis of the hourly Marga data is needed to identify additional 

potential improvements to the model system. 

 

For a more elaborate discussion on these recommendations we refer to Weijers et 

al. (2010). 

 

1.3 Aims of this study 

The aims concerning modelling of SIA within BOP2 are threefold: 

1. To perform a comprehensive model evaluation for SIA and its precursors 

and verify and expand the list of potential model improvements obtained in 

BOP. 

2. To improve the model description of selected processes in LOTOS-EUROS 

and OPS. 

3. To perform a new assessment of the SIA distribution over the Netherlands. 

 

In this report, we document the approach and results of the work performed in these 

steps. 

 

 

 

 

 

 

 

 



 

 

10 / 76                                                                  TNO report | TNO-060-UT-2012-00334 

 Ammonium

0

2

4

6

8

10

12

14

16

18

20

01/02/2008 02/03/2008 01/04/2008 01/05/2008

time

c
o

n
c
e
n

tr
a
ti

o
n

 [
μ

g
 m

-3
]

Marga LE

 
Nitrate

0

5

10

15

20

25

30

35

40

01/02/2008 02/03/2008 01/04/2008 01/05/2008

time

c
o

n
c

e
n

tr
a

ti
o

n
 [

μ
g

 m
-3

]

Marga LE

 
Sulphate

0

5

10

15

20

25

30

01/02/2008 02/03/2008 01/04/2008 01/05/2008

time

c
o

n
c
e
n

tr
a
ti

o
n

 [
μ

g
 m

-3
]

Marga LE

 

Figure 2 Comparison of hourly modelled (red) and measured (black) concentrations of 

ammonium, nitrate and sulphate for Februari to April, 2008. 
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 2  LOTOS-EUROS model 

We used the regional air quality model LOTOS-EUROS v1.7.3 to simulate the 

secondary inorganic aerosol distribution over Europe and the Netherlands in 

particular. The LOTOS-EUROS model is a 3-D chemistry transport model aimed to 

simulate air pollution in the lower troposphere. The model has been used for the 

assessment of particulate air pollution in a number of studies directed to PM (e.g. 

Schaap et al., 2004a; 2008, Stern et al., 2008; Manders et al., 2009; 2010) and its 

secondary inorganic components (Schaap et al., 2004b; 2011; Erisman and 

Schaap., 2004; Barbu et al., 2009).  The model has participated frequently in 

international model comparisons addressing ozone (e.g. van Loon et al., 2007) and 

particulate matter (e.g. Cuvelier et al., 2007; Stern et al., 2008). For a detailed 

description of the model we refer to these studies. Here, we describe the most 

relevant model characteristics and model simulation used in this study. 

 

Secondary inorganic aerosol formation in the model is represented through different 

pathways. The oxidation of SO2 to sulphate and NOx to nitric acid is described in 

the CBM-IV gas phase chemistry routine. Heterogeneous N2O5 hydrolysis is 

described according to Schaap et al. (2004b). Besides the oxidation of sulphur 

dioxide by the OH radical, another important oxidation pathway, in particular in 

winter, is the formation of sulphate in clouds. Due to insufficient data on clouds in 

the meteorological input, this process is difficult to explicitly represent in the current 

model. Therefore, it is represented with a first order reaction constant that varies 

with cloud cover and relative humidity, similar to the approach followed by 

Matthijsen et al. (2002). The sulphuric acid formed is assumed to condense directly 

and is neutralised by ammonia. When sulphuric acid is completely neutralised, 

excess ammonia (further denoted as free ammonia) can react with nitric acid under 

formation of semi-volatile ammonium nitrate. This equilibrium is very sensitive to 

ambient conditions and the precursor concentrations (Ansari and Pandis, 1999) and 

is calculated in LOTOS-EUROS using ISORROPIA (Nenes et al. 1999). Note that 

the model does not include the formation of coarse mode nitrate through reaction of 

nitric acid with sea salt or dust. Within the LOTOS-EUROS model, there is an option 

to use the computationally efficient EQSAM module (Metzger et al., 2002) instead 

of the ISORROPIA module. 

 

It is important to realise that the model version used in this report is different than 

the one used in BOP. Within BOP, version 1.3 was used (Schaap et al., 2008; 

2009). The LOTOS-EUROS model V1.7.3 includes a new biogenic emission routine 

based on detailed information on tree species over Europe (Schaap et al., 2009) as 

well as an updated chemical mechanism. We have combined distributions of 115 

tree species obtained from Koeble and Seufert (2001) with our land use database. 

The combined database has a resolution of 0.0166x0.0166 degrees which is 

aggregated to the required resolution during the start-up of a model simulation. In 

each time step emissions are calculated as function of species dependent biomass 

density and standard emission factor as well as temperature and photosynthetically 

active radiation following empirically designed algorithms proposed by Guenther et 

al. (1993) and Tingey et al. (1980) for isoprene and mono-terpenes. For the species 

dependent parameters we refer to Schaap et al. (2009). Overall, the algorithm is 

very similar to the simultaneously developed routine by Steinbrecher et al. (2009). 

The TNO CBM-IV gas phase chemistry scheme (Schaap et al., 2008) is a modified 

version of the original CBM-IV (Whitten et al., 1980). The scheme includes 28 
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 species and 66 reactions, including 12 photolytic reactions. Compared to the 

original scheme, steady state approximations were used to reduce the number of 

reactions. The scheme was reviewed and (where necessary) reaction rates were 

updated. The functioning of the updated mechanism was tested against earlier 

versions as well as CB05 and CB99 (Adelman et al., 1999) using the 

intercomparison presented by Poppe et al. (1996) and found to be in good 

agreement with the results presented for the other mechanisms. As a result of the 

update, the chemical lifetime of NOx is slightly enhanced in the model. In addition, 

the application of the heterogeneous hydrolysis of N2O5 reaction on SIA 

components was extended to sea salt. The reason was that there was a strong 

feedback of large (90%) shipping SO2 emission reductions on ozone in coastal 

areas of the Mediterranean due to an enhancement of NOx lifetime as a result of a 

lack of surface area for N2O5 hydrolysis. In version 1.7.3, the hydrolysis of N2O5 to 

the surface area of both SIA and sea salt is applied, damping the abovementioned 

effect. 

Smaller changes include neglecting horizontal diffusion and a number of bug-fixes. 

Besides the update of the model description, the new version has been made 

parallel using openMP providing a significant speed up of the calculations. 

Furthermore, the nomenclature and units of model output are standarized and the 

output is provided in NetCDF. 

 

For the BOP-II project, the model was run for three years (2007-2009) using 

ECMWF meteorology. Emissions are taken from the MACC emission database 

(Kuenen et al., 2011). The model was first run for the full European model domain 

on the 0.5° lon x 0.25° lat grid. Next, a nested run over the Netherlands, from 3 to 

9° E and 49 to 55°N, on a 0.125° lon x 0.0625° lat resolution, about 7x7 km
2
, was 

performed. 
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 3 Evaluation strategy and observations 

3.1 Evaluation strategy 

The three year simulation period 2007-2009 was chosen such that it incorporates 

important campaigns and new national data sets. Importantly, this period 

encompasses the BOP measurement campaign (Aug 2007-Aug 2008) as well as a 

number of EMEP intensives that partly coincided with international measurement 

campaigns such as EUCAARI. The amount of available data is large for the 

traditional air pollutants (e.g. SO2, NO2, PM10). On the other hand, few locations 

with detailed new data that provide a means to focus on particular processes exist. 

Hence, a stepwise evaluation strategy is followed to be able to handle the amount 

of data. 

 

The BOP measurement campaign provided accurate MARGA data with a high time 

resolution of 1 hour and is therefore important in determining the model 

deficiencies. However, these measurement were only carried out at 1 site, i.e., 

Cabauw in the Netherlands. To investigate the model performance at a national 

scale, measurements from the National Air Quality Monitoring Network (NAQMN) 

were available. This network provides a very large set of observations on NO2, NH3, 

SO2, PM2.5 and PM10 throughout the Netherlands. For the SIA components, the first 

BOP campaign showed that the operational LVS systems in the NAQMN till 2008 

showed an overestimation of the SIA concentrations compared to the model results, 

but an underestimation compared to the Leckel measurements. This 

underestimation was due to the evaporation of NH4NO3 from the filters (see Weijers 

et al., 2010). Therefore, the LVS measurements are considered to be unreliable. 

For the BOP period (2007-2008), we have to rely on Leckel measurements at 6 

locations in the Netherlands. From 2009 on, the LVS systems in the NAQMN are 

replaced by the Leckel systems and data are considered to be reliable again. An 

overview of the available datasets is given in Table 1. 

Table 1  Overview of available datasets and components. 

period MARGA data Leckel NAQMN 

 SO2, HNO3,  

NH3, NO3, 

NH4, SO4,  

NO3, NH4, 

SO4 

SO2, NO,  

NO2, NH3, 

 

Aug. 2007-Oct. 2008 x (1 location) x (6 locations) x (various locations) 

2009  x (7 locations) x (various locations) 

 

We will use the available datasets at the start of the study to evaluate the initial 

model performance and study the spatial gradients, especially for the precursor 

gases. At the end of the project we will evaluate the effect of the model 

improvements on the same datasets. 
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 To provide an overview of the model performance we have identified a number of 

figures and tables to be discussed for each pollutant. These include: 

 

 Modelled annual mean distributions for the Netherlands. 

 Time series (hourly and daily average) of the modelled and measured 

concentrations at Cabauw in the Netherlands, i.e., comparison with the MARGA 

data. 

 Scatter plots with the modelled versus the measured yearly concentrations for 

the available NAQMN and Leckel data in the Netherlands. 

 Average diurnal cycle of the modelled and the measured concentrations at 

Cabauw in the Netherlands, i.e., comparison with the MARGA (BOP) data. 

As such, an impression is given of the annual mean distribution and the ability of 

the model to represent its variability. In case of hourly observations, the annual 

average diurnal cycle is compared to the measured one, to provide more insight in 

processes. Finally, a statistical evaluation is performed including standard 

measures such as correlation, RMS error and bias. 
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 4 Model evaluation 

In this chapter we supply an overview of model and evaluation results for all 

relevant components for SIA. A point wise interpretation of the results is given. 

4.1 Sulphur dioxide 

 Figure 3 shows the modelled annual average SO2 distribution over the 

Netherlands in 2009. 

 The SO2 concentrations are overestimated by the model throughout the entire 

year, in the Netherlands as well as for stations in Europe (data not shown). This 

is not only the case for the higher concentration levels but also for baseline 

values. However, the higher the measured concentration, the larger the 

deviation between model and measurement. See Figure 4. 

 The overestimation seems largest in the late autumn and wintertime. This 

suggests that the deviation is to some extent related to (changing) meteorology. 

See Figure 5. 

 More evidence for this is given by the average diurnal cycle of the model 

showing an opposite behaviour compared to the average diurnal cycle of the 

measurements. During the night (with the lowest temperatures) the difference 

between model and measurement is largest. See Figure 6. 

 The daily variation of the measured SO2 reflects the variation of the mixed layer 

height. SO2 emissions usually occur at larger heights. During the night, these 

higher layers become decoupled from the surface due to the nocturnal 

inversion. As soon as this stable layer breaks down in the morning and the 

entrainment starts the SO2 will be transported downward, raising the SO2 levels 

at the surface.  

 

 

Figure 3 Modelled SO2 distribution over the Netherlands in 2009. 
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Figure 4 Scatterplot of the measured and modelled yearly averaged SO2 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 
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Figure 5 Timeseries of the hourly modelled (red) and measured (black) SO2 concentrations for 

the BOP measurement campaign (Aug 2007 till Sep 2008) at Cabauw, the 

Netherlands. 
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Figure 6 Measured (black) and the modelled (red) average diurnal cycle of the SO2 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 

 

4.2 Nitrogen dioxide 

 Main shipping routes (and roads) are well recognized in the modelled annual 

average NO2 distribution over the Netherlands in 2009. See Figure 7. 

 Nitrogen dioxide distributions seem to be modelled rather well. At background 

concentrations, no large biases exist. For street stations in more populated 

areas (within the black circle), the model underestimates the observed 

concentrations. See Figure 8. 

 Temporal variability is rather well captured (not shown). 

 

 

Figure 7 Modelled NO2 distribution over the Netherlands in 2009. 
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Figure 8 Scatterplot of the measured and modelled yearly averaged NO2 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 

Stations within the black circle are street stations located in cities. 

4.3 Ammonia 

 The ammonia distribution is closely related to the emissions from intensive 

agricultural areas. See Figure 9. 

 Ammonia concentrations are generally underestimated in a systematic sense. 

See Figure 10. 

 A systematic bias exists due to several reasons. The spatial resolution is too 

coarse to reproduce high ammonia levels in agricultural areas where the 

stations are located. Moreover, ammonia life time may be underestimated due 

to the neglection of the ammonia compensation point. Especially in areas with 

high emissions like in Cabauw, the average concentration is underestimated by 

the model with a factor 3. This explains the extreme values (and difference 

between model and measurement) observed in February. See Figure 11. 

 Measured and modelled diurnal cycles agree rather well in their variation. The 

form of the cycle is influenced by the distribution of the emissions during the day 

and by vertical mixing due to the moving mixing layer. The maximum in the 

modelled NH3 concentration occurs somewhat earlier than that in the measured 

one. See Figure 12. 

 

 

Figure 9 Modelled NH3 distribution over the Netherlands in 2009. 
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Figure 10 Scatterplot of the measured and modelled yearly averaged NH3 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 
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Figure 11 Timeseries of hourly modelled (red) and measured (black) NH3 concentrations for the 

BOP measurement campaign (Aug 2007 till Sep 2008) at Cabauw, the Netherlands. 
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Figure 12 Left panel: Measured (black) and the modelled (red) average diurnal cycle of the NH3 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. Right panel: diurnal cycle of NH3 emissions in the LOTOS-

EUROS model. 
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 4.4 Nitric acid 

 The modelled nitric acid concentrations are too high in summer and too low in 

winter. See Figure 14. 

 Also the average diurnal cycle of the HNO3 concentration shows larger 

amplitude than the measurements. See Figure 15. 

 The distinct diurnal pattern of HNO3 can be understood as follows: like HNO2, 

HNO3 has been formed during the day. In the morning more NO is present 

reacting with OH to HNO2. Later during the day, NO2 rises due to the reaction of 

NO with ozone as soon as the inversion breaks down and ozone is transported 

to the ground. Further oxidation results then in more HNO3. Besides, the 

equilibrium of NH3 and HNO3 with NH4NO3 is forced toward the gasphase 

during daytime due to higher temperatures and lower relative humidity. 

 

Figure 13 Modelled HNO3 distribution over the Netherlands in 2009. 
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Figure 14 Timeseries of hourly modelled (red) and measured (black) HNO3 concentrations for 

the BOP measurement campaign (Aug 2007 till Sep 2008) at Cabauw, the 

Netherlands. 
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Figure 15 Measured (black) and the modelled (red) average diurnal cycle of the HNO3 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 

 

4.5 Sulphate 

 Modelled sulphate concentrations are lower than observed by about 30-40%. 

 Sulphate shows little variation over the Netherlands with the highest 

concentrations found in areas with high sulphur dioxide concentrations. See 

Figure 16. 

 Temporal variability is rather well captured, though some episodes are missed 

as already shown in Figure 1. 

 Modelled and measured diurnal cycles of sulphate are similar to those observed 

for SO2. Again, levels rise during the day as mixing from above becomes 

stronger. 

 

Figure 16 Modelled SO4 distribution over the Netherlands in 2009. 
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Figure 17 Scatterplot of the measured and modelled yearly averaged SO4 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 

 

 

Figure 18 Measured (black) and the modelled (red) average diurnal cycle of the SO4 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 

 

4.6 Nitrate 

 Nitrate shows a pronounced spatial distribution over the Netherlands closely 

related to the NH3 distribution. See Figure 19. 

 Spatial gradients are mostly captured, but concentrations are underestimated 

by approximately a factor of 2. See Figure 20. 

 Day by day variability is reproduced rather well as already shown in Figure 2. 

 Despite the large underestimation, the diurnal cycle of nitrate is well reproduced 

by the model. See Figure 21. 
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Figure 19 Modelled NO3 distribution over the Netherlands in 2009. 

 

 

Figure 20 Scatterplot of the measured and modelled yearly averaged NO3 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 

 

 

Figure 21 Measured (black) and the modelled (red) average diurnal cycle of the NO3 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 
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 4.7 Ammonium 

 Ammonium shows a similar pronounced spatial distribution over the 

Netherlands as NO3, which is closely related to the NH3 distribution. See Figure 

22. 

 Similar to nitrate and sulphate, the ammonium concentrations tend to be 

underestimated by the model. See Figure 23. 

 Similar to NO3, the day by day variability and the average diurnal cylcle are 

reproduced rather well as shown in Figure 2 and Figure 24. 

 

 

Figure 22 Modelled NH4 distribution over the Netherlands in 2009. 

 

 

Figure 23 Scatterplot of the measured and modelled yearly averaged NH4 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 
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Figure 24 Measured (black) and the modelled (red) average diurnal cycle of the NH4 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 
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4.8 Summary 

The results of the evaluation of the model results with the measurements of the SIA 

concentrations and its precursors can be summarised as follows: 

 all results seem to be consistent with the conclusions from BOP-I, so the overall 

conclusion is that there are no major changes due to the difference between 

model version 1.3 and 1.7.3. 

 For NH3, a systematic bias exists due to several reasons. The spatial resolution 

is too coarse to reproduce high ammonia levels in agricultural areas where the 

stations are located. Moreover, ammonia life time may be underestimated due 

to the neglection of the ammonia compensation point.. Especially in areas with 

high emissions like in Cabauw, the average concentration is underestimated by 

the model with a factor 3. 

 The modelled nitric acid concentrations are too high in summer and too low in 

winter. This is likely due to an overestimation of evaporation of NH4NO3 in the 

model, which turns NH4NO3 into HNO3 and NH3. Also the average diurnal cycle 

of the HNO3 concentration shows a larger amplitude than the measurements, 

which supports the hypothesis of an overestimation of NH4NO3 evaporation in 

the model. 

 The SO2 concentrations are overestimated by the model throughout the year, 

but the overestimation seems largest in wintertime. It is remarkable that the 

average diurnal cycle of the model shows an opposite behaviour compared to 

the average diurnal cycle of the measurements. It seems that emissions of SO2 

in the model occur mostly within the mixing layer that is dilluted due to the 

mixing layer rise during daytime, resulting in lower concentrations. In reality, 

observations suggest that emissions often occur above the mixing layer during 

the night and are transported to the ground when the mixing layer rises, 

resulting in higher concentrations during the day. 

 The NH4 concentrations are underestimated by the model with about a factor 2, 

but the peak values are rather well obtained by the model. In contradiction to 

NH3, local sources are of minor importance for the modelled NH4 concentration. 

 The same conclusions can be drawn for NO3 concentrations as for NH4 

concentrations.  

 The underestimation of the modelled SO4 concentration is comparable with the 

underestimation of the NO3 and NH4 concentrations, i.e., good correlation but 

about a factor 2 too low.  

 Substantial differences between modelled and measured concentrations of the 

precursor gases SO2, NH3 and HNO3 are observed in the timeseries. One of the 

main reasons for these differences is that the effect of local sources cannot be 

modelled properly in a grid model. For secondary components, which are 

generally more homogeneously spread, the model is better in simulating the 

variation in time. This might suggest that the variation in time of the resulting 

amount of SIA is predominantly influenced by, most likely, a meteorological 

parameter which is well simulated by LOTOS-EUROS.  

 Differences between measured and modelled diurnal cycles may partly be 

explained by too low emission heights for large stacks (especially for SO2) as 

well as by a too high top of the reservoir layer especially during the night and 

the early morning. 

 The diurnal cycles of nitrate and ammonium are very similar. This reflects the 

dependence of the thermodynamic equilibrium of NH3 + HNO3  NH4NO3 on 

temperature. Higher temperatures shift the equilibrium towards the gas-phase 
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 resulting in higher gas-phase concentrations and decreasing aerosol mass. The 

partitioning between gas-phase concentrations and aerosol mass further 

depends on relative humidity and the presence of sulphate. 

 The dry deposition module for particles needs close attention as it affects the 

dry deposition of the SIA components. As the dry deposition process is an 

important but uncertain removal mechanism for the SIA components, different 

approaches and parameter estimates may  have large effects on modelled 

concentrations. 

 

4.9 Recommendations for model improvements 

Based on the above analysis and the conclusions of the BOP project, the following 

processes are identified to be improved in the model: 

 the height distribution of stack emissions; 

 formation of sulphate aerosol / development a new cloud chemistry scheme; 

 including the compensation point for NH3; 

 revision of the dry deposition module for particles; 

 developing of a routine to calculate the formation of coarse NO3; 

 including a new version of the thermodynamic equilibrium module ISORROPIA. 
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 5 Model development 

In this chapter we document the six model developments that were performed 

within BOP-II. For each of the developments we provide a short motivation to focus 

on the issue under attention. Next, the changes to the model code are described 

and the impact of the development is documented. The impact assessment is 

focused at the component/issue at hand and does not encompass a full evaluation 

for all components. Finally, conclusions are drawn in the prospect of the 

incorporation of the development in the model code to be used in the final 

assessment. 

5.1 Height distribution of the emissions 

5.1.1 Motivation 

In the evaluation of LOTOS-EUROS it was found that the measured and modelled 

average diurnal cycle of SO2 concentrations do not agree in general. Figure 25 

shows an example of this feature over the BOP measurement campaign (Aug 2007 

till Sep 2008) at Cabauw, the Netherlands over the BOP period . It should be 

emphasized that similar results were obtained both at other national as well as at 

international monitoring stations.  

 

 

Figure 25 Measured (black) and the modelled (red) average diurnal cycle of the SO2 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 

It is found that SO2 concentrations as measured have higher values during daytime 

than during nighttime. The simulated SO2 concentrations show exactly the opposite: 

SO2 concentrations are lower during daytime than during nighttime. Also note that 

the SO2 concentrations as obtained from the simulation are higher as compared to 

the measurements. This is also a generic feature which was found in the evaluation 

of the model. This aspect will also be considered in the BOP-II program.  

 

Here the diurnal cycle of the SO2 concentrations is considered: it was postulated 

that the SO2 concentrations in the LOTOS-EUROS simulations have low values 

during daytime because the stack emissions in the LOTOS-EUROS model are 

emitted in the lowest 150 m of the atmosphere. In fact, the emission height for point 

sources is 150 m for the energy sector and 50 m for other sectors. Hence, SO2 

emissions are mostly occurring inside the boundary layer.  
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 The shallow boundary layer during the night yields high concentrations. As the 

boundary layer starts to expand at sunrise, due to the higher solar heat fluxes, the 

present SO2 mass is mixed into a larger volume and the SO2 concentrations are 

diluted. After sunset, the boundary layer height decreases and the SO2 

concentrations are going up again, since the volume in which the SO2 is emitted 

decreases. 

 

In reality, the injection of the emissions of large point sources may occur above the 

boundary layer into the stable layers above, due to plume rise. In this case, the 

diurnal cycle of SO2 is expected to change: at sunrise the boundary layer expands 

and SO2 mass is entrained into the boundary layer, thus increasing SO2 

concentrations at ground level.  

5.1.2 Model development description 

To test the sensitivity of the diurnal cycle to the emission height, the emission 

characteristics were adjusted. The results discussed here were obtained by 

changing the effective emission height of all point sources to 250 m. Hence, two 

simulations were performed, one with SO2 stack heights at 50 meters and the other 

at 250 meters. The model runs covered the period August-December 2007. 

5.1.3 Impact of development 

A comparison of the diurnal cycle of SO2 at the location of Cabauw is presented in 

Figure 26. 

Injecting the SO2 emissions at the higher level of 250m results in a rise of the SO2 

concentration after sunrise. This is due to the entrainment of SO2 into the boundary 

layer as explained above. It is also seen in Figure 26 that during night time, the SO2 

concentration in the 250-meter case simulation converges towards the SO2 

concentration levels as obtained from the 50-meter case simulation as the night 

prolongs. The average SO2 concentrations are increased as the SO2 above the 

boundary layer is not subject to removal through dry deposition as well as rain out. 
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Figure 26 The averaged diurnal cycle of the SO2 concentration over the period Aug-Dec. 2007 

with the effective emission height at 50 meters (blue line) and at 250 meters (red line). 

Note that the daytime maximum is not captured in the sensitivity simulations. We 

believe this has to do with the fact that concentrations in the night time residual 

layer are too much diluted due to the current vertical structure of LOTOS-EUROS. 
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 5.1.4 Conclusion 

A first-order approach was used to study the effect of an increase of stack heights 

on the average diurnal cycle of SO2 concentrations. Results indicate that the 

improvement of the vertical distribution has a positive effect on the model results. 

Therefore, the more realistic EURO-DELTA stack height distribution, in which stack 

heights are allowed to vary over a whole range of values, is adapted in the new 

model version. Figure 27 shows the vertical EURO-DELTA stack height emission 

distribution for the 10 SNAP categories in the LOTOS-EUROS model. 
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Figure 27 EURO-DELTA stack height emission distribution for different SNAP categories in the 

LOTOS-EUROS model. 

 

5.2 Sulphate formation in clouds 

5.2.1 Motivation 

The sulfate concentrations are systematically underestimated in the base run of the 

LOTOS-EUROS model performed for the BOP II program. At the same time, the 

sulfur dioxide concentrations in the LE model are systematically overestimated. This 

behavior of under- and overestimation applies in the Netherlands as well as in 

Europe. 

 

In this chapter, we describe the implementation of a new more realistic scheme for 

cloud chemistry, which calculates the formation of sulfate (SO4) in clouds from 

sulfur dioxide (SO2) accounting for the pH in cloud water droplets. In the current 

model version, a first order reaction rate is used assuming a constant pH with fixed 

reaction rates for both the oxidation reaction with H2O2 as the reaction with ozone, 

while in reality, especially the reaction rate with ozone is strongly dependent on pH. 

A similar cloud chemistry scheme was implemented earlier in the REM-Calgrid 

model (Banzhaf et al., 2011).  
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 This scheme yielded higher SO4 concentrations, which were also closer to 

observed SO4 concentrations. Below the scheme will first be described and then a 

few results of test runs will be discussed. 

5.2.2 Model development description 

5.2.2.1 Oxidation of sulfur in clouds 

There are two important mechanisms for the production of SO4 from SO2 in clouds. 

The first one is via the oxidation of SO2 by ozone (O3) and the second one is via the 

oxidation by hydrogen peroxide (H2O2). Both processes convert the SO2 which is 

present in the aqueous phase in the clouds to SO4. Oxidation by ozone becomes 

dominant when the pH value of the cloud water is higher than 5.5 (see Figure 6.25 

in Seinfeld & Pandis, 1998). The schemes for the description and implementation of 

the reaction rates of both mechanisms are based on Hoffmann and Calvert (1985) 

and McArdle and Hoffmann (1983). 

5.2.2.2 The pH of cloud water 

The reaction rate of the oxidation of SO2 by O3 depends strongly on the pH value of 

the cloud water. An initial estimate of the pH value of the cloud water in the model 

grid, is obtained by first calculating the concentration of H
+
 in the cloud regions, only 

taking into account the strong acids: 

           433

2

42 NHHNONOSOH  (in units of ppb). 

Using the cloud liquid water density the above concentration of H
+
 in units of ppm is 

converted into the amount of moles H
+
 per liter water. This yields the pH value in 

cloud water: 

  HpH log10
. 

Subsequently, an iteration is performed when the pH value of this first order 

estimation is larger than 4.5. This iteration takes into account the effects of buffering 

by dissolved carbon dioxide, sulfur dioxide and ammonia: the iteration process 

ultimately yields the pH value of the cloud water which is used for the calculations of 

oxidation processes by O3. In cases for which the above initial estimate of the pH 

value is below pH=4.5, this initial estimation is used in the oxidation calculations. 

An example of a pH calculation is taken for the case of SO4=3 μg/m
3
, NO3=3.5 

μg/m
3
 and NH4= 1.9 μg/m

3
 with a cloud liquid water density of 350 mg/m

3
. 

Furthermore the HNO3 concentration is taken equal to zero. The first estimate of the 

pH in the cloud water yields 4.6. Next the concentrations of SO2 and ammonia 

(NH3) are included and varied for the subsequent iterative calculation. The 

concentration of carbon dioxide (CO2) is taken as 320 ppm. The effect of the 

buffering by these components on the calculated pH value is shown in Figure 28: 

high values for NH3 concentrations yield relative high pH values of cloud water; high 

values for SO2 concentrations yield relative low pH values of the cloud water. The 

effect of the buffering by dissolved CO2 also lowers the pH-value of the cloud water. 
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Figure 28 The pH of cloud water as a function of the present NH3 and SO2 concentrations. CO2 

concentration is constant and equals 320 ppm. 

5.2.2.3 The cloud liquid water content 

The cloud liquid water content (clwc) is obtained from model runs of the ECMWF 

model. The ECMWF model provides clwc as a cell-averaged value. However, in 

order to calculate the pH value of the cloud water, one needs the liquid cloud water 

content in the cloudy region of the grid cell. We calculate this effective clwc by 

dividing the cell averaged clwc over the cloud fraction (cc) of each cell. Figure 29 

shows the different profiles of these quantities. For the calculations performed in 

this project the effective clwc (right panel of Figure 29) is used as input into the LE 

model. The range of values for the effective clwc in the right panel of Figure 29 

compares well with typical values obtained from measurements: 200-400 mg/m
3
 

(see e.g. Wieprecht et al., 2005). In the calculations performed in this project we 

assume the presence of a cloud (i.e. the region where SO2 can be transformed to 

 

Figure 29 Values for clwc and cc of an example grid cell of the ECMWF model in respectively left 

and middle figure. The effective clwc in the cloudy region is shown in the right panel. 

 

SO4), when the effective clwc is higher than 70 mg/m
3
. This seems a reasonable 

lower limit to take, considering the observed values (see e.g. Wieprecht et al., 

2005). The ECMWF model contains 28 vertical layers for the modelled vertical grid 



 

 

34 / 76                                                                  TNO report | TNO-060-UT-2012-00334 

 of the LE model. The LE model catches the same height (=3.5 kilometers) in only 4 

layers. The effective clwc is converted to the LE grid in the following way: for each 

LE grid cell one sums over all ECMWF cells which cover the considered LE cell in 

the following way: 

ecmwfecmwfecmwfle dZdZCLWCCLWC  /)( . 

here CLWCle and CLWCecmwf are the effective clwc in respectively the LE model and 

the ECMWF model, and dZecmwf is the vertical grid size of the ECMWF model. In 

both the numerator and the denominator on the right side of the above equation, 

the sum is taken only over ECMWF cells in which CLWCecmwf is larger than 70 

mg/m
3
. 

5.2.2.4 Cell fraction in which oxidation takes place 

As described above, oxidation of SO2 only occurs in areas for which CLWCecmwf is 

larger than 70 mg/m
3
. This is translated into an oxidation fraction volume V for each 

LE grid cell in the following way:  

leecmwf dZdZercloudV /)(cov  . 

Here dZle is the vertical grid size of a LE grid cell, cloud cover is the 2D cloud cover 

read in from the ECMWF model, and the sum in the numerator is over all ECMWF 

grid cells which cover the considered LE grid cell for which CLWCecmwf is larger than 

70 mg/m
3
. 

5.2.2.5 Oxidation rate by ozone 

The most important oxidation mechanism of the considered cloud chemistry 

reactions is the one by ozone. Basically the loss of SO2 in one time-step dt goes as: 

dtRSOCSOdC  )()( 22 . 

Here R is the reaction rate and C(SO2) is the concentration of sulfur dioxide. The 

upper panel of Figure 30 shows R x dt as a function of temperature and the pH of 

cloud water, the lower panel of Figure 30 shows the cross section for a temperature 

of 284 Kelvin. The oxidation rate clearly depends strongly on the pH value of the 

cloud water. The pH value in turn, scales inversely with the cloud liquid water 

content. Therefore in the LE model with 4 vertical layers the cloud liquid water 

content is expected to have lower values with respect to the 20 vertical layers in the 

REM Calgrid model. This is because in the LE model one gets an averaged 

(smoothed) value for clwc since it covers a larger(vertical) domain as compared to 

the REM Calgrid model. This would imply that vertical resolution will influence the 

rate in which the cloud chemistry module transforms SO2 into SO4. 
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Figure 30 Reaction rate R x dt of oxidation by ozone for a time-step dt of 10 minutes, ozone 

concentration of 1 ppb (as in Seinfeld & Pandis Figure 6.25) and a liquid water content 

of 300 mg/m3. 

5.2.3 Impact of development 

The year 2009 was completely run with the old and new module for the year 2009 

and compared with the Leckel data of the NAQMN stations. Figure 31 shows the 

time series. Table 2 shows the regression and correlation coefficients. During the 

spring and summer period the new module performs better. In fact only the months 

January & February perform less well with the new module. 
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Figure 31 Time series for the daily averaged sulfate concentrations in units of μg/m3 at NAQMN 

stations. The black line shows the measurements; the simulation results are shown in 

red and green lines: red are the simulations from the base run and green the 

simulations with the cloud chemistry module. 

 

Table 2 Regression analysis of the different periods of 2009. RC is the regression coefficient. 

 RC R
2
 RC R

2
 

 Old module New module 

2009 0.72 0.75 0.73 0.63 

March – May 2009 0.70 0.80 0.81 0.78 

June – Aug. 2009 0.71 0.81 0.91 0.84 

Sep. – Nov. 2009 0.85 0.73 0.86 0.78 

January 2009 0.47 0.50 0.33 0.22 

February 2009 0.73 0.86 0.57 0.59 

December 2009 1.12 0.62 1.01 0.61 

 

The results of the regression analysis are also seen back in the time series for the 

monthly profiles in Figure 32. 
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Figure 32 Time series for the monthly averaged sulfate concentrations in units of μg/m3 at 

NAQMN stations. The black line shows the measurements; the simulation results are 

shown in red and green lines: red are the simulations from the base run and green the 

simulations with the cloud chemistry module. 

 

Finally Figure 33 shows the average diurnal cycle of the sulfate concentrations at 

NAQMN locations with the old and new module. With the new module, the sulfate 

concentrations peak during daytime, which resembles the observed MARGA data 

better. (see Figure 18).  
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Figure 33 Averaged diurnal cycle of the sulfate concentrations in units of μg/m3 at NAQMN 

locations. The simulation results are shown in red and green lines: red are the 

simulations from the base run and green the simulations with the cloud chemistry 

module. 
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 5.2.4 Conclusion 

 The results of the test simulations have shown that the new cloud chemistry 

model performs better for the Netherlands in the spring and summer periods 

around (Mar-August). The winter period (Jan-Feb) performs less well. But 

overall, the new cloud chemistry module seems to be an improvement. 

 The newly implemented module represents physical processes better than the 

old module which has sulfate production in periods when there are no clouds. 

5.3 Dry deposition module for gases including compensation point for NH3 

5.3.1 Motivation 

An important removal process of gases from the atmosphere is the dry deposition 

on vegetation, soil and surface water. As measurements of dry deposition, i.e. flux 

measurements, are difficult and expensive, estimates of the dry deposition are 

generally made by model calculations. Besides for the mass balance in the 

atmosphere, the deposition process of acidifying and eutrophying components, like 

NH3 and SO2, is also important for sensitive nitrogen-poor ecosystems.  

New insights have led to an update of the description of the dry deposition process 

for ammonia. Earlier versions of the DEPAC module ignored the ammonia 

concentration at the surface. The current version assumes that ammonia is present 

in vegetation, water surfaces and soils. Thus surfaces not only adsorb ammonia but 

also are able to emit it under certain atmospheric conditions.  

In 2010, RIVM updated the DEPAC module in which the dry deposition of several 

gases is calculated. The updated module is named DEPAC3.11 (Van Zanten et al., 

2010). The most important change between the 'old DEPAC' module and 

'DEPAC3.11' is the inclusion of empirically derived canopy compensation points for 

ammonia. RIVM showed that the DEPAC3.11 module reduces the previous 

underestimation of the modelled NH3 concentrations in the Netherlands almost 

completely and results in approximately 20% higher concentrations compared to 

previous calculations (Van Pul et al., 2008). In this project, we included 

DEPAC3.11, to improve the modeling of the NH3 concentrations and the NH4NO3 

and (NH4)2SO4 concentrations through the thermodynamic equilibrium module 

ISORROPIA.  

NB: the model calculations with the 'old DEPAC' are labelled 'NL2007base' and the 

model calculations with 'DEPAC3.11' are labelled 'NL2007Xs' in the figures below. 

5.3.2 Model development description 

Focus of the update has been on the parameterizations specifically in use for 

ammonia, although changes have been made that affect other components as well. 

The major changes are: 

1. For ammonia, so called compensation points have been implemented for the 

stomatal, external leaf surface and soil exchange pathway (Wichink Kruit et al., 

2010). 

2. The external leaf surface resistance of ammonia has been replaced by the one of 

Sutton and Fowler (1993), which should be used in combination with the external 

leaf surface compensation point. 

3. The in-canopy resistance for land use classes grass and other is set to missing. 

This change has an impact on all components. 

4. Some changes have been made in order to make the former DEPAC versions 

used for LOTOS-EUROS and OPS consistent. These changes have an impact on 

NO and SO2. 

For more details about DEPAC3.11 see Van Zanten et al. (2010).  
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 5.3.3 Impact of development 

Figure 34 shows the annual average NH3 concentration over the Netherlands for 

2007 as calculated with the 'old DEPAC' (left) and DEPAC3.11 (right). 

 

Figure 34 Annual average ammonia concentration over the Netherlands in 2007 for the 'old 

DEPAC' (left) and 'DEPAC3.11' (right). 

 

Figure 35 shows the absolute and relative concentration differences between 'old 

DEPAC' and 'DEPAC3.11' (left and right figure, respectively). 

 

Figure 35 Absolute and relative difference (left and right figure, respectively) in the annual 

average ammonia concentration over the Netherlands in 2007 between the 'old 

DEPAC' and 'DEPAC3.11'. 

 

Figure 36 shows the diurnal cycles of the modelled ammonia concentration with the 

'old DEPAC' (blue line) and 'DEPAC3.11' (green line) for the grid cell in Cabauw for 

2007. 

 

Figure 36 Average diurnal cycle of the modelled ammonia concentrations with the 'old DEPAC' 

(blue line) and 'DEPAC3.11' (green line) in Cabauw for 2007. 
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 Figure 37 shows a comparison between the model results and measurements of 

the Monitoring network of Ammonia in Nature areas (MAN) in the Netherlands for 

the year 2007 (Stolk et al., 2009). It is shown that the LOTOS-EUROS model with 

the old DEPAC module underestimates the measured concentrations with about 

15%, while the LOTOS-EUROS model with DEPAC3.11 overestimates the NH3 

concentrations with about 15%. The underestimation in nature areas is smaller than 

the underestimation identified in Figure 10, because the measurements in the 

nature areas are less influenced by local sources than the measurement stations in 

the NAQMN. Reason for the overestimation by the DEPAC3.11 module is likely that 

the horizontal grid size resolution of the model is generally larger than the size of 

nature areas, such that most grid cells contain ammonia emissions, which are 

spread over the grid cell and consequently raise the concentration in the grid cell. 

Besides, most of the nature areas in the MAN network are located in the southeast 

and east of the Netherlands, which are the most intensive agricultural parts of the 

country. 
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Figure 37 Model comparison with measurements of the Monitoring network of Ammonia in 

Nature areas in the Netherlands for the year 2007 (Stolk et al., 2009). 

 

Figure 38 shows the absolute difference between the modelled NH4 (upper), NO3 

(middle) and SO4 (lower) concentrations with the 'old DEPAC' and 'DEPAC3.11' 

(left) and the diurnal cycles of these components in Cabauw (right) for 2007. 
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Figure 38 Absolute difference between the modelled NH4 (upper), NO3 (middle) and SO4 (lower) 

concentrations with the 'old DEPAC' and 'DEPAC3.11' (left) and the diurnal cycles of 

these components in Cabauw (right) for 2007. 

5.3.4 Conclusion 

Altogether, the DEPAC3.11 module gives a relatively large increase of NH3 

concentrations of about 30% over land, while the increase over sea is even more 

than 100%. Despite these higher NH3 concentrations, the concentrations of the SIA 

components, which are in thermodynamic equilibrium with ammonia, are only 

slightly affected. Especially close to the coast, NH4 and NO3 concentrations appear 

to be higher, while further inland, these concentrations even slightly decrease. Due 

to a smaller surface resistance for SO2 in the DEPAC3.11 module, SO2 and 

consequently SO4 concentrations decrease everywhere (data not shown). This is 

likely the reason for the small decreases of the NO3 and NH4 concentrations further 

inland.  

5.4 Dry deposition module for particles  

5.4.1 Motivation 

Dry deposition is an important removal process for particulate air pollution. 

Especially during high atmospheric pressure situations with associated stagnant 
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 conditions, the model results are very sensitive to the dry deposition velocity in the 

model. Still, due to the experimental challenge to determine dry deposition 

velocities for particles, the uncertainty associated with the fluxes are large. At 

present, particle dry deposition schemes are considered to be one of the largest 

causes of model uncertainty. 

Recently, Flechard et al. (2011) compared different dry deposition routines for 

particulate matter. One of the schemes involved, IDEM, is used within the LOTOS-

EUROS model. It is well known that this method produces relatively high dry 

deposition velocities. The comparison indicates that the current dry deposition 

scheme provides roughly 2 to 10 times larger deposition rates than the other 

schemes in Flechard et al. (2011), see Figure 39. This applies to both the fine and 

coarse mode. Hence, our current scheme is on the high end of the range and we 

aim to test the sensitivity to using a scheme that is in the middle of the range, e.g. 

the Canadian scheme by Zhang (2001). 

Recent model simulations for sea salt have already indicated that the sensitivity to 

this change in routine yields a factor 2-3 higher concentrations in the coarse mode 

(Manders et al., 2010; Hoogerbrugge et al., 2012). These studies also showed that 

during storm conditions large and unrealistic spikes in sea salt loads occurred. 

These spikes were caused by the constant small roughness length that was 

assumed in the model over seas and oceans. As the roughness of seas and oceans 

increases with wave height, a new windspeed dependent roughness length is 

introduced in the model, which enhances the removal of sea salt during these 

stormy conditions. Here, we test the sensitivity of the modeled SIA concentrations 

on the Zhang deposition scheme and the new roughness length description over 

seas.  

 

 

Figure 39 Comparison of mean modelled dry deposition velocity for ammonium and nitrate 

obtained using 4 deposition modules by Flechard et al. (2011). F represents forest, SN 

represent semi-natural, G represents grassland and C represents crops.  

5.4.2 Model development description 

To test the sensitivity to the use of the Zhang deposition scheme we built on the 

simulations performed in Hoogerbrugge et al. (2012). Their simulations were aimed 

at: 

1. Changing the deposition routine that describes the laminar layer resistance 

of the particles. To this end the IDEM-DEPAC routine (Erisman et al., 1994) 

was replaced by the scheme from Zhang (2001) assuming a diameter of 8 

or 4 µm for coarse sea salt particles over sea and land, respectively, and 

0.7 µm for fine sea salt particles. 

2. Adding the dependency of the sea surface roughness to the wave height. 

Over grid cells with more than 50% water the wave height is calculated as 

function of ten meter wind speed u10
 
in m/s:  

i. waveheight = 0.0617(u10)
1.52
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 This function is a fit applicable for open water conditions. The associated 

surface roughness is calculated as: 

ii. z0 = waveheight/30.  

In this study we use the combined improvement to assess the sensitivity of all 

components. For additional sensitivity simulations concerning sea salt we refer to 

Hoogerbrugge et al. (2012). 

 

 

Figure 40 Relative concentration difference (fraction) between the simulations using Zhang and 

IDEM deposition for PM components. 

 

5.4.3 Impact of development 

In Figure 40, we show the relative concentration difference between the two 

simulations for all PM components. The results can be summarized as follows: 

 Over the continent all concentrations rise due to a lower deposition velocity. 

 Fine mode inert components as well as sulfate show a sensitivity of about 20-

40% over central Europe. The sensitivity of the modelled concentrations 

increases in a relative sense with distance from the main source areas. Hence, 

the concentrations of these components double in Scandinavia as a large part 

of the annual mean concentrations there can be attributed to long range 

transport from central Europe. Absolute differences maximize in the source 

areas. 
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  Coarse mode primary particulate matter shows an increase by a factor 2 

throughout the domain. Absolute differences maximize in the source areas. 

 Above sea, the concentrations of the species decrease as the surface 

roughness is higher in the new simulation. The exception is primary coarse PM 

for which the higher outflow from the continent dominates the effect. For 

primary fine mode particles and sulfate the higher outflow from the continent is 

at some distance from the coast compensated by higher deposition at sea. 

Furthermore, the contribution of shipping emissions is lowered. 

 The response of nitrate is different from all other species due to its semi-volatile 

nature. In fact, over the continent the response is considerably lower as most of 

the (total) nitrate mass is lost from the atmosphere through the deposition of 

nitric acid. The fact that the dry deposition velocity of nitric acid is virtually the 

inverse of the aerodynamic resistance and the laminar layer resistance explains 

why the impact for nitrate is high above sea. The lower aerodynamic resistance 

due to the higher roughness makes the nitric acid deposition more efficient and 

lowers the ammonium nitrate levels. 

 Overall, modelled SIA concentrations may rise by about 0.5 µg/m
3
 in the 

Benelux which corresponds to an increase of about 10%. 

5.4.4 Conclusion 

Altogether, the new Zhang deposition scheme gives a relatively large increase of 

approximately 0.5 µg/m
3
 for all SIA components over land in the Benelux area, 

which corresponds to an increase of about 10%. Over sea, the ammonium nitrate 

level is reduced due to lowering of the nitric acid concentration, which is in 

thermodynamic equilibrium with ammonium nitrate. The reduction of the nitric acid 

concentration is caused by the reduced aerodynamic resistance due to the higher 

surface roughness of the sea in windy conditions. 

 

5.5 Thermodynamic equilibrium module ISORROPIA II 

5.5.1 Motivation 

ISORROPIA is supposed to be a computationally efficient and rigorous aerosol 

model that calculates the composition and phase state of an ammonia - sulfate - 

nitrate - chloride - sodium - water inorganic aerosol in thermodynamic equilibrium 

with their gas phase precursors (http://nenes.eas.gatech.edu/ISORROPIA/). 

Recently, an updated version of the ISORROPIA module has become available, 

ISORROPIA II, which includes the calcium - potassium - magnesium inorganic 

aerosol. Besides these extra components, a slightly different dependence on 

relative humidity is found in the new module.  

5.5.2 Model development description 

The complete theory of ISORROPIA, together with a detailed description of the 

equations solved, the activity coefficient calculation methods and the computational 

algorithms used can be found in Nenes et al.(1998a,b) and Fountoukis and Nenes 

(2007). The performance and advantages of ISORROPIA over the usage of other 

thermodynamic equilibrium codes has been assessed in numerous other studies 

(e.g., Nenes et al. 1998; Ansari and Pandis, 1999; Yu et al., 2005).  
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5.5.3 Impact of development 

Figure 41 and Figure 42 show the sensitivity of the NO3 and NH4 aerosol 

concentration, respectively, on relative humidity of:  

- the ISORROPIA I model as it is provided  on the ISORROPIA website (left), 

- the ISORROPIA I model as it was implemented in LE version 1.7.3 (middle), 

- the ISORROPIA II model as it is provided on the ISORROPIA website (right)  

The test is carried out with an increasing NH3 concentration from 0 till 10 µg m
-3

 on 

the x-axis and an increasing relative humidity from 0 till 100% on the y-axis. The 

input concentrations of SO4, NH4, NO3 are 1 µg m
-3

 and HNO3 is 3 µg m
-3

. 

 

  ISORROPIA I       ISORROPIA I in LE     ISORROPIA II 

 

Figure 41 NO3 aerosol concentration as a function of varying NH3 on the x-axis and relative 

humidity on the y-axis for 3 different ISORROPIA versions. 

 

  ISORROPIA I       ISORROPIA I in LE     ISORROPIA II 

 

Figure 42 NH4 aerosol concentration as a function of varying NH3 on the x-axis and relative 

humidity on the y-axis for 3 different ISORROPIA versions. 

 

We also investigated the sensitivity of the NO3 and NH4 aerosol concentration on 

temperature for the three ISORROPIA versions. This test is also carried out with an 

increasing NH3 concentration from 0 till 10 µg m
-3

 on the x-axis and an increasing 

temperature of -10 ºC till 40 ºC on the y-axis. The input concentrations of SO4, NH4, 

NO3 are 1 µg m
-3

 and HNO3 is 3 µg m
-3

. The results of this test are shown in Figure 

43 and Figure 44. 
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   ISORROPIA I       ISORROPIA I in LE     ISORROPIA II 

 

Figure 43 NO3 aerosol concentration as a function of varying NH3 on the x-axis and temperature 

on the y-axis for 3 different ISORROPIA versions. 

 

  ISORROPIA I       ISORROPIA I in LE     ISORROPIA II 

 

Figure 44 NH4 aerosol concentration as a function of varying NH3 on the x-axis and temperature 

on the y-axis for 3 different ISORROPIA versions. 

 

To investigate the effect on the SIA concentrations due to the differences in 

sensitivity on relative humidity and temperature between ISORROPIA I (as 

implemented in LOTOS-EUROS) and ISORROPIA II, we have run the model for the 

year 2007 with both routines. The differences in the NO3 and NH4 aerosol 

concentrations between ISORROPIA II and ISORROPIA I in LOTOS-EUROS for 

the year 2007 are shown in Figure 45.  

 

Figure 45 Distribution of the change in the NO3 (left) and NH4 (right) concentrations due to the 

implementation of the ISORROPIA II model (compared with the ISORROPIA I in LE) 

for the year 2007. 
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Figure 46 Timeseries and diurnal cycles of the NO3 concentrations at Cabauw. 

 

Figure 47 Timeseries and diurnal cycles of the NH4 concentrations at Cabauw. 

5.5.4 Conclusion 

The ISORROPIA II module leads to slightly lower concentrations of the SIA 

components NH4 and NO3, due to more evaporation of NH4NO3 during warm days. 

The SO4 concentrations are not affected. Despite the small reductions of the NH4 

and NO3 concentrations, the improved thermodynamics and the extension with 

more compenents in the ISORROPIA II module are considered to be beneficial. The 

computing time of the model is hardly affected. 

5.6 Formation of coarse mode NO3 

5.6.1 Motivation 

The chemistry of nitrate is rather complicated as it is semi-volatile and enters in the 

complex chemical equilibrium with nitric acid, ammonia, ammonium, sulphur dioxide 

and sulphuric acid, which is treated by the ISORROPIA module. In recent studies, 

the importance of the formation of coarse nitrate by the heterogeneous reaction of 

HNO3 with sea salt aerosol has been shown (Hodzic et al., 2006; Berge, 2009).  

The HNO3 that is needed to form coarse nitrate is mainly produced by another 

heterogeneous reaction: 

N2O5 + H2O + NH4HSO4  2HNO3 + NH4HSO4           (1) 

Note that the sulphate aerosol is unaffected by this reaction. N2O5 only reacts with 

the water that is attached to the sulphate aerosol.  

In LOTOS-EUROS the formation of coarse nitrate was not included yet. Therefore, 

a new module was created for the heterogeneous reaction of HNO3 with coarse sea 

salt aerosols, to obtain NaNO3 (coarse nitrate) and HCl: 

NaCl + HNO3  NaNO3 + HCl                   (2) 
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 It is expected that fine sea salt aerosols also react with HNO3 according to the 

reaction above and therefore a similar module was implemented for this reaction. 

In the previous module, the heterogeneous reaction rate for N2O5 with H2O on 

sulphate aerosol (Equation 1) was also applied to the reaction of N2O5 with H2O on 

fine sea salt aerosol. This is not very realistic as N2O5 reacts with H2O on the sea 

salt particles into 2HNO3, which immediately reacts with the sea salt particles to 

form NaNO3. Therefore, we also introduced 2 heterogeneous reactions for the 

formation of fine and coarse nitrate by direct impaction of N2O5 on fine and coarse 

sea salt aerosol through the following reaction: 

N2O5 + H2O + 2NaCl (2HNO3 + 2NaCl) 2 NaNO3 + 2 HCl      (3) 

Between parentheses, the intermediate result of the lefthand side of the reaction is 

given. It is obvious that this reaction is very similar to the two previous reactions, 

noticing that the water that is needed for the reaction with N2O5 is now delivered by 

the sea salt particles. 

5.6.2 Model development description 

The heterogeneous reaction rate of sea salt with HNO3 to form NaNO3 and HCl is 

calculated in a similar way as that for the heterogeneous reaction of N2O5 with H2O 

on sulphate aerosol (which produces 2 HNO3 molecules). In this study, aerosol 

mean radii of 0.034 µm, 0.1 µm and 1.0 µm were applied for the size distributions of 

the reacting particles of sulphate, fine and coarse sea salt particles, respectively. 

The sigma values accompanying these mean radii are 2.0, 1.9 and 2.0 [-] for 

sulphate aerosol, fine and coarse sea salt aerosol, respectively. The mean radii are 

mean radii for the aerosol number distributions, e.g. a value of 1 µm as the mean 

radius for the aerosol number distribution corresponds to a mean radius for the 

aerosol mass/volume distribution of about 4 µm, which is a realistic value for coarse 

sea salt. The dimensionless uptake coefficients, γ , for the heterogeneous reactions 

with sulphate and fine sea salt aerosol are set to 0.05 (kept at existing value) and 

that for the heterogeneous reactions with coarse sea salt are set to 0.1.  

The uptake coefficient for HNO3 on coarse sea salt of 0.1 is in the range of γ values 

found in literature from 4.9×10
−3

± 2.7×10
−3

 (Tolocka et al., 2004) to 0.5 ± 0.2 

(Guimbard et al. 2002; Stemmler et al. 2008).  

Besides the new heterogeneous reactions that were introduced, we also introduced 

a general method for the calculation of the diffusivity of the gases N2O5 and HNO3 

in air, following Fuller, Schettler, Giddings relation (1966) in Perry's Chemical 

Engineers' Handbook (1984): 
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where: 

- DN2O5 is diffusivity of N2O5 in air [m
2
 s

-1
] 

- T is temperature [K] 

- MN2O5 is molecular weight of N2O5 [kg mol
-1

] 

- Mair is molecular weight of air [kg mol
-1

] 

- pres is pressure [atm] 

- vN2O5 and vair are atomic (molecular) diffusion volumes of N2O5 and air, i.e., 38.78 

and 20.1, respectively. 

The calculated diffusivity of N2O5 (~1.16 10
-5

 m
2
 s

-1
 at 20˚C) is slightly higher than 

the diffusivity that was used in the original calculation of the heterogeneous reaction 
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 rate of N2O5 with H2O on sulphate aerosol (~0.96 10
-5 

m
2
 s

-1
), but latter value could 

not be referred to. 

5.6.3 Impact of development 

The new coarse nitrate component in the LOTOS-EUROS model contributes about 

0.3-0.5 µg m
-3

 to the total particulate matter (see Figure 48). At Cabauw, the peak 

values of coarse nitrate might be as high as 2.4 µg m
-3

 and coarse nitrate 

concentrations tend to be higher in summer than in winter (see Figure 49). The 

average diurnal cycle at Cabauw in 2009 shows that the highest concentrations 

occur in the early morning (see Figure 50). 

 

Figure 48 Spatial distribution of the coarse nitrate concentration over the Netherlands in 2009. 

 

 

Figure 49 Time series of the coarse nitrate concentration at Cabauw in the Netherlands. 
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Figure 50 Average diurnal cycle of the modelled coarse nitrate concentration in Cabauw in 2009. 

5.6.4 Conclusion 

The module for the heterogeneous reaction of HNO3 with sea salt, gives a limited 

amount of NaNO3, ranging from 0.6 µg m
-3

 close to the coast to 0.2 µg m
-3

 further 

inland.  

A sensitivity test with a γ value of 0.5 for the heterogeneous reactions with coarse 

sea salt aerosols did not change the results above dramatically, which suggests 

that the uptake of the gas by the aerosols is already very effective. 
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 6 Modelling the new SIA distribution across the 
Netherlands 

In this chapter the results of the cumulative impact of all the model improvements 

described in the previous chapter are presented. A comparison with data of EMEP 

stations is presented in Appendix A. The results are completely in line with the 

comparison described below for the Netherlands.  

6.1 Sulphur dioxide 

 The highest SO2 concentrations are still observed in the industrial areas and 

close to shipping routes/harbours. See Figure 51. The largest differences 

between the new model version (v1.7.9) and the old model version (v1.7.3) are 

observed in the industrial areas due to the EURO-DELTA stack height 

distributions. However, the generally lower concentrations are also related to 

the higher deposition velocities for SO2 in the DEPAC 3.11 module. 

Furthermore, the cloud chemistry has some influence on the SO2 concentration.  

 Although the spatial correlation decreases when using v1.7.9 (r
2
 from 0.85 to 

0.68), the bias (overestimation) in the modelled SO2 concentrations is much 

smaller (0.17 μg m
-3

 with v1.7.9 vs 2.77 µg m
-3

 with v1.7.3). Also the RMSE 

drops from 4.75 to 3.06 µg m
-3

. See Figure 52. 

 If we look at the timeseries for Cabauw during the BOP measurement 

campaign, the correlation for the daily averaged SO2 concentrations increased 

from 0.16 to 0.25, while the bias (overestimation) decreased from 2.16 to 0.5 µg 

m
-3

. The RMSE drops from 4.03 to 2.31 µg m
-3

. See Figure 53. The modelled 

time series still includes large peak values where none are observed. A further 

inspection of the circumstances during these false events are needed. 

 The diurnal cycle of the SO2 concentrations is flattened due to the new stack 

height distribution. The new distribution did not really change the pattern 

though, however, the large nighttime overestimation of the SO2 concentations 

has almost disappeared. See Figure 54. 

 

 

Figure 51 Modelled SO2 distribution over the Netherlands in 2009 with LOTOS-EUROS v1.7.9 

(left) and the difference (right) between the new model version (v1.7.9) and the 

reference version(1.7.3). 
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Figure 52 Scatterplot of the measured and modelled yearly averaged SO2 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 

 

 

Figure 53 Timeseries of the daily modelled (red/blue) and measured (black) SO2 concentrations 

for the BOP measurement campaign (Aug 2007 till Sep 2008) at Cabauw, the 

Netherlands. 

 

 

Figure 54 Measured (black) and the modelled (red/blue) average diurnal cycle of the SO2 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 
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6.2 Ammonia 

 The NH3 concentrations have increased significantly due to the implementation 

of DEPAC 3.11. The bi-directional surface-atmosphere exchange of ammonia 

resulted in much higher NH3 concentrations especially in agricultural areas. 

Besides, the NH3 concentrations over sea increase by 0.5-1 ppb, which is quite 

significant as the concentrations over sea are in the order of 0.5-2 ppb (see 

Figure 55). A comparison of Figure 55 with the NH3 concentrations presented 

by Tamm and Schulz (2003) for 2 ferry routes on the North Sea during a 

measurement campaign from May 1999 to August 2000, learns that 

concentrations of v1.7.9 are in much better agreement with these 

measurements than the concentrations of v1.7.3.  

 Despite the large increase of the NH3 concentrations, the average bias 

(underestimation) by v1.7.9 is still 3.64 µg m
-3

, while this was 5.03 µg m
-3

 with 

v1.7.3. The RMSE dropped from 8.73 to 7.72 µg m
-3

. The remaining 

underestimation of DEPAC 3.11, is likely due to the fact that the measurement 

locations are in agricultural intensive areas with many local sources. In LOTOS-

EUROS, these emissions are spread over the grid cell, such that local effects 

around measurement stations cannot be captured by the model. In a 

comparison with the NitroEurope network, which includes more natural and 

background stations, version v1.7.9 showed a much smaller bias. At least, the 

implementation of DEPAC 3.11 seems to improve model performance for NH3. 

See Figure 56. 

 The timeseries for the BOP campaign shows that ammonia concentrations are 

still underestimated by the LOTOS-EUROS model, especially during high 

concentration events, which are not captured by either of the versions. These 

high concentration events are likely due to local manure spreading, which are 

not explicitely taken into account in the emissions that enter the model. See 

Figure 57. 

 The diurnal cycle of the NH3 concentration is not really affected by the DEPAC 

3.11 module, except that the pattern is slighly levelled up. However, as 

explained before, the levels are still too low. See Figure 58. 

 

 

Figure 55 Modelled NH3 distribution over the Netherlands in 2009 with LOTOS-EUROS v1.7.9 

(left) and the difference (right) between the new model version (v1.7.9) and the 

reference version(1.7.3). 
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Figure 56 Scatterplot of the measured and modelled yearly averaged NH3 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 

 

 

Figure 57 Timeseries of the daily modelled (red/blue) and measured (black) NH3 concentrations 

for the BOP measurement campaign (Aug 2007 till Sep 2008) at Cabauw, the 

Netherlands. 

 

 

Figure 58 Measured (black) and the modelled (red/blue) average diurnal cycle of the NH3 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 
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6.3 Sulphate 

 The distribution of the SO4 concentrations shows that the areas with the highest 

SO2 concentrations, also have the highest SO4 concentrations. This is mainly 

due to the formation of (NH4)2SO4 and the oxidation of SO2 by O3. The 

difference plot shows that the SO4 concentrations have increased almost 

everywhere, which is mainly due the different deposition scheme for particles 

that reduces the deposition velocity of particles and the more effective 

formation in clouds. See Figure 59. 

 The scatterplot shows that the correlation and the bias have signifantly 

improved. The spatial correlation increases from 0.55 to 0.66, while the average 

bias (underestimation) is reduced from 1.06 to 0.22. The RMSE is also slightly 

lower for v1.7.9, i.e., 1.62 µg m
-3

 vs 1.74 µg m
-3

  for v1.7.3. See Figure 60. 

 The timeseries of the daily averaged sulphate concentations during the BOP 

campaign at Cabauw, shows that the peak values in wintertime are much better 

captured by v1.7.9. Therefore, v1.7.9 better captures the seasonal variation of 

the SO4 concentrations as well as the level of the SO4 concentrations. See 

Figure 61. 

 The diurnal cycle has changed mainly due to the new cloud chemistry module. 

The opposite behavior of the model compared to the measurements has largely 

disappeared. However, the peak of the SO4 concentration is shifted towards the 

late afternoon/early evening. Reason for this might be the limited number of 

vertical levels in the LOTOS-EUROS model and the capability of the cloud 

chemistry scheme to accurately calculate the cloud concentrations. See Figure 

62. 

 The general conclusion is that the calculation of the sulphate concentrations 

has significantly improved in v1.7.9. 

 

 

Figure 59 Modelled SO4 distribution over the Netherlands in 2009 with LOTOS-EUROS v1.7.9 

(left) and the difference (right) between the new model version (v1.7.9) and the 

reference version(1.7.3). 
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Figure 60 Scatterplot of the measured and modelled yearly averaged SO4 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 

 

 

Figure 61 Timeseries of the daily modelled (red/blue) and measured (black) SO4 concentrations 

for the BOP measurement campaign (Aug 2007 till Sep 2008) at Cabauw, the 

Netherlands. 

 

 

Figure 62 Measured (black) and the modelled (red/blue) average diurnal cycle of the SO4 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 
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6.4 Nitrate 

 The distribution of the NO3 concentrations is closely coupled to the distribution 

of the NH3 concentrations, due to its main formation reaction from NH3 and 

HNO3. The difference plot shows that the concentrations have increased 

everywhere, partly as a consequence of the higher NH3 concentrations due to 

DEPAC 3.11, and partly due to the different deposition scheme for particles that 

reduces the deposition velocity of the particles. See Figure 63. 

 The coarse NO3 concentration distribution is rather homogeneous, but 

concentrations tend to decrease further inland. The large nature area 'Veluwe' 

slightly lowers the concentrations due to its higher surface roughness (forest) 

and therefore higher deposition rates. See Figure 64. 

 The scatter plot shows that the bias in the NO3 concentrations has reduced 

significantly from an underestimation of 2.86 µg m
-3

 to an underestimation of 

1.70 µg m
-3

. The spatial correlation between the modelled and measured 

concentrations remains almost equal. The RMSE also drops from 4.18 to 3.29 

µg m
-3

. See Figure 65. 

 The timeseries for the daily average NO3 concentrations in Cabauw for the BOP 

campaign shows that the day-to-day variation of the concentrations is still 

remarkably good and even has improved in v1.7.9. However, there still seems 

to be a systematic underestimation. See Figure 66. 

 The amplitude of the average diurnal cycle of the NO3 concentration has slightly 

increased and is very similar to the average diurnal cycle of the measured NO3 

concentrations. The model improvements have further reduced the difference 

between the modelled and measured average diurnal cycles, although there 

still remains a gap of about 2 µg m
-3

, which can not be explained yet. See 

Figure 67. 

 

 

Figure 63 Modelled fine NO3 distribution over the Netherlands in 2009 with LOTOS-EUROS 

v1.7.9 (left) and the difference (right) between the new model version (v1.7.9) and the 

reference version(1.7.3). 
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Figure 64 Modelled coarse NO3 distribution over the Netherlands in 2009 (left) with the new 

model version (v1.7.9). 

 

 

Figure 65 Scatterplot of the measured and modelled yearly averaged NO3 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 

 

 

Figure 66 Timeseries of the daily modelled (red/blue) and measured (black) NO3 concentrations 

for the BOP measurement campaign (Aug 2007 till Sep 2008) at Cabauw, the 

Netherlands. 
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Figure 67 Measured (black) and the modelled (red/blue) average diurnal cycle of the NO3 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 

 

6.5 Ammonium 

 The distribution of the NH4 concentrations is closely coupled to the distribution 

of the SO4 and NO3 concentrations. This is due to its main formation reactions 

from NH3 with H2SO4 and HNO3. The formation of NH4 from NH3 with H2SO4, is 

closely related to industrial areas, where most of the H2SO4 is formed. These 

areas are clearly visible in the NH4 distribution. Remaining NH3, especially in 

agricultural areas, reacts with HNO3, which is often limited available. Therefore 

the coupling between the NH4 and NO3 distribution is less clear than that of NH4 

and SO4. The difference plot shows that the concentrations have increased 

everywhere, partly as a consequence of the higher NH3 concentrations due to 

DEPAC 3.11 again, and partly due to the different deposition scheme for 

particles that reduces the deposition velocity of the particles. See Figure 68. 

 The scatter plot shows that the spatial correlation is very good and has even 

slightly improved (0.89 for v1.7.3 and 0.90 for v1.7.9). The bias 

(underestimation) in the NH4 concentrations of 0.52 µg m
-3

 in v1.7.3 has 

completely disappeared in v1.7.9. Besides, the RMSE has decreased from 1.41 

µg m
-3

 to 1.20 µg m
-3

. See Figure 69. 

 The timeseries for the daily average NH4 concentrations in Cabauw for the BOP 

campaign shows a rather good day-to-day variation, although especially the 

peak values in summer still seem to be slightly underestimated in v1.7.9. See 

Figure 70. 

 The average diurnal cycle of the NH4 concentration has increased without 

changing the amplitude. The pattern of the modelled NH4 concentrations still 

differs from the measured NH4 concentrations, which is likely due to the 

prescribed diurnal emission profile in the LOTOS-EUROS model. It is clear, 

however, that the underestimation has significantly been reduced in v1.7.9. See 

Figure 71. 
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Figure 68 Modelled fine NH4 distribution over the Netherlands in 2009 with LOTOS-EUROS 

v1.7.9 (left) and the difference (right) between the new model version (v1.7.9) and the 

reference version(1.7.3). 

 

 

 

Figure 69 Scatterplot of the measured and modelled yearly averaged NH4 concentrations at the 

NAQMN stations (shown in the right panel) in the Netherlands for the year 2009. 

 

 

 

Figure 70 Timeseries of the daily modelled (red/blue) and measured (black) NH4 concentrations 

for the BOP measurement campaign (Aug 2007 till Sep 2008) at Cabauw, the 

Netherlands. 
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Figure 71 Measured (black) and the modelled (red/blue) average diurnal cycle of the NH4 

concentration for the BOP measurement campaign (Aug 2007 till Sep 2008) at 

Cabauw, the Netherlands. 
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 7 Discussion, Conclusions and Recommendations 

In the previous chapter, we have seen that the model improvements lead to 

significant improvements in the modelling of the individual SIA and precursor 

components. As such, the model improvements appear to be succesfull. This is 

also reflected in Figure 72, which is the same plot as Figure 1, but extended with 

the new model results. The underestimation of more than 50% for SIA in PM2.5 is 

reduced to 23% and the underestimation of about 60% for SIA in PM10 is reduced 

to 30% for the measurement station Vredepeel during the BOP measurement 

campaign. Especially fine and coarse nitrate still seem to be underestimated by the 

model. 
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Figure 72 Comparison of the modelled SIA concentrations (g/m3) with LOTOS-EUROS v1.7.3 

and v1.7.9 against measurements of the LVS and Leckel system in the NAQMN 

during BOP in PM2.5 and PM10. 

 

As we currently have available 7 stations with Leckel data in the NAQMN in the 

Netherlands, we will also present an overview of the total effect of the model 

improvements in comparison with the Leckel data for the year 2009 here. 

Figure 73 shows the yearly average NH4 concentration for 7 stations (and the 

average of all stations) in the NAQMN in the Netherlands in 2009. The figure shows 

that the underestimation that was present in LOTOS-EUROS v1.7.3 completely 

disappeared in LOTOS-EUROS v1.7.9. Besides, the variation between the annual 

average concentrations per station shows that the spatial distribution of the annual 

average concentration is well described by LOTOS-EUROS v1.7.9. There are small 

over- and underestimations per stations, but there does not seem to be a 

systematic spatial trend in the differences. The annual average NH4 concentration 

for all stations in the NAQMN is well described by the LOTOS-EUROS v1.7.9 model 

in 2009. 
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Figure 73 Yearly average NH4 concentration for the 7 stations and the average of all stations in 

the NAQMN in the Netherlands in 2009. 

Figure 74 shows the yearly average SO4 concentration for the 7 stations (and the 

average of all stations) in the NAQMN in the Netherlands in 2009. This figure shows 

that the annual average SO4 concentration is rather well described by the LOTOS-

EUROS v1.7.9 model. There is still a systematic underestimation of the SO4 

concentration of 0-0.4 µg m
-3

, but this underestimation is much smaller than the 

underestimation of the LOTOS-EUROS v1.7.3 model of 0.8-1.4 µg m
-3

. As for NH4, 

the spatial distribution of the SO4 concentrations is better captured by the LOTOS-

EUROS v1.7.9 model than by the LOTOS-EUROS v1.7.3 model, which is 

expressed in the well-described variation in the SO4 concentrations for the different 

stations in the NAQMN in 2009. The average bias (underestimation) for all stations 

in the Netherlands is less than 10%. 
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Figure 74 Yearly average SO4 concentration for the 7 stations and the average of all stations in 

the NAQMN in the Netherlands in 2009. 
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 Figure 75 shows the yearly average NO3 concentration for 7 stations (and the 

average of all stations) in the NAQMN in the Netherlands in 2009. This figure shows 

that for NO3 there is still a considerable underestimation in the LOTOS-EUROS 

v1.7.9 model. With the LOTOS-EUROS v1.7.3 model this underestimation was 

more than 50-60%, while with the LOTOS-EUROS v1.7.9 model the 

underestimation of NO3 reduced to 30-40%. 
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Figure 75 Yearly average NO3 concentration for the 7 stations and the average of all stations in 

the NAQMN in the Netherlands in 2009. 

 

Altogether, the underestimation for the total SIA concentration in PM10 is reduced 

from 50% with the LOTOS-EUROS v1.7.3 model to 20% with the LOTOS-EUROS 

v1.7.9 model for the average of all 7 stations in the NAQMN in the Netherlands in 

2009.  

 

To investigate if the difference between measured and modelled NO3 

concentrations is caused by the coarse NO3 fraction only, a comparison is made 

between the model data and the Leckel measurement data from the BOP 

campaign, in which the separate fractions of fine and coarse mode NO3 were 

obtained. Figure 76, Figure 77 and Figure 78 show the total, the fine mode (<2.5 

µm) and the coarse mode (2.5µm<>10µm) NO3 concentrations at the 5 

measurement stations in the BOP measurement campaign (Aug 2007-Sep 2008). 

Figure 76 confirms that the underestimation of the total NO3 concentration is also 

present in this dataset. Figure 77 shows the measured and modelled fine mode 

concentrations (<2.5 µm) for the 5 stations in the BOP campaign, while Figure 78 

presents the calculated coarse mode NO3 concentrations (2.5 µm<>10 µm), which 

is calculated as the total NO3 (<10 µm) minus the fine mode NO3 (<2.5 µm) 

concentrations. Because the data coverage is not equal for the total NO3 and the 

fine mode NO3 concentrations, the coarse mode NO3 concentrations can become 

slightly positive or negative for the LOTOS-EUROS v1.7.3 model, although coarse 

mode NO3 has not been modelled with this model version. Figure 77 and Figure 78 

make clear that the remaining mismatch between measured and modelled total NO3 

concentrations is caused by an almost equal underestimation of the fine mode NO3 

and the coarse mode NO3 of about 0.8 µg m
-3

. 
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Figure 76 Average total NO3 concentration for the 5 stations and the average of all stations (ALL) 

in the BOP measurement campaign (Aug 2007-Sep 2008) in the Netherlands. 
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Figure 77 Average fine mode NO3 concentration (<2.5µm) for the 5 stations and the average of 

all stations (ALL) in the BOP measurement campaign (Aug 2007-Sep 2008) in the 

Netherlands. 
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Figure 78 Average coarse mode NO3 concentration (2.5µm<>10 µm) for the 5 stations and the 

average of all stations (ALL) in the BOP measurement campaign (Aug 2007-Sep 

2008) in the Netherlands. 

 

A possible explanation for the underestimation of the fine mode NO3 is the potential 

impact of a non-instantaneous equilibrium (Schaap et al., 2011; Aan de Brugh et al., 

2012). In case the timescale to reach equilibrium occurs in the order of minutes, the 

equilibrium may be representative for conditions higher up in the atmosphere. As 

temperatures are lower at several 100 m altitude, this may indicate that formation of 

NH4NO3 is too limited due to the use of too high temperatures in the thermodynamic 

equilibruim module ISORROPIA II. The temperatures that enter this equilibrium 

module are the temperatures of the surface layer, while the chemical conditions as 

measured at the ground may reflect higher altitudes. Including this aspect would 

force the equilibruim to the particle phase and would consequently increase the 

NO3 concentrations, but also the NH4 concentrations. A test simulation is advised, 

but incorporation for the full domain is difficult as experimental indications are few 

(Aan de Brugh et al., 2012). 

For the interpretation of the underestimation of the coarse mode, we have to remark 

that the measurements are not perfect either. Recent insights indicate that NaNO3 

might be formed on the filter from already collected NaCl and gaseous HNO3 

(Weijers et al., 2012). This might give an overestimation of the measured NO3 

concentrations of about 10%. This means that it is difficult to interpret the model 

performance for coarse nitrate. Current measurements should be interpreted as 

maximum values, but proper (denuded) experiments are needed to correctly 

quantify the coarse nitrate concentration.  

Note, that ammonium concentrations are not underestimated. This is in contrast to 

both sulphate and nitrate. These findings could indicate that the model lacks a 

source of cations that stabilizes nitrate. A potential impact may arise from mineral 

dust in both the fine and coarse mode (Hodzic et al., 2006). Though many 

uncertainties are present in the process knowledge, the newly derived dust module 

in LOTOS-EUROS and the heterogeneous chemistry routines enable a future study 

of the potential role of mineral dust.  
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 On the European scale, a comparison of the model results with the available EMEP 

stations shows that the underestimation of the SO4, NH4 and NO3 concentrations 

has almost completely disappeared for the BOP period from August 2007 to 

September 2008 (see Figure 79 in Annex A). A comparison with the EMEP stations 

for the year 2009 in Figure 80 presents a similar picture, although less stations are 

available. Especially in the high NO3 concentration range, which are the stations in 

the Netherlands, the model seems to underestimate the NO3 concentrations as we 

have already seen in the comparison with the NAQMN. 

With the improved modelling of the SIA components, it would be interesting to 

reanalyse the trend in the SIA concentrations for the period 1990 to 2010, in which 

SIA concentrations decreased (Hoogerbrugge et al., 2010). A good correspondence 

in this trend would make the model very suitable for scenario studies to simulate the 

effect of emission reduction measures. 

Although the end result is not ideal yet, there is significant progress in the match 

between calculated and measured SIA concentrations. The concentrations of NH4 

and SO4 compare well with measurements in the Netherlands as well as in Europe, 

while especially in the Netherlands, an underestimation is still found for NO3. This 

underestimation of NO3 might be caused by the potential impact of a non-

instantaneous equilibrium, the overestimation of the measured NO3 concentrations 

due to formation of NaNO3 on the filter or the lacking mechanism for the 

heterogeneous formation of NO3 on mineral dust aerosol. More research is needed 

to explain this underestimation. 
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 A Comparison of LOTOS-EUROS data with EMEP 
stations 

 

Figure 79 Modelled and measured SIA concentrations at EMEP stations for the BOP period from 

1 August 2007 till 30 September 2008. 
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Figure 80 Modelled and measured SIA concentrations at EMEP stations in 2009. 

  

 

 
 


