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1. Introduction 

The development and application of chemistry transport models has a long 
tradition in and outside Europe. RIVM and TNO have independently developed 
models to calculate the dispersion and chemical transformation of air pollutants in 
the lower troposphere over Europe. The two models are the TNO model LOTOS 
(Builtjes, 1992; Schaap et al., 2004a) and the RIVM model EUROS (de Leeuw and 
van Rheineck Leyssius, 1990; van Loon, 1994, 1995; Matthijsen et al., 2002). 
LOTOS and EUROS were originally developed and used as photo-oxidant models 
(Builtjes, 1992; Hass et al., 1997; Hammingh et al, 2001, Roemer, 2003). During 
the last years attention was given to simulate the inorganic secondary aerosols SO4, 
NH4 and NO3. (Schaap et al., 2004a; Erisman and Schaap, 2004; Matthijsen et al., 
2002) and carbonaceous aerosols (Schaap et al., 2004b). The EUROS model also 
contains the possibility to perform simulations for persistent organic compounds 
(Jacobs and van Pul, 1996). 

The two models have a similar structure and comparable application areas. Hence, 
based on strategic and practical reasoning, RIVM/MNP and TNO agreed to 
collaborate on the development of a single chemistry transport model: LOTOS-
EUROS. During 2004 the two models were unified which resulted in a LOTOS-
EUROS version 1.0 (Schaap et al., 2005). For 2005 a project was defined to: 
1. Document the model version 
2. Perform validation studies 
3. Include several model features such as data assimilation and zooming. 

In this report we provide a documentation of the LOTOS-EUROS model. The 
validation study, new developments and inclusion of several model features will be 
described in a forthcoming report. 
The model description in this report is that of version 1.1, the model version 
operational at October, 1, 2005. This report is not intended to describe a fixed and 
definite status, because a model such as LOTOS-EUROS is under constant 
development. Hence, the documentation of the model will be updated continuously 
and made available through the LOTOS-EUROS website. 
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2. Model formulation and domain 

2.1 The continuity equation 

The main prognostic equation in the LOTOS-EUROS model is the continuity 
equation that describes the change in time of the concentration of a component as a 
result of the following processes: 
– Transport  
– Chemistry 
– Dry and wet deposition 
– Emissions 

The equation is given by: 
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with C the concentration of a pollutant, U, V and W being the large scale wind 
components in respectively west-east direction, in south-north direction and in 
vertical direction. Kh and Kz are the horizontal and vertical turbulent diffusion 
coefficients. E represents the entrainment or detrainment due to variations in layer 
height. R gives the amount of material produced or destroyed as a result of 
chemistry. Q is the contribution by emissions, and D and W are loss terms due to 
processes of dry and wet deposition respectively. 

In the model the equation is solved by means of operator splitting. The time step is 
split in two halves and concentration changes are calculated for the first half time 
step in the following order:  
1. chemistry 
2. diffusion and entrainment 
3. dry deposition 
4. wet deposition 
5. emission 
6. advection 

Then for the second half time step the order is reversed. Note that if this cycle is 
repeated, two instances of the chemistry process are taken together with a whole 
time step. This can be computationally advantageous, because the time integration 
process does not have to be restarted for the second half time step.  

In the following chapters these processes are described in more detail. 
Furthermore, the input data are described. 
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2.2 Domain 

The master domain of LOTOS-EUROS is shown in Figure 2.1. The boundaries of 
the domain are 35 and 70 North and 10 West and 60 East. The projection is normal 
longitude-latitude and the standard grid resolution is 0.50° longitude x 0.25° 
latitude, approximately 25x25 km. By means of a control file the actual domain for 
a simulation can be set as long as it falls within the master domain as specified 
above.  

 

Figure 2.1 The domain of the LOTOS-EUROS modelling system. The example shows the 
average sulphur dioxide concentration (µg/m3) modelled for July, 1997.  

In the vertical there are three dynamic layers and an optional surface layer. The 
model extends in vertical direction 3.5 km above sea level. The lowest dynamic 
layer is the mixing layer, followed by two reservoir layers. The height of the 
mixing layer is derived from meteorological observations and interpolated by the 
Free University of Berlin or obtained from ECMWF analyses. Mixing layer heights 
are input into the model every 3 hours. The model uses linear interpolation within 
the time interval of 3 hours. The height of the reservoir layers is determined by the 
difference between ceiling (3.5 km) and mixing layer height (See Fig 2.2). Both 
layers are equally thick with a minimum of 50m. In some cases when the mixing 
layer extends near or above 3500 m the top of the model exceeds the 3500 m 
according to the abovementioned description. 
Optionally, a surface layer with a fixed depth of 25 m can be included in the model. 
Inclusion of this surface layer is especially useful when concentrations of primary 
constituents are to be simulated. 
For output purposes, a diagnostic layer is used to calculate concentrations near the 
surface (reference height is usually 3.6 m, but it can be changed). It uses the 
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concentrations of the lowest layer and calculates the vertical profile due to dry 
deposition. 
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Figure 2.2  An impression of the vertical grid system as function of the hour of the day. 
The surface layer of 25 m is optional. 

2.3 Run-options 

LOTOS-EUROS currently describes the distribution of oxidants, aerosols and 
POP’s over Europe. Simulations for these components are often coupled but this is 
not always necessary. For example, one may be interested in ozone but not in 
aerosols. Therefore, LOTOS-EUROS has the ability to perform simulations in 
different set-ups as specified with a control file. The following options are 
available: 

Oxidants 
To calculate ozone and other oxidant levels over Europe a gas phase chemistry 
scheme must be chosen. LOTOS-EUROS includes the condensed CBM-IV 
mechanism from LOTOS and the CB99 mechanism from EUROS. These schemes 
describe photochemistry using 29 or 40 tracers, respectively. The only aerosol 
species calculated in these schemes is sulphate. 

Secondary inorganic aerosol 
The option to calculate SIA invokes a call to the aerosol equilibrium module, 
which describes the equilibrium between ammonium nitrate and its gaseous 
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counterparts, ammonia and nitric acid. SIA calculations can only be performed in 
combination with the full oxidant scheme. 

Secondary organic aerosol 
This option invokes a call to the aerosol equilibrium module, which describes the 
formation of secondary organic aerosol (SOA). SOA calculations can only be 
performed in combination with the full oxidant scheme. 

Primary aerosol 
This option enables to switch on/off the calculations for primary aerosol 
components. At the moment, the primary components include primary PM2.5, 
PM10-2.5, Black Carbon (BC) and coarse and fine mode sea salt. The calculations 
for the primary components can be performed stand alone.  

Sulphur-only 
The sulphur-only option performs a simulation for SO2 and SO4 using predefined 
OH radical concentrations. Hence, the simulation comprises only 2 tracers and is 
very fast. The sulphur-only option can not be performed together with oxidant 
calculations as it does not make any sense.  

POP’s 
LOTOS-EUROS also contains a module to perform calculations for PAH’s and 
POP’s. The description of the model code for these compounds will be reported in 
a separate document. The code is based on the EUROS-POP module described by 
Jacobs en van Pul (1996). 
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3. Transport 

The transport consists of advection in 3 dimensions, horizontal and vertical 
diffusion, and entrainment. The advection is driven by meteorological fields (u,v) 
which are input every 3 hours. The two horizontal wind component u and v are 
derived from observations according to the Optimal Interpolation method 
(Kerschbaumer and Reimer, 2003). The wind components are “terrain following”. 
Terrain following means practically that the ground level wind patterns follow the 
orography of Europe. The inclusion of the orography is “ensured” in the process of 
making the meteorological fields. In the LOTOS model the wind components, as 
well as other meteorological components are input into the model.  The vertical 
wind speed w is calculated by the model as a result of the divergence/convergence 
of the horizontal wind fields. The recently improved and highly-accurate, 
monotonic advection scheme developed by Walcek (2000) is used to solve the 
system. The number of steps within the advection scheme is controlled by the 
Courant number. The number of steps is chosen such that the Courant restriction is 
fulfilled everywhere.  

Entrainment is caused by the growth of the mixing layer during the day. Each hour 
the vertical structure of the model is adjusted to the new mixing layer depth. After 
the new structure is set the pollutant concentrations are redistributed using linear 
interpolation. 

Horizontal and vertical diffusion 
The horizontal eddy diffusion coefficient Kh is defined as the product of an 
empirical constant η and a velocity deformation tensor Def . 

Kh = η |Def| 
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The empirical constant η has a value of 9000 m2 (Liu and Durran, 1977). The Kh 
value is constraint between 10 m2s-1 and an upper limit of 105 m2s-1. 

Vertical diffusion is described using the standard Kz-theory. The Kz values are 
calculated within the stability parameterisation and are described in the Chapter on 
meteorology. Vertical exchange is calculated employing the new integral scheme 
by Yamartino et al. (2005).  
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4. Chemistry 

Ozone is formed in the atmosphere through chemical reactions between nitrogen 
oxides (NOx) and volatile organic compounds (VOC). Tens of inorganic and 
hundreds of organic compounds are known to participate in thousands of 
photochemical reactions.  The explicit treatment of all of these compounds and 
reactions would be prohibitively complex in an Eulerian-based chemical transport 
model such as LOTOS-EUROS, especially when such a model is used for long-
term (multi-annual) calculations in the framework of regulatory purposes. Since 
condensation of atmospheric chemistry is required to reach a level of simplification 
imposed by computational constraints, methods for minimizing the size of a 
chemical mechanism have been proposed. 

A possible way of condensing the inorganic chemistry within photochemical 
mechanisms is through the lumping of species or the lumping of reactions utilising 
specific assumptions, e.g. steady state for some radicals. In the lumped structure 
approach, organic compounds are apportioned to one or more species on the basis 
of carbon-carbon bond type or on basis of a reactive group (Gery, 1989). For 
example, propane (CH3-CH2-CH3) is represented by three parafinic groups (PAR) 
since all three carbon atoms have only single bonds: propene (CH2=CH-CH3) is 
represented as one olefinic group (OLE) representing the carbon-carbon double 
bond, and one PAR representing the methyl group. 

The most widely applied mechanism using the lumped structure approach for 
representing urban photochemistry is the Carbon Bond-IV (CB-IV) mechanism. 
The CB-IV mechanism originally consisted of 81 reactions. It is probably the most 
widely used mechanism due to its good performance in polluted areas and its 
relative small number of reactions. In LOTOS-EUROS we use two different 
versions of CB-IV, called CBM-IV and CB99.  

The gas phase mechanisms also describe the photochemical formation of sulphuric 
acid and nitric acid, which drive the formation of secondary inorganic aerosol. 
Below we describe the set-up for CBM-IV and CB99 schemes as well as the 
aerosol chemistry. 

4.1 LOTOS chemistry including CBM-IV 

The gas phase photochemistry CBM-IV module in LOTOS-EUROS is a modified 
(condensed) version of the CBM-IV mechanism by Whitten et al. (1980). 
Characteristic for the Carbon-Bond Mechanism (CBM) are the structure molecules, 
such as PAR, ETH, FORM, ALD2, MGLY, XO2, XO2N, etc. The structure 
molecules represent parts of the organic molecules, only ETH has a one-to-one 
relation with ethane. The full mechanism including the reaction rate 
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parameterisation is shown in Annex A. The scheme includes 28 species and 66 
reactions, including 12 photolytic reactions. Compared to the original scheme 
steady state approximations were used to reduce the number of reactions. In 
addition, reaction rates have been updated regularly. The mechanism was tested 
against the results of an intercomparison presented by Poppe et al. (1996) and 
found to be in good agreement with results presented for other mechanisms. The 
chemistry scheme further includes gas phase and heterogeneous reactions leading 
to secondary aerosol formation as presented below. The CBM-IV chemistry is 
solved using the QSSA method. 

Sulphate production 
It is important to give a good representation of sulphate formation, since sulphate is 
an important aerosol component. In addition, it competes for the ammonia 
available to combine with nitric acid. Most models that represent a direct coupling 
of sulphur chemistry with photochemistry underestimate sulphate levels in winter 
in Europe. This feature can probably be explained by a lack of model calculated 
oxidants or missing reactions (Khasibatla et al., 1997). Therefore, in addition to the 
gas phase reaction of OH with SO2 (in CBM-IV) we represent additional oxidation 
pathways in clouds with a simple first order reaction constant (Rk), which is 
calculated as function of relative humidity (%) and cloud cover (ε): 
Rk = 8.3e-5 * (1 + 2*ε)     (s-1), for RH < 90 % 
Rk = 8.3e-5 * (1 + 2*ε) * [1.0 + 0.1*(RH-90.0)]  (s-1), for RH ≥ 90 % 

This parameterization is similar to that used by Tarrason and Iversen (1998). It 
enhances the oxidation rate under cool and humid conditions. With cloud cover and 
relative humidity of 100 % the associated time scale is approximately two hours. 
Under humid conditions, the relative humidity in the model is frequently higher 
than 90 % during the night.  

Heterogeneous N2O5 chemistry 
The reaction of N2O5 on aerosol surfaces has been proposed to play an important 
role in tropospheric chemistry (Dentener and Crutzen, 1993). This reaction is a 
source for nitric acid during night time, whereas during the day the NO3 radical is 
readily photolysed. We parameterised this reaction following Dentener and Crutzen 
(1993). In this parameterisation a Whitby size distribution is assumed for the dry 
aerosol. The wet aerosol size distribution is calculated using the aerosol associated 
water obtained from the aerosol thermodynamics module (see below). The reaction 
probability of N2O5 on the aerosol surface has been determined for various 
solutions. Reaction probabilities between 0.01 and 0.2 were found (Jacob, 2000 
and references therein). A study by Mentel et al. (1999) indicates values at the 
lower part of this range. Therefore, we use a probability of γ = 0.05, which is 
somewhat lower than the generally used recommendation by Jacob (2000). In the 
polluted lower troposphere of Europe, however, the hydrolysis on the aerosol 
surfaces is fast, with lifetimes of N2O5 less than an hour (Dentener and Crutzen, 
1993). Therefore the exact value of γ does not determine the results strongly. Due 
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to the limited availability of detailed cloud information, we neglect the role of 
clouds on the hydrolysis of N2O5, which may also contribute to nitric acid 
formation. However, due to the very fast reaction of N2O5 on aerosol in polluted 
Europe, the role of clouds on N2O5 hydrolysis is probably less important. 

4.2 EUROS chemistry including CB99 

The second gas phase chemistry mechanism that is included in LOTOS-EUROS, 
CB99, is the officially documented and vindicated version by Adelman (1999). 
CB99 is presented as an updated version of the mechanism and is produced 
through a critical review of the relevant literature. Kinetic and minor mechanistic 
updates are applied to the mechanism to make it consistent with the currently best 
available information.  Empirical verification for each major change is presented 
through modeling Outdoor Chamber and Indoor Teflon smog-chamber 
experiments. Quantitative and qualitative analyses are presented on the 
performance of the new mechanism and its predications are compared to those of 
two older versions of CB-IV. Adelman shows that CB99 exhibits extremely good 
performance in modelling a wide range of experiments in multiple smog chambers. 
He recommends the new mechanism for future applications of regulatory air 
quality simulation models and areas for further improvement are discussed. 

CB99 includes 42 species and 95 reactions, including 13 photolytic reactions. 
Major changes comprise the addition of four reactions with sulphur dioxide, 
methanol and ethanol, see also Carter (1994), and an updated CB-IV isoprene 
chemistry mechanism based on the work of Carter (1996). The translation of this 
updated CB-IV isoprene chemistry mechanism into CB-IV components is given in 
Whitten et al. (1996). The full chemical mechanism is given in Annex B. The 
CB99 chemistry is solved using the a Rosenbrock-3 method. 

4.3 Aerosol chemistry in LOTOS-EUROS 

Semi-volatile aerosol species are species that maintain equilibrium between the 
aerosol and gas phase. Ammonium nitrate is a well known example but also 
organic species can be described as semi-volatile components. Below we specify 
the methods used to calculate the formation of these components in LOTOS-
EUROS. 

4.3.1 SIA: Ammonium nitrate 

Three thermodynamic equilibrium modules can be used to describe the equilibrium 
between gaseous nitric acid, ammonia and particulate ammonium nitrate and 
ammonium sulphate and aerosol water. The three modules are ISORROPIA (Nenes 
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et al., 1998), MARS (Binkowski and Shankar, 1995; Schaap, 1999) and EQSAM 
(Metzger et al., 2004). Equilibrium between the aerosol and gas phase is assumed 
at all times. For sub-micron aerosol this equilibrium assumption is valid in most 
cases, but it may not be valid for coarse fraction aerosol (Meng and Seinfeld, 
1996). As our model does currently not incorporate the reaction of nitric acid with 
sea salt the results of our equilibrium calculations over marine and arid regions 
should be interpreted with care (Zhang et al., 2001). 

4.3.2 Secondary organic aerosol 

Secondary biogenic aerosol concentrations may contribute significantly to the total 
aerosol mass, especially in remote regions. There are little to no measurements of 
these compounds and there is only very limited experimental knowledge on their 
formation in the atmosphere. Moreover, large parts of the SOA arise from 
condensed biogenic precursors whose emissions are still not well known. Hence, 
the model description and its results are very uncertain. Below we describe the 
module that computes the secondary biogenic aerosol concentrations, which can 
optionally be turned on during a model run.  
Secondary organic aerosols are computed in a similar way as their inorganic 
counterparts, starting with a number of organic precursors, in literature usually 
called Reactive Organic Gases (ROG). These organic gases react with OH, the NO3 
radical and O3 (or with a subset of these species) resulting into a number of 
products (Schell, 2000), schematically represented by  
ROG + OH  → Σ αi Ci 
ROG + NO3  → Σ αi Ci 
ROG + O3  → Σ αi Ci 

The products Ci are partitioned between the gas-phase and the aerosol-phase 
through equilibrium. In order to calculate the equilibrium concentrations, the 
module SORGAM is used. This module takes into account 8 different degradation 
products (from the reaction of an ROG with OH, NO3 or O3). Mainly the biogenic 
precursors (isoprene, α-pinene) lead to degradation products that give contributions 
to the aerosol-phase. Anthropogenic ROGs hardly result into a significant 
contribution to the SOA concentrations. 

Since we think that the SOA concentrations are small (on average), they are 
neglected in most LOTOS-EUROS applications, since they require a 
disproportional amount of extra CPU time. Recall that 16 additional species (8 gas 
phase and 8 aerosol phase) need to be taken into account. 
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5. Dry deposition 

The dry deposition in LOTOS-EUROS is parameterised following the well known 
resistance approach: 

( ) ( ) cba
d RRdzR

zV
++−

=
1  

Ra: aerodynamic resistance 
Rb: viscous sub-layer resistance 
Rc: surface resistance. 

The deposition speed is described as the reciprocal sum of three resistances: the 
aerodynamic resistance, the viscous sub- layer resistance and the surface resistance. 
The aerodynamic resistance is dependent on atmospheric stability and is calculated 
with the stability part of the model. The method used to describe this resistance can 
be found in Chapter 7 on Meteorology. The viscous sub-layer resistance and the 
surface resistances for acidifying components and particles are described following 
the EDACS system developed at ECN. The description of this system is 
incorporated in Annex C. EDACS includes parameterisations for SO2, NH3, NO, 
NO2, HNO3 and fine and coarse mode aerosol. 
The EDACS system does not parameterise surface resistances for ozone 
deposition, which we describe below. Further, we present how we estimate the 
concentrations at measuring height. 

5.1 Surface resistance of ozone  

For the surface resistance of ozone we have adopted the same structure as for the 
acidifying components in EDACS (see Annex C, and Fig 5.1). Hence the Rc value 
is parameterised as follows:  
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snow cover: 

Rc=Rsnow  
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Figure 5.1 Resistance analogy approach in dry deposition models. 

Table 5.1 shows the surface resistance values for soil surfaces (Rsoil), snow-covered 
surfaces (Rsnow) and water surfaces (Rwat). The formulation of all other resistances is 
discussed in Annex C. 

Table 5.1  Ozone surface resistance values (s m-1) for soil surfaces (Rsoil),  
snow-covered surfaces (Rsnow) and water surfaces (Rwater).  

Resistance type Resistance(s m-1) 

Rsoil 200 
Rwater 2000 
Rsnow 2000 

5.2 Concentrations at measureing height 

The LOTOS-EUROS system contains the option to diagnose the concentration (cg) 
at measuring height (zg). To diagnose the concentration at measuring height we use 
that the deposition flux is constant over height. It follows that: 
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The aerodynamic resistance from measuring height (zref) to the height (z) for 
which the dry deposition speed is calculated in the stability module of LOTOS-
EUROS. The abovementioned approach is used for all components except Ozone 
and NOx.  
For O3 and NOx we assume a photochemical steady state within the profile. We 
asess the Ox and NOx concentratrion at measuring height using the Ox and NOx 
deposition speeds: 

[NO2] * k1 = [NO] * [O3] * k3 

The reaction rates k1 and k2 are given in Annex A and B. Solving this equation by 
using NO=NOx-NO2 and O3 = Ox-NO2 gives the equilibriated ground level 
concentrations. 
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6. Wet Deposition 

In LOTOS-EUROS wet deposition is treated in a simplified way. As the 
meteorological input does not contain detailed information on clouds the in-cloud 
scavenging of gases and aerosols is neglected. Hence, below we describe the 
parameterisations for below cloud scavenging only. 

6.1 Gases 

The standard method to calculate wet deposition for soluble gases is described 
below.  

We define the following parameters: 
M: mass (µg) 
Cwater:  concentration of component in water (rain), i.e. mass of component per 

volume of water (µg/m3) 
Cgas:  concentration of component in gas phase, i.e. mass of component per 

volume of air (µg/m3) 
t: time (h) 
∆t: time step (h) 
V: volume (m3) 
A:  horizontal area (m2) 
∆z: layer depth (m) 
P: precipitation rate (m/h) 
W: washout ratio, the ratio Cwater/Cgas 

Exchange of mass takes place between gas in the air and the raindrops. 
Conservation of mass says: 

)()()()( tMttMtMttM waterwatergasgas −∆+−=−∆+ . (1.) 

Since the volume of water is tAP∆ , we can write this equation for concentrations: 

[ ] [ ])()()()( tCttCtPtCttCzA waterwatergasgas −∆+∆−=−∆+∆ . (2.) 

We now assume that the process of falling rain from upper layers and mass getting 
into the raindrops can be split (operator splitting) in the following way: compute 
the water concentration at the end of the time step in the uppermost layer, then 
assume that concentration to be the input concentration for the next (lower) layer. 
Thus proceed to lower layers. Defining *

waterC the water concentration of the layer 
above the current layer (which has been computed in previous stages and is 
assumed constant in the current layer), then the operator splitting leads to:  
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** )()( waterwaterwater CttCtC =∆+= . 

Eq. (2.) then reads: 

[ ] [ ]*)()()( watergasgasgas CttWC
z
tPtCttC −∆+

∆
∆

−=−∆+ . (3.) 

Dividing by t∆ and letting 0→∆t , we get the differential equation 
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Defining d, the concentration change within a layer due to wet deposition: 

[ ] ( )( )ztWP
W

CtCtCttCd water
gasgasgas ∆∆−−








−=−∆+−= /exp1)()()(

*

0

 

The concentration *
waterC in layer l+1 is computed by accumulation of mass caught 

in rain in upper layers: 

( ) ( )[ ] ( ) ( )[ ]
( )

∑ ∑∑
> >> ∆

∆
=−∆+

∆
∆

=−∆+=
lk lk

l
k

gas
k

gas
lk

k
water

k
waterwater tP

zdtCttC
tP

ztCttCC )()()()(*

 

Note that there is only exchange of mass to the raindrops in layer l, if the 
concentration in the falling raindrops is still lower than )(l

waterC (the restriction 
*)()(
water

l
gas

l
water CWCC >= should hold).  

The following algorithm is used to compute wet deposition: 

Go from upper layer to below: 

if (return_to_atmosphere1 OR (not_return_to_atmosphere AND *)(
water

l
gas CWC > )) 

                                                      
1  note that if it is possible for a component to return from the aqueous phase to the 

atmosphere, the concentration change due to wet deposition d(l) can be negative 
and Cgas can increase 
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The meteorological input for LOTOS-EUROS supplies the amount of precipitation 
that reaches the ground. In reality, precipitation is on average only 50% effective 
which means that half of the rain drops evaporate before the drops reach the 
ground. This effect, which redistributes tracer mass in an air column, is neglected 
in the current version of LOTOS-EUROS 

Table 6.1 Overview of below cloud scavenging coefficients for gases. 

Component Λbc (*106) 

SO2 0.15 
HNO3 0.5 
NH3 0.5 
H2O2 0.5 
HCHO 0.05 

6.2 Aerosols 

For particles the wet deposition is calculated following Scott (1979): 

E
V

PA
dt
dC

rd

**
=  

A = 5.2 m3 kg-1 s-1 
P = precipitation rate [m/s] 
Vrd = Fall speed of rain droplet [m/s] 
E = Collection efficiency 

Table 6.2 Collection efficiency for aerosol particles in LOTOS-EUROS. 

SO4 0.1 
NO3 0.1 
NH4 0.1 
PPM fine 0.1 
PPM coarse 0.4 
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6.3 Alternative scheme for below cloud scavenging of gases 

LOTOS-EUROS also contains an alternative and simple parameterisation to 
describe the below scavenging of gaseous species. The scavenging of a soluble 
component C is given by: 

z
P

dt
dC bc

∆
Λ

=
*  

Λbc = Below-cloud scavenging coefficient 
P = precipitation rate [m/s] 
∆z = scavenging scale depth [=1000 m]  

The scavenging coefficients (Λbc) were adopted from EMEP (2004; website) and 
are listed in Table 6.3.  

Table 6.3 Overview of below cloud scavenging coefficients for gases. 

Component Λbc (*106) 

SO2 0.15 
HNO3 0.5 
NH3 0.5 
H2O2 0.5 
HCHO 0.05 
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7. Meteorology 

The model has an off-line meteorology: the meteorological fields are input every 3-
hour. The fields are provided by ECMWF and FUB (see annex for abbreviations). 
There is a choice to select one of the two data sets. At the moment, ECMWF data 
sets available to the model cover the meteorological years 1990 till 2004. For the 
FUB data set, the period 1995-2004 is covered, and in the near future the extension 
to 1990-1994 will be made. 

7.1 FUB data 

Meteorological data are obtained from the Free University of Berlin (FUB).  
The meteorological data are produced at the FUB employing a diagnostic meteoro-
logical analysis system based on an optimum interpolation procedure on isentropic 
surfaces. The system utilizes all available synoptic surface and upper air data 
(Reimer and Scherer, 1992; Kerschbaumer and Reimer, 2003).  
The output on the horizontal domain of LOTOS-EUROS of this system is available 
at TNO. The actual vertical interpolation is performed using a preprocessor at 
TNO, which enables to specify the vertical resolution, e.g. the vertical extent and 
the number of layers within and above the mixing layer.  
The available meteorological input parameters are listed in Table 7.1. Most of the 
parameters are used in the model. However, the height of the cloud top and base 
and the stability parameters are not incorporated. Cloud base and top height are 
excluded because the quality of the data is not good enough. The stability 
parameters are calculated inside the model for consistency reasons.  
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Table 7.1 The meteorological parameters available in the FUB data. 

Parameter  

U-wind component [m/s]    
V-wind component  [m/s]    
Temperature  [K]      
Water vapour     [ppm]    
Density         [Kg/m3] 
Obukov-Monin length*     [m]      
Ustar*           [m/s]    
Precipitation         [mm/3h]   
10m wind speed         [m/s]    
2m temperature          [K]      
Cloud cover        []   
Mixing layer height     [m]      
Surface temperature   [K]      
Surface humidity*       [%] 
Cloud top*           [m]      
Cloud base*          [m]      
Solar radiation         [W/m2] 
Snow fall            [mm/3h]   
Layer heights          [m]      

A few meteorological parameters are calculated or adjusted inside the model. The 
relative humidity is calculated from the water vapour concentration using the 
Claussius-Clapeyron relation. In addition, we neglect rain when the 3-hour 
accumulated amount of rain is less than 0.3 mm. A limit value was necessary as the 
rain amounts are very often negligibly small but non zero, which results in a wetted 
surface. A wet surface has a large impact on the dry deposition speeds for some 
components, e.g. ozone. Consequently, without the limit value these very small 
rain amounts would affect the dry deposition fluxes significantly. Finally, stability 
parameters are calculated online, see below. 

7.2 ECMWF data 

A meteorological preprocessor has been built to transform meteorological fields 
derived from ECMWF to input files that LOTOS-EUROS can read. Fields are 
interpolated from the ECMWF grid (resolution 0.5625° x 0.5625°) to a ½ ° x ¼ ° 
(longitude x latitude) grid, as used by LOTOS-EUROS.  

The meteorological preprocessor comprises the following steps: 
– read single-layer HDF files with ECMWF meteo fields:  

temperature at 2 m 
cloud cover 
boundary layer height 
relative humidity at 2 m 
wind velocity at 10 m 
precipitation  
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– interpolate meteo fields in space  
– set heights of LOTOS-EUROS model layers, using the boundary layer height 
– read multi-layer HDF files with ECMWF meteo fields 

geopotential 
temperature 
x-component of wind velocity 
y-component of wind velocity 
relative humidity 

– interpolate meteo fields in (horizontal) space  
– interpolate from ECMWF pressure levels to middle of LOTOS layers, using 

the geopotential 
– write meteo fields to binary GRADS format 

Most ECMWF meteorological fields are available for each 3 hours; if there are 
only data available each 6 hours, an extra temporal interpolation step is performed 
in order to get output each 3 hours.  

Wind components in LOTOS-EUROS are “terrain following”. Terrain following 
means practically that the ground level wind patterns follow the orography of 
Europe. The inclusion of the orography is “ensured” within the vertical 
interpolation process of the meteorological fields, because measured horizontal 
wind speeds are used in the procedure, and these measured wind speeds contain 
implicitly the terrain features. 

A few meteorological parameters are calculated or adjusted inside the model. After 
the fields are read, the model calculates the corresponding vertical velocity fields 
(w) according to the mass conservation law of incompressible fluids. Further, the 
water vapour concentration is calculated using the Claussius-Clapeyron relation. In 
addition, we neglect rain when the 3-hour accumulated amount of rain is less then 
0.3 mm. A limit value was necessary as the rain amounts are very often negligibly 
small but non zero, which results in a wetted surface. A wet surface has a large 
impact on the dry deposition speeds for some components, e.g. ozone. 
Consequently, without the limit value the very small rain amounts would affect the 
dry deposition fluxes significantly. Finally, stability parameters are calculated 
online, see below. 

Linear interpolation is used to derive the meteorological fields at the interval times 
between the update times (0h, 3h, etc).   
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7.3 Stability and vertical diffusion coefficient 

The vertical diffusion coefficient Kv is determined by: 

( )L
z
U

Kv
φ
κ ∗=  

where 
κ = von Karman constant (0.35) 
U  = friction velocity 
z = height 

L = Monin-Obukov length 
Φ= function proposed by Businger et al. (1971). 

The Monin-Obukov length L is determined as follows: 

SEzSaaSL 0
)(1 2

21 +=  

with a1 and a2 being constants (0.004349 and 0.003724 respectively), z0 the surface 
roughness length and S and SE given by: 

( ))(5.00.35.0 CEabsUS s +−−=  

2
321 )( SbSabsbbSE ++=  

with b1, b2 and b3 being constants (-0.5034, 0.2310 and –0.0325 resp.). Us is the 
wind speed near the surface (given as input into the model) and CE is an exposure 
factor depending on cloud cover and solar zenith angle. 

For a stable atmosphere (L>0) the expression of the empirical function Φ is: 







+=








L
z

L
z

s 7.41φ  

For an unstable atmosphere (L<0) the expression is: 
25.0
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−=








L
z

L
z

uφ  

For a neutral atmosphere the function is equal to unity. 
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The friction velocity follows from: 

f
UU rκ

=∗  

with Ur being the wind speed at a reference height (10 m) given as input into the 
model. 

The function f in a stable atmosphere is given by: 
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In an unstable atmosphere the function f is: 
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with the empirical function for an unstable atmosphere Φu applied on the reference 
height zr and on the height of the surface roughness z0. 

Aerodynamic resistance 
From the stability parameters presented above one can easily calculate the 
aerodynamic resistance: 

dz
zU

zRa
h

z
∫

∗

=
0

)(
κ
φ  

It follows that: 

*U
f

Ra h

κ
=  

with fh analogous to function f but instead of reference height the integral is taken 
to the height to which the aerodynamic resistance is required. 
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8. Emissions 

8.1 Anthropogenic Emissions  

The major driver of the LOTOS-EUROS system is the anthropogenic emission 
data of VOC, SOx, NOx, NH3, CO, CH4 and PM. In the framework of UBA-project 
FKZ 202 43270, a European-wide emission data base for the year 2000 has been 
made on grids of 0.25 x 0.125 latlong, about 15 x 15 km2. The emission sectoral 
totals have been scaled to conform to the latest country submissions to EMEP for 
the year 2000, whenever available ( Visschedijk and Denier van der Gon, 2005). 
The database contains a separation between area and point source information. This 
database for point sources has been set up already in the 80s and has been updated 
since, using various sources of information such as national authorities, contacts 
with (local) experts, industrial interest organisations, various proprietary data bases 
etc. PM emissions for 2000 are assumed to be the same as those in the CEPMEIP 
project (derived for 1995). The reasoning is that the uncertainty in the emission 
estimate is much larger than the trend in the PM emissions. The CEPMEIP 
database does not specify the composition of the emitted particles. Therefore, black 
carbon emissions were derived from the primary PM2.5 emissions. The BC 
emissions are calculated in the model from the estimated BC-fractions per country 
and source category (Schaap et al., 2004b). We assume 2% of the SO2 emissions to 
be emitted as particulate sulphate. 

8.1.1 Time- and temperature factors 

The basic information, which is also the input data for the chemistry-transport-
model (LOTOS-EUROS), is the gridded yearly averaged anthropogenic emission 
database. However in reality emissions of specific source categories, as for 
example road transport, fluctuate in time and/or with temperature. The time and 
temperature factors that are in use LOTOS-EUROS are the result of a critical 
review of these factors within the TROTREP project (Builtjes et al., 2003). The 
factors used are specified in the tables below. 
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The hour of day is local time, hence information over the deviation from GMT is 
needed for each country. The following time-zones are incorporated: 

GMT+0 UK, Ireland, Iceland and Portugal 

GMT+1 all other European countries except those listed with GMT+2: 

GMT+2 for Finland, Estonia, Latvia, Belarus, Ukrain, Moldavia, Romania, 
Bulgaria, Greece and Turkey 

GMT+3 Azerbaidjan, Armenia, Georgia, Russia untill the Oeral. 

Currently it is assumed that all countries have the shift from summer to wintertime 
and vice versa at the same days, i.e. the last Sunday of October and March, 
respectively. 

In addition to the time factors specified above in Table 8.1 to 8.4, a temperature 
factor for road transport, categories 7a and 7b, is applied for the emissions of VOC 
and CO. Their emissions are assumed to decrease linearly with temperature, as 
shown in Figure 8.1. 

0.6
0.8

1
1.2

1.4
1.6
1.8

-30 -20 -10 0 10 20 30 40
temperature (C)
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CO

 

Figure 8.1 Temperature factors to be applied for VOC and CO from road transport 
category (71 and 72: gasoline and diesel). 

The higher emissions for VOC and CO at lower temperatures are due to the so-
called “cold start”. 
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8.1.2 NMVOC-speciation 

CBM-IV uses nine primary organic species (i.e., species emitted directly to the 
atmosphere as opposed to secondary organic species formed by chemical reaction 
in the atmosphere).  Most of the organic species in the mechanism represent 
carbon-carbon bond types, but ethene (ETH), isoprene (ISOP) and formaldehyde 
(FORM) are represented explicitly. CB99 includes two additional primary organic 
species, methanol (MEOH) and ethanol (ETOH).  The carbon-bond types include 
carbon atoms that contain only single bonds (PAR), double-bonded carbon atoms 
(OLE), 7-carbon ring structures represented by toluene (TOL), 8-carbon ring 
structures represented by xylene (XYL), the carbonyl group with adjacent carbon 
atom and higher molecular weight aldehydes represented by acetaldehyde (ALD2), 
and non-reactive carbon atoms (NR). 

Many organic compounds are apportioned to the carbon-bond species based simply 
on the basis of molecular structure. For example, propane is represented by three 
PARs since all three carbon atoms have only single bonds, and propene is 
represented as one OLE (for the one carbon-carbon double bond) and one PAR (for 
the carbon atom with all single bonds).  Some apportionments are based on 
reactivity considerations, however. For example, olefins with internal double bonds 
are represented as ALD2s and PARs rather than OLEs and PARs. Further, the 
reactivity of some compounds may be lowered by apportioning some of the carbon 
atoms to the non-reactive class NR. For example, the less reactive ethane (C2H6) is 
represented as 0.4 PAR and 1.6 NR)(EPA, 1999).  Apportioning rules have been 
established for many organic compounds and can be found in e.g. Gery (1989), US 
EPA (1989) and Carter (1994). 

The NMVOC emissions are split into the model species as presented in Table 8.5 
and 8.6 for CBM-IV and CB99, respectively. Presently, we use the VOC-splits as 
used in LOTOS for CBM4 and EUROS for CB99. Hence, the splits are not 
internally consistent. The split for CB99 is derived from Barrett and Berge (1996) 
(see also Brouwer, 2005). The split for CBM4 is based on the emission inventory 
of VOC’s, which are specified in 125 different species or classes. These species are 
translated to Carbon bond species. The total and lumbed VOC emissions within a 
SNAP 1 sector are summed to arrive at the total VOC mass and the total moles of 
the lumbed Carbon Bond species, which were used to determine the average VOC-
split for a SNAP 1 category. 
A newer version of the split for the CBM4 gas phase chemistry scheme is available 
from the TROTREP project. The major differences between the current used CBM-
IV and TROTREP split are the amount of PAR and UNR species. The TROTREP 
split yields more PAR which is included as UNR (=Unreactive) in the present split. 
For a detailed comparison of the available VOC-splits we refer to Brouwer (2005). 
For 2006 an update of the VOC-splits to arrive at harmonisation between the 
schemes is foreseen. 



TNO-report 

 

38 of 57 TNO-B&O-A − R 2005/297 

 

Table 8.5 VOC-speciation used for CBM-IV(mol/ (Kg VOC)). 

 S OLE PAR* TOL XYL FORM ALD ETH UNR 

Power generation 1 0.45 7.08 0.22 0.09 1.04 1.70 5.36 38.00 
Small combustion sources 2 0.45 7.08 0.22 0.09 1.04 1.70 5.36 38.00 
Industrial combustion 3 0.45 7.08 0.22 0.09 1.04 1.70 5.36 38.00 
Industrial processes 4 2.18 24.55 0.84 0.42 2.03 0.28 7.14 16.06 
Extraction distribution of fossil fuels 5 0.45 7.08 0.22 0.09 1.04 1.70 5.36 38.00 
Solvent use 6 0.10 39.85 0.65 0.75 0.00 0.52 0.19 2.95 
(Road transport) (7) 0.25 29.35 1.35 1.66 0.87 0.71 2.18 10.48 
Other mobile sources 8 0.45 7.08 0.22 0.09 1.04 1.70 5.36 38.00 
Waste treatment and disposal 9 0.45 7.08 0.22 0.09 1.04 1.70 5.36 38.00 
Agriculture 10 0.45 7.08 0.22 0.09 1.04 1.70 5.36 38.00 
Road transport gasoline 71 0.25 29.35 1.35 1.66 0.87 0.71 2.18 10.48 
Road transport diesel 72 0.20 44.13 0.25 0.25 2.27 0.72 3.93 5.69 
Road transport lpg 73 0.20 44.13 0.25 0.25 2.27 0.72 3.93 5.69 
Road transport evaporation 74 0.81 63.03 0.16 0.05 0.27 1.34 0.00 0.98 

*  PAR also includes the original CBM4 species ACET and KET following PAR = PAR + 3 ACET 
+ 4 KET  

The split for CB99 does not contain toluene (TOL). The reason is that in the past 
all toluene was attributed to xylene (XYL). The actual split between these 
compounds could not be recovered. 

Table 8.6 VOC-speciation used for CB99 (mol/ (Kg VOC)). 

 S OLE PAR TOL XYL FORM ALD2 ETH UNR MEOH ETOH 

Power generation 1 2.19 24.29 0.00 0.60 0.73 0.55 5.75 0.00 0.13 4.85 
Small combustion sources 2 2.19 24.29 0.00 0.60 0.73 0.55 5.75 0.00 0.13 4.85 
Industrial combustion 3 2.19 24.29 0.00 0.60 0.73 0.55 5.75 0.00 0.13 4.85 
Industrial processes 4 0.00 0.80 0.00 0.17 0.03 0.05 0.68 0.00 0.03 20.33 
Extraction distribution of fossil fuels 5 2.19 24.29 0.00 0.60 0.73 0.55 5.75 0.00 0.13 4.85 
Solvent use 6 0.00 26.79 0.00 5.81 0.00 0.50 0.00 0.00 0.00 4.35 
Road transport gasoline (7) 1.81 23.79 0.00 7.83 0.53 0.25 3.07 0.00 0.00 1.91 
Other mobile sources 8 2.19 24.29 0.00 0.60 0.73 0.55 5.75 0.00 0.13 4.85 
Waste treatment and disposal 9 2.19 24.29 0.00 0.60 0.73 0.55 5.75 0.00 0.13 4.85 
Agriculture 10 2.19 24.29 0.00 0.60 0.73 0.55 5.75 0.00 0.13 4.85 
Road transport gasoline 71 1.81 23.79 0.00 7.83 0.53 0.25 3.07 0.00 0.00 1.91 
Road transport diesel 72 1.81 23.79 0.00 7.83 0.53 0.25 3.07 0.00 0.00 1.91 
Road transport lpg 73 1.81 23.79 0.00 7.83 0.53 0.25 3.07 0.00 0.00 1.91 
Road transport evaporation 74 1.81 23.79 0.00 7.83 0.53 0.25 3.07 0.00 0.00 1.91 
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8.2 Biogenic emissions  

8.2.1 NMVOC and NO 

In the LOTOS-EUROS the biogenic NMVOC-emissions from forests are given by 
a method developed by Veldt (1991). Apart from the difference between 
deciduous, coniferous and mixed forest, the only other parameter was ambient 
temperature. Extensive studies by Guenther showed that next to ambient 
temperature also the Photosynthetic Active Radiation (PAR) is important Guenther 
(1994). These findings by Guenther (1994) have been applied to Europe by 
Simpson et al. (1995). 
Although many uncertainties still exist, the method by Simpson is the most suited 
at the moment. However, this method distinguishes in more detailed forest types as 
currently available in our current land use database, PELINDA. Hence, we have 
not updated our scheme yet and still use the method by Veldt (1991). 
In the UBA-project FKZ 202 43270 a new CORINE/Smiatek land use data base 
has been made incorporating detailed tree-species information based on Lenz et al. 
(2001) containing 115 different tree-species on grids of 1 x 1 km2 over Europe. 
This land use data base will be used in the near future to determine biogenic 
emissions. 

For isoprene the following formula is currently used: 

)0.273*(06.05

)0.273*(06.05

*10403.0

*10115.0
−−

−−

⋅=

⋅=
Tk

decid

Tk
conif

eE

eE
 

Econif/decid  Isoprene emission strength (g/m3/hr) 
Tk  Temperature (K) 

The emission only occurs during daylight. The emission strength is weighted with 
the area covered with deciduous and/or coniferous forest. 

Monoterpene emissions are included in the calculation for biogenic secondary 
aerosol concentrations. Monoterpene emissions, a-pinene and d-limoneen, are 
assumed to occur only from coniferous forest. For both species the following 
emission strength is calculated:  

)0.303*(09.05 **100.4 −−⋅= Tk
conif eCE  

Econif  Emission strength (g/m3/hr) 
Tk  Temperature (K) 
C  Constant, C is 0.23 for d-limonene and 0.21 for a-pinene 
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The emission only occurs during daylight. The emission strength is weighted with 
the area covered with coniferous forest. 

Previous studies indicated only about 4 % of the total NO emissions to be biogenic. 
For this reason we neglect the biogenic emission of NO at the moment. The 
formulation by Yienger and Levy, 1995 has also been implemented in test-form 
and will be used in the near future. 

8.2.2 Sea salt 

The sea salt emission fluxes in LOTOS-EUROS are currently described using the 
source formulation by Monahan et al. (1986). This source formulation is an 
empirical relation between the the whitecap cover, average decay time of a 
whitecap, the number of drops produced per square meter of whitecap and the 
resulting droplet flux dF/dr: 
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dF/dr  source flux of salt particles per increment of drop radius (µm-1m-2s-1) 
rp  wet droplet radius (µm) 
U10  wind speed at ten meter (m s-1) 
W(U10) surface fraction covered with whitecap 
dE/dr  droplet flux per increment of drop radius per unit whitecap (µm-1m-2) 

The implementation required to translate the particle flux provided by Monahan 
(1986) into a sea salt mass flux. As sea salt is most probably a wet aerosol after 
emission we have to account for the fact that the dry radius determines the sea salt 
mass and that the wet radius determines the atmospheric lifetime. The relation 
between dry and wet radius varies with relative humidity but for simplicity we 
assume a constant particle size. At a relative humidity of 80% the particle radius rp 
and dry particle radius rd are related as follows: 

rp = 2.0*rd 
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Such a particle has a salt mass content mp of: 
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3
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With NaClρ  the density of salt (2.17 10-6 µg/m3). The salt mass flux is simply given 
as: 
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The mass flux is obtained by integrating equation x with respect to rp. As the 
modelling of sea salt is usually performed in several size bins to account for the 
lifetime differences between particles of different size, the mass flux for each bin n 
is taken into account. The constant E and function f are independent of rp and can 
be taken outside the integral: 
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where rn and rn-1 are the upper and lower limits of each bin. The numeric value of E 
is 1.56 10-6 and the value for f(U10) is evaluated every hour in the model using the 
meteorological parameters from the model.  
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The sea salt module consists of two parts. The first part integrates the size 
dependent part (I) of the emission formulation over the size bins chosen for the 
simulation. The lowest size bin is integrated starting from 0.14 um as the Monahan 
function has not been validated for particles smaller than this size. These 
calculations are only performed at the start of the simulation. The second part of 
the module contains the actual calculation of the emission strength and is called 
every hour. The total flux is scaled with the percentage sea in the grid cell.  
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9. Land-use  

Land-use describes the type of land that covers the surface. It is important to 
establish deposition velocities, in particular the uptake rate and the surface 
roughness. Also it is required to determine the biogenic emission fluxes, such as 
isoprene and terpene emissions from forests. 
Land use and land cover are also important for future calculations of NO-soil 
emissions and wind blown dust and agricultural emissions from ploughing etc 

The land-use data set that is used in the model is the so-called PELINDA data-base 
(de Boer et al., 2000). The NOAA AVHRR NDVI monthly maximum value 
composites are the main data source for the land cover classification. The 1997 
composites have been used. The land cover categories are listed in Table 9.1. 

Table 9.1  Land use classes used in Pelinda (de Boer et al., 2000). 

urban area 
arable land 
irrigated arable land 
permanent crops 
pastures 
natural grassland 
shrubs and herbs 
coniferous forest 
mixed forest 
deciduous forest 
bare soil 
permanent ice and snow 
wetlands 
inland water 
sea 

The PELINDA data base has a resolution of approximately 1x1 km. This is 
converted into a database on the LOTOS-EUROS grid. Each grid is characterised 
by the fraction of land-use in that particular grid cell. A grid cell is not typified by 
one land-use category but is often a combination of several categories. 

For European Russia a comparison was made with land-use databases from 
Russian sources and it was decided to use the Russian data base (Stolbovoi and 
McCallum, 2002) 

To apply the EDACS system for dry deposition we have adapted the land use data 
used by LOTOS-EUROS, since DEPAC only uses a subset of the land use 
categories. The conversion of these land use classes is not trivial, and it needs 
further attention. The conversions we made are listed in Table 9.2.  
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Table 9.2  Conversion of Land use categories from Pelinda to DEPAC. 

DEPAC Pelinda database 

Grass Pastures + natural grassland + shrubs and herbs 
Arable  Arable land + irrigated arable land  
Permanent crops permanent crops 
Coniferous forest Coniferous forest + 0.5 Mixed forest 
Deciduous forest Deciduous forest + 0.5 Mixed forest 
Water inland water + sea + wetlands + snow or ice 
Urban Urban area 
Other Bare soil 
Desert 0.0 

As has been mentioned under biogenic emissions, recently in the UBA project a 
new land use data base has been made based upon CORINE/Smiatek. 
Because the CORINE land use data base has an official status, the so-called 
Corine/Phare land cover data from EEA, this land use data base will be 
incorporated into the LOTOS-EUROS model in the near future. 



TNO-report 

 

TNO-B&O-A − R 2005/297 45 of 57 

 

10. Initial and Boundary Conditions  

10.1 Initial conditions 

There are two ways to initialise the concentrations at the start of a simulation. The 
first is to use data from a previous calculation by reading the data from a restart 
file. The other method is simply an interpolation of the boundary conditions 
specified for the first hour of the simulation. The boundary conditions used for the 
latter are described below.  
Because normally LOTOS-EUROS model runs are performed over a whole year 
on an hour-by-hour basis, initial conditions have to be specified only on the first 
hour of January 1. The impact of the initial conditions will gradually disappear, and 
be no longer important after say 5 days of modelcalculations. 

10.2 Boundary conditions 

10.2.1 Logan in combination with the EMEP-method for ozone, aerosols 
and their precursors 

Ozone is the gas where specification of accurate boundary conditions is most 
essential for a good model performance. This is due to the fact that ambient ozone 
levels in Europe are typically not much greater than the Northern hemispheric 
background ozone. In LOTOS-EUROS we use the 3-D climatological dataset by 
Logan (1998), derived from ozone sonde data, or 3-D datasets from global models 
(e.g TM3/5) for all boundaries (incl. top). By default we use the data set by Logan 
(1998) as global model results are not available for all years.  

For a number of components, listed in Table 10.1 we follow the EMEP method 
(Simpson et al., 2003) based on measured data. In this method simple functions 
have been derived to match the observed distributions. The boundary conditions 
are adjusted as function of height, latitude and day of the year. The functions are 
used to set the boundary conditions, both at the lateral boundaries as at the model 
top. The annual cycle of each species is represented with a cosine-curve, using the 
annual mean near-surface concentration, C0, the amplitude of the cycle ∆C, and the 
day of the year at which the maximum value occurs, dmax. Table 10.1 lists these 
parameters.  

We first calculate the seasonal changes in ground-level boundary condition, C0, 
through:  
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where ny is the number of days per year, dmm is the day number of mid-month 
(assumed to be the 15th), and dmax is day number at which C0 maximises, as given 
in Table 10.1. Changes in the vertical are specified with a scale-height, Hz, also 
given in Table 10.1.  

Hz
h

i eChC
−

= 0)(  

where Ci(h) is the concentration at height h (in km). For simplicity we set h to be 
the height of the centre of each model layer assuming a standard atmosphere. For 
some species a latitude factor, given in Table 10.2, is also applied. Values of Ci 
adjusted in this manner are constrained to be greater or equal to the minimum 
values, Cmin, given in Table 10.1.  
Ammonia boundary conditions are neglected. Sulphate is assumed to be fully 
neutralised by ammonium. Nitrate values are assumed to be included in those of 
nitric acid and are zero as well. 

Table 10.1  Parameters used to set the boundary conditions. 

 Parameter Cmean dmax ∆C Hz min
0C  min

hC  

 ppb days ppb km ppb ppb 

SO2 0.15 15.0 0.05 ∞ 0.15 0.03 
SO4 0.15 180.0 0.00 1.6 0.05 0.03 
NO 0.1 15.0 0.03 4.0 0.03 0.02 
NO2 0.1 15.0 0.03 4.0 0.05 0.04 
PAN 0.20 120.0 0.15 ∞ 0.20 0.1 
HNO3 0.1 15.0 0.03 ∞ 0.05 0.05 
CO 125.0 75.0 35.0 25.0 70.0 30.0 
ETH 2.0 75.0 1.0 10.0 0.05 0.05 
FORM 0.7 180.0 0.3 6.0 0.05 0.05 
ACET 2.0 180.0 0.5 6.0 0.05 0.05 

Table 10.2  Latitude factors applied to the prescribed boundary conditions. 

Component Latitude (oN) 

 35 40 45 50 55 60 65 70 

SO2, SO4, NO, NO2 0.15 0.3 0.8 1.0 0.6 0.2 0.12 0.05 
HNO3, FORM, ACET 1.0 1.0 0.85 0.7 0.55 0.4 0.3 0.2 
PAN 0.33 0.5 0.8 1.0 0.75 0.5 0.3 0.1 
CO 0.7 0.8 0.9 1.0 1.0 0.95 0.85 0.8 
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10.2.2 TM3/TM5 boundary conditions 

For the meteorological year 1997 there is the option in LOTOS-EUROS to work 
with boundary conditions provided by the TM3 model. It is anticipated that in the 
future, boundary conditions for 1997 and for other meteorological years will 
become available provided by the TM5-model. The exchange between TM3 and 
LOTOS-EUROS is arranged by updating the boundary concentrations every 6 
hours. So, the average concentrations of 28 species in the TM3 model over 6 hours 
are used.  
The TM3 model is a global model with a vertical structure in which the height of 
the layers varies as a function of pressure. Since the vertical structure of LOTOS-
EUROS does not match with the vertical structure of TM3 the concentrations of 
the TM3 species at the different levels must be redistributed over the adjacent 
levels of LOTOS-EUROS. In order to save time for each of the columns in the 
TM3 grid the vertical structure is fixed as a monthly average. In other words: the 
concentrations vary every six hours, but the vertical distribution of the levels varies 
only month by month. 

The TM3 model has a 8°x10° horizontal resolution. The anthropogenic emissions 
are from the EDGAR/GEIA data base and they represent the emissions of the year 
1997. 

The methane concentrations in this TM3 model have the tendency to slightly 
underestimate the measured methane. For instance, comparing to Mace Head the 
monthly means of methane are about 50 ppb lower as compared with the measured 
methane in the summer, although the underestimation amounts to just 10-20 ppb in 
the winter. 

For ozone the concentrations (on a monthly basis) compared quite well with the 
monitoring data at the western edge of the LOTOS-EUROS domain. For the south-
eastern corner (Middle-East region) the TM3 model produced quite high ozone 
values. Due to lack of sufficient monitoring data it is hard to appreciate these 
values. 
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11. Outlook 

In this report we have made a model description of LOTOS-EUROS version 1.1, 
the model version operational at October, 1, 2005. This report gives a snapshot of 
the model description because a model such as LOTOS-EUROS is under constant 
development. Hence, the documentation of the model will be updated continuously 
and made available through the LOTOS-EUROS website (www.lotos-euros.nl).  
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Bijlage A 

 

Bijlage A Reactions and rates of the CBM-IV chemical 
mechanism 

In this annex we describe the full CBM-IV chemical mechanism of LOTOS-
EUROS. 

Table A-1 The CBM-IV mechanism used in LOTOS-EUROS. Reaction rates  
(ppb-x min-1) are to be calculated as k= A*exp(-E/(RT)). Photolysis reactions 
are indicated with J. ch2o is the water concentration in ppm. 

Nr Reactie    A -E/R Ref

1J NO2 + hv  NO + O3    
2 O3 + NO  NO2 2.952 -1450  
3 O3 + NO2  NO3 0.176 -2450  
4J O3 + hv  a1*O3 + a2*OH    
5 O3 + OH  HO2 2.362 -940  
6 O3 + HO2  OH 1.62e-2 -580  
7 NO3 + NO  2NO2 22.14 170  
8 NO3 + NO2  NO + NO2 3.66e-2 -1230  
9 NO3 + NO2  N2O5    
10 N2O5 +h2o  2 HNO3 1.92e-6*ch2o   
11 N2O5  NO3 + NO2 2.11e16 -10897  
12 NO + NO2 + H2O  2HONO 1.6e-14*ch2o   
13 HONO + HONO  NO + NO2 1.48e-8   
14J HNO2 + hv  OH + NO    
15 NO2 + OH HNO3    
16 NO + OH  HONO    
17 HO2 + NO  OH + NO2 5.46 240  
18 NO + NO  2NO2 2.66e-8 530  
19 OH + HONO  NO2 9.74   
20J NO3 + hv  NO2 + O3    
21J NO3 + hv  NO    
22 HO2 + HO2  H2O2 0.339 600.0  
23 HO2 + HO2 + H2O  H2O2 6.9e-8*ch2o 980  
24 OH + CO  HO2 0.325   
25 FORM + OH --> HO2 + CO 14.76   
26J FORM + hv  2 HO2 +CO    
27J FORM + hv  CO    
28 FORM + NO3  HNO3 +HO2 + CO 9.3e-4   
29 ALD + OH  C2O3 10.33 250  
30 ALD + NO3  C2O3 + HNO3 3.7e-3   
31J ALD + hv  XO2 +2HO2 + CO +FORM    
32 C2O3 + NO  NO2 + XO2 +  

FORM + HO2 
7.97 250  

33 C2O3 + NO2  PAN 1.18e-7 5500  
34 PAN  C2O3 + NO2 5.64e18 -14000  
35 c2o3 +c2o3  XO2 + 2 FORM + 2HO2      3.7   
36 C2O3 + HO2  0.79*(FORM +  

HO2 + XO2 + OH) 
9.6   
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Nr Reactie    A -E/R Ref 

37J MGLY + hv  C2O3 + HO2 + CO    
38 MGLY + OH  XO2 + C2O3 25.1   
39 CH4 + OH  XO2 + FORM + HO2 3.91 -1800  
40 PAR + OH  1.49 XO2 + 0.067XO2N +  

0.93 HO2 + 0.45 ALD2 -0.75 PAR 
1.203   

41 OH + OLE  FORM + ALD2 +  
XO2 + HO2 - PAR 

7.67 504  

42 O3 + OLE  0.5ALD2 + 0.74FORM +  
0.33CO + 1.7HO2 + 0.1OH - PAR 

2.066e-2 -2105  

43 NO3 + OLE  0.91XO2 + 0.09 XO2N +  
FORM + ALD2 - PAR + NO2 

1.137e-2   

44 OH + ETH  XO2 + 1.56FORM +  
HO2 + 0.22ALD2 

2.95 411  

45 O3 + ETH  FORM + 0.42CO + 0.12HO2 1.92e-2 -2633  
46 OH + TOL  0.08XO2 + 0.36CRES +  

0.44HO2 + 0.56TO2 
3.106 322  

47 PHEN (CRES) + NO3  PHO (PHO) + HNO3 32.47   
48 PHO + NO2  20.0   
49 XYL + OH  0.7HO2 + 1.1PAR + 0.8MGLY +  

0.2CRES + 0.3TO2 + 0.1XO2 
24.53 116  

50 PHEN (CRES) + OH  0.4CRO +  
0.6(XO2+HO2) + 0.3OPEN 

60.5   

51 XO2  + NO  NO2 4.42 280  
52 XO2N + NO  4.42 280  
53 XO2 + XO2  0.369 190  
54 XO2 + HO2  0.462 800  
55 XO2N + HO2  0.462 800  
56 XO2N + XO2N  0.369 190  
57 XO2N + XO2  0.738 190  
58 SO2 + OH  SULF 1.5   
59 SO2  SULF    See text   
60 H2O2 + OH  HO2 4.28 -160.0  
61J H2O2 + hv  2 OH    
62J HNO3 + hv  OH + NO2    
63 HNO3 + OH  NO3 (+ H2O) 7.58e-3 1000.0  
64 ISO + OH  XO2 + FORM + 0.67HO2 + 0.4MGLY + 

 0.2C2O3 + ETH + 0.2ALD2 + 0.13XO2N 
1.42e2   

65 ISO + O3  FORM + 0.4 ALD + 0.55ETH + 0.2MGLY + 
0.1PAR + 0.06CO + 0.44 HO2 + 0.1OH 

1.8e-5   

66 ISO + NO3  XO2N 0.47   

Photolysis reactions 
For most of the species the clear sky photolysis rates are calculated according to 
the Roeths flux algorithm (Poppe et al, 1996). 

J = A*exp(B(1-1/cosCθ)) 

with A the photolysis rate at an overhead sun (θ=0) and C a correction factor to 
account for the bending of solar radiation through scattering in the atmosphere. The 
constants A,B,C are given in the following table. 
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The solar zenith angle θ depends on geographical location, i.e. longitude and 
latitude, local time of day and is calculated with:  
t = local time of day 
D = 2π(julian day - 1) / 365 
∆ = 0.006918 - 0.399912 cos(D) + 0.070257 sin(D) -  
  0.006758 cos(2D) + 0.000907 sin(2D) - 0.002697 cos(3D) + 
  0.00148 sin(3D) 
ss = sin(∆)· sin(latitude) 
cc = cos(∆)·cos(latitude) 
cos(θ) = ss + cc cos((t - 12.67)  (2 π/ 24)). 
 

Nr Reaction A (s-1) B C 

11J N2O5 + hv  NO3 + NO2 3.79e-5 1.70537 0.80153 
14J HNO2 + hv  OH + NO 8.96E-04 0.99438 0.83295 
26J FORM + hv  2 HO2 +CO 4.05E-05 2.06917 0.80267 
27J FORM + hv  CO 4.92E-05 1.60973 0.80184 
31J ALD + hv  XO2 +2HO2 + CO + FORM 5.40E-06 2.52915 0.79722 
62J HNO3 + hv  OH + NO2 5.48E-07 2.86922 0.79561 
61J H2O2 + hv  2 OH 7.78E-06 1.91463 0.79810 

For the other photolytic reactions another relation is used: 

J = A*exp(B/cosθ) 

The constants are given in the following table. 
 

Nr Reaction A (s-1) B 

1J NO2 + hv  NO + O3 1.45E-02 -0.4 
4J O3 + hv  a1*O3 + a2*OH 2.00E-04 -1.4 
20J NO3 + hv  NO2 + O3 1.92E-01 -0.059 
21J NO3 + hv  NO 2.43E-02 -0.081 
37J MGLY + hv  C2O3 + HO2 + CO 2.90E-04 -0.4 

The photolytic reactions are then corrected with an attenuation factor in case of 
cloud cover. The amount of clouds in an interval of 3 hours is given in decimals. 
The attenuation factors are: 
 

Fraction sky cover Attenuation factor 

0.0 (clear) 1.0 
0.1 1.0 
0.2 1.0 
0.3 0.79 
0.4 0.75 
0.5 0.72 
0.6 0.68 
0.7 0.62 
0.8 0.53 
0.9 0.41 
1.0 (overcast) 0.35 
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Bijlage B Reactions and rates of the CB99 chemical 
mechanism 

The Kinetic PreProcessor (KPP) is used to generate chemistry modules in 
FORTRAN. To generate a module with KPP, three input files are needed: a file 
with all equations and reaction rates, a file with all species, and a file with specific 
instructions. This appendix includes input files with equations and reaction rates 
for the CBIV_99 mechanism. 

Clear sky photolysis rates are calculated according to the Roeths flux algorithm 
(Poppe et al, 1996): 

PHUX(A,B,C) = A*exp(B(1-1/cosCθ)) 

with A the photolysis rate at an overhead sun (θ=0) and C a correction factor to 
account for the bending of solar radiation through scattering in the atmosphere. θ is 
the solar zenith angle (see Annex A). 

Troe and Lindemann-Hinshelwood (LMHW) rate constants are used to relate 
pressure and temperature dependencies exhibited by several of the reactions in CB-
IV_99 (Adelman, 1999). The following two boxes show the source code of the 
Troe and LMHW functions that are called in the following reaction list. 

C--- TROE function 

      DOUBLE PRECISION FUNCTION 
    +           TROE(kzero,mzero,kinf,minf,fmulti,MN2,tk) 
      DOUBLE PRECISION kzero,mzero,kinf,minf,fmulti,MN2,tk, 
    +                 klow,khigh 
 
      klow = (kzero*(tk/300.D0)**mzero)*MN2 
      khigh = kinf*(tk/300.D0)**minf 
      TROE = ( klow/(1.D0+(klow/khigh))) * fmulti ** 
    +              ((1.D0+(DLOG10(klow/khigh))**2.D0)**(-1.D0)) 
      END 
 
RK28 function (LMHW): 
 
      DOUBLE PRECISION FUNCTION 
     +          RK28(k0a,k0ea,k2a,k2ea,k3a,k3ea,MN2,tk) 
      DOUBLE PRECISION k0a,k0ea,k2a,k2ea,k3a,k3ea,MN2,tk 
 
      RK28 = (k0a*DEXP(k0ea/tk)) + (k3a*DEXP(k3ea/tk)*MN2) / 
    +              (1.D0+((k3a*DEXP(k3ea/tk)*MN2)/(k2a*DEXP(k2ea/tk)))) 
      END 
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EQUATIONS {CB99 mechanism} 
 
{NO2 Photolysis}  

{ 1.} NO2 + hv = NO + O     PHUX(1.07D-2,1.01319D0,0.83330D0) 
{ 2.} O + O2 + M = O3     6.D-34*(TEMP/300.D0)**(-2.3D0) ; 
{ 3.} O3 + NO = NO2     2.D-12*DEXP(-1400.D0/TEMP) ; 
{ 4.} O + NO2 = NO     6.5D-12*DEXP(120.D0/TEMP) ; 
{ 5.} O+NO2=NO3    TROE(9.D-32,-2.D0, 

 2.2D-11,0.D0,0.6D0,M,TEMP) ; 
{ 6.} O+NO=NO2    TROE(9.D-32,-1.5D0, 

 3.D-11,0.D0,0.6D0,M,TEMP) ; 
  
{Ozone Photolysis}  
{ 7.} O3 + NO2 = NO3     1.2D-13*DEXP(-2450.D0/TEMP) ; 
{ 8.} O3 + hv = O     PHUX(5.36D-4,0.34764D0,0.9103D0) 
{ 9.} O3 + hv = O1D     PHUX(3.22D-5,4.45037D0,0.78028D0) 
{10.} O1D + M = O     1.92D-11*DEXP(126.D0/TEMP) ; 
{11.} O1D + H2O = 2 OH    2.2D-10 ; 
{12.} O3 + OH = HO2     1.6D-12*DEXP(-940.D0/TEMP) ; 
{13.} O3 + HO2 = OH     1.1D-14*DEXP(-580.D0/TEMP) ; 
  
{NO3 Chemistry}  
{14.} NO3 + hv = NO      PHUX(2.74D-2,0.26226D0,0.92849D0) 

 
{15.} NO3 + hv = NO2 + O    PHUX(2.73D-1,0.29327D0,0.92401D0) 
{16.} NO3 + NO = 2 NO2    1.5D-11*DEXP(170.D0/TEMP) ; 
{17.} NO3 + NO2 = NO + NO2    4.5D-14*DEXP(-1260.D0/TEMP) ; 
{18.} NO3+NO2=N2O5  TROE(2.2D-30,-3.9D0, 

1.5D-12,-0.7D0,0.6D0,M,TEMP) ; 
{19.} N2O5 = NO3 + NO2  RCONST(18) / 

(2.7D-27* DEXP(11000.D0/TEMP)) ; 
{20.} N2O5 + H2O = HNO3 + HNO3   1.5D-21; 
  
{HONO Chemistry}  
{21.} NO + NO + O2 = 2 NO2    3.3D-39*DEXP(530.D0/TEMP) ; 
{22.} NO + NO2 + H2O = 2 HONO   4.4D-40 ; 
{23.} OH+NO=HONO  TROE(7.D-31,-2.6D0, 

 3.6D-11,-0.1D0,0.6D0,M,TEMP) ; 
{24.} HONO + hv = OH + NO    0.1975D0 * RCONST(1) ; 
{25.} OH + HONO = NO2    1.8D-11*DEXP(-390.D0/TEMP) ; 
{26.} HONO + HONO = NO + NO2   1.D-20; 
  
{OH/HO2 Termination Reactions}  
{27.} OH + NO2 = HNO3  TROE(2.6D-30,-2.9D0, 

 7.5D-11,-0.6D0,0.41D0,M,TEMP); 
{28.} OH+HNO3=NO3  RK28(7.2D-15,785.D0,4.1D-16,1440.D0,1.9D-

33,725.D0,M); 
{29.} HO2 + NO = OH + NO2    3.5D-12*DEXP(250.D0/TEMP); 
{30.} HO2+NO2=PNA  TROE(1.8D-31,-3.2D0, 

 4.7D-12,-1.4D0,0.6D0,M,TEMP) ; 
{31.} PNA = HO2 + NO2   RCONST(30) / 
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{NO2 Photolysis}  

(2.1D-27* DEXP(10900.D0/TEMP)) ; 
{32.} OH + PNA = NO2     1.3D-12*DEXP(380.D0/TEMP) ; 
{33.} HO2 + HO2 = H2O2    2.3D-13*DEXP(600.D0/TEMP) ; 
{34.} HO2 + HO2 + M = H2O2    1.7D-33*DEXP(1000.D0/TEMP) ; 
{35.} H2O2 + hv = 2 OH     PHUX(7.78D-6,1.91463D0,0.7981D0) 
{36.} OH + H2O2 = HO2     2.9D-12*DEXP(-190.D0/TEMP) ; 
  
{Propagation Reactions}  
{37.} OH + CO  = HO2  1.5D-13*(TEMP/300.D0)*

 (1.D0+0.6D0*PATM) ; 
{38.} OH + CH4 = XO2 + HCHO + HO2   2.45D-12*DEXP(-1775.D0/TEMP) ; 
  
{Formaldehyde Reactions}  
{39.} HCHO + OH  = HO2 + CO    8.6D-12*DEXP(20.D0/TEMP) ; 
{40.} HCHO + hv = 2 HO2 + CO   PHUX(4.05D-5,2.06917D0,0.80267D0) 
{41.} HCHO + hv = CO    PHUX(4.92D-5,1.60973D0,0.80184D0) 
{42.} HCHO + O = OH + HO2 + CO   3.4D-11*DEXP(-1600.D0/TEMP) ; 
{43.} HCHO + NO3 = HNO3 + HO2 + CO   2.D-12*DEXP(-2430.D0/TEMP) ; 
  
{Higher Aldehyde Chemistry}  
{44.} ALD2 + O  = C2O3 + OH    1.8D-11*DEXP(-1100.D0/TEMP) ; 
{45.} ALD2 + OH = C2O3    5.6D-12*DEXP(270.D0/TEMP) ; 
{46.} ALD2 + NO3 = C2O3 + HNO3   1.4D-12*DEXP(-1900.D0/TEMP) ; 
{47.} ALD2 + hv = HCHO + XO2 + CO + 2 HO2   PHUX(5.4D-6,2.52915D0,0.79722D0) 
  
{PAN Chemistry}  
{48.} C2O3 + NO = HCHO + XO2 + HO2 + NO2   5.3D-12*DEXP(360.D0/TEMP) ; 
{49.} C2O3+NO2=PAN  TROE(2.7D-28,-7.1D0, 

 1.2D-11,-0.9D0,0.3D0,M,TEMP) ; 
{50.} PAN = C2O3 + NO2  RCONST(49) / 

(9.D-29* DEXP(14000.D0/TEMP) ; 
{51.} 2 C2O3 = 2 HCHO + 2 XO2 + 2 HO2  2.8D-12*DEXP(530.D0/TEMP) ; 
{52.} C2O3 + HO2 = 0.25 O3     4.3D-13*DEXP(1040.D0/TEMP) ; 
  
{Paraffin Chemistry}  
{53.} PAR + OH =  0.87 XO2 + 0.13 XO2N + 0.11 
HO2 + 0.11 ALD2 + 0.76 ROR - 0.11 PAR  

 8.1D-13 ; 

{54.} ROR = 1.1 ALD2 + 0.96 XO2 + 0.94 HO2 + 0.04 
XO2N + 0.02 ROR - 2.10 PAR  

 1.D+15*DEXP(-8000.D0/TEMP) ; 

{55.} ROR =  HO2     1.6D+3 ; 
{56.} ROR + NO2 =  NTR    1.5D-11 ; 
  
{Olefin Chemistry}  
{57.} O + OLE = 0.49 ALD2 + 0.29 HO2 + 0.19 XO2 + 
0.2 CO + 0.2 HCHO + 0.007 XO2N + 0.61 PAR + 0.1 
OH   

 4.D-12 ; 

{58.} OH + OLE = 0.71 HCHO + 0.95 ALD2 + 0.71 
XO2 + 0.95 HO2  - 0.71PAR   

 TROE(8.D-27,-3.5D0, 
 3.D-11,0.D0,0.5D0,M,TEMP) ; 

{59.} O3 + OLE = 0.52 ALD2 + 0.86 HCHO + 0.08 
H2O2 + 0.3947 CO + 0.42 HO2 + 0.45 XO2 + 0.6 CH4 
+ 0.3 OH - PAR   

 5.5D-15*DEXP(-1880.D0/TEMP) ; 

{60.} NO3 + OLE = 0.91 XO2 + HCHO + ALD2 + 0.09 
XO2N + NO2 - PAR  

 4.6D-13*DEXP(-1155.D0/TEMP) ; 
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{Ethene Chemistry}  
{61.} O + ETH = 0.6 XO2 + 0.95 CO + 1.55 HO2 + 
0.35 OH 

 1.04D-11*DEXP(-792.D0/TEMP) ; 

{62.} OH + ETH = XO2 + 1.56 HCHO + HO2 + 
0.22ALD2  

 TROE(7.D-29,-3.1D0, 
 9.D-12,0.D0,0.7D0,M,TEMP) ; 

{63.} O3 + ETH = 1.02 HCHO + 0.325 CO + 0.08 HO2 
+ 0.08 OH + 0.02 H2O2 

 9.14D-15*DEXP(-2580.D0/TEMP) ; 

  
{Aromatic Chemistry}  
{64.} OH + TOL = 0.08 XO2 + 0.36 CRES + 0.44 HO2 
+ 0.56 TO2 

1.81D-12*DEXP(355.D0/TEMP) ; 

{65.} TO2 + NO =  0.9 NO2 + 0.9 OPEN + 0.9 HO2 + 
0.1 NTR  

 8.1D-12 ; 

{66.} TO2 = HO2 + CRES    4.2D0 ; 
{67.} OH + CRES = 0.4 CRO + 0.6 XO2 + 0.6 HO2 + 
0.3 OPEN  

 4.1D-11 ; 

{68.} NO3 + CRES = CRO + HNO3   2.2D-11 ; 
{69.} CRO + NO2 = NTR   1.4D-11 ; 
{70.} OH + XYL = 0.7 HO2 + 0.1 XO2 + 0.2 CRES + 
0.8 MGLY + 1.10 PAR + 0.3 TO2   

 1.7D-11*DEXP(116.D0/TEMP) ; 

{71.} OH + OPEN = XO2 + C2O3 + 2 HO2 + 2 CO + 
HCHO 

 3.D-11 ; 

{72.} OPEN + hv = C2O3 + CO + HO2   6.D0*RCONST(40) ; 
{73.} O3 + OPEN = 0.03 ALD2 + 0.62 C2O3 + 0.7 
HCHO + 0.03 XO2 + 0.69 CO + 0.08 OH + 0.76 HO2 
+ 0.2 MGLY 

 5.4D-17*DEXP(-500.D0/TEMP) ; 

{74.} OH + MGLY = XO2 + C2O3   1.7D-11 ; 
{75.} MGLY + hv = C2O3 + CO + HO2   6.D0*RCONST(40) ; 
  
{Isoprene Chemistry Condensed}  
{76.} ISOP + O = 0.75 ISPD + 0.5 HCHO + 0.25 XO2 
+ 0.25 HO2 + 0.25 C2O3 + 0.25 PAR  

 3.6D-11 ; 

{77.} ISOP + OH = 0.912 ISPD + 0.629 HCHO + 
0.991 XO2 + 0.912 HO2+0.088XO2N   

 2.54D-11*DEXP(407.6D0/TEMP) ; 

{78.} ISOP + O3 = 0.65 ISPD + 0.6 HCHO + 0.2 XO2 
+ 0.066 HO2 + 0.266 OH + 0.2 C2O3 + 0.15 ALD2 + 
0.35 PAR + 0.066 CO 

7.86D-15*DEXP(-1912.D0/TEMP) ; 

{79.} ISOP + NO3 = 0.2 ISPD + 0.8 NTR + XO2 + 0.8 
HO2 + 0.2 NO2 + 0.8 ALD2 + 2.4 PAR  

 3.03D-12*DEXP(-448.D0/TEMP) ; 

{80.} ISOP + NO2 = 0.2 ISPD + 0.8 NTR + XO2 + 0.8 
HO2 + 0.2 NO + 0.8 ALD2 + 2.4 PAR  

 1.5D-19 ; 

  
{Operator Chemistry}  
{81.} XO2 + NO = NO2     3.D-12*DEXP(280.D0/TEMP) ; 
{82.} XO2 + XO2 = PROD    2.5D-13*DEXP(190.D0/TEMP) ; 
{83.} XO2N + NO = NTR    3.D-12*DEXP(280.D0/TEMP) ; 
{84.} SO2+OH=HO2+SULF  TROE(3.D-31,-3.3D0, 

 1.5D-12,0.D0,0.6D0,M,TEMP) ; 
{85.} SO2 = SULF     1.4D-6 ; 
{86.} MEOH + OH = HCHO + HO2   6.7E-12*DEXP(600.D0/TEMP) ; 
{87.} ETOH + OH = 0.11 HCHO + 0.945 ALD2 + HO2 
+ 0.055 XO2    

 7.D-12*DEXP(235.D0/TEMP) ; 

{88.} XO2 + HO2 = PROD    3.8D-13*DEXP(800.D0/TEMP) ; 
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{89.} XO2N + HO2 = PROD    3.8D-13*DEXP(800.D0/TEMP) ; 
{90.} XO2N + XO2N = PROD    2.5D-13*DEXP(190.D0/TEMP) ; 
{91.} XO2N + XO2 = PROD    2.D0*2.5D-13*DEXP(190.D0/TEMP) ; 
  
{Additional Isoprene Chemistry}  
{92.} ISPD + OH = 1.565 PAR + 0.167 HCHO + 0.713 
XO2 + 0.503 HO2 + 0.334 CO + 0.168 MGLY + 0.273 
ALD2 + 0.498 C2O3 

 3.36D-11 ; 

{93.} ISPD + O3 = 0.114 C2O3 + 0.15 HCHO + 0.85 
MGLY + 0.154 HO2 + 0.268 OH + 0.064 XO2 + 0.020 
ALD2 + 0.360 PAR + 0.225 CO  

 7.11D-18 ; 

{94.} ISPD + NO3 = 0.357 ALD2 + 0.282 HCHO + 
1.282 PAR + 0.925 HO2 + 0.643 CO + 0.850 NTR + 
0.075 C2O3 + 0.075 XO2 + 0.075 HNO3 

 1.D-15 ; 

{95.} ISPD + hv = 0.333 CO + 0.067 ALD2 + 0.9 
HCHO + 0.832 PAR + 1.033 HO2 + 0.7 XO2 + 0.967 
C2O3 

 1.70D-4*RCONST(1); 
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Bijlage C Dry Deposition 

By A.T. Vermeulen (ECN) with small adaptions by M. Schaap (TNO) 

Several articles have reviewed the state of the science in evaluating dry deposition 
(BALDOCCHI, 1993; ERISMAN ET AL., 1994B; ERISMAN & DRAAIJERS, 1995; 
RUIJGROK ET AL., 1995; WESELY & HICKS, 2000). WESELY AND HICKS (2000) 
indicated that although models have been improving and can perform well at 
specific sites under certain conditions, there remain many problems and more 
research is needed. In spite of these problems, given the necessary meteorological 
and surface/vegetative data, there are a number of models for estimating deposition 
velocity (Vd) that have been shown to produce reasonable results using currently 
available information. 
Dry deposition processes for gaseous species are generally understood better than 
for particles. Several dry deposition model formulations have been reported in the 
literature. These include big-leaf models (HICKS ET AL., 1987; BALDOCCHI ET AL., 
1987), multi-layer models (BALDOCCHI, 1988; MEYERS ET AL., 1998) and general 
dry deposition models (ERISMAN ET AL., 1996). Some of these models have been 
developed for estimating Vd at specific sites and are used within the framework of 
monitoring networks (CLARKE ET AL., 1997; MEYERS ET AL., 1991).  
Computation of the dry deposition rate of a chemical species requires that the 
concentration c of the substance of interest is known through model computations 
or measurement. In most modelling schemes, the mass flux density F is found as 

( ) ( )zczVF d ⋅−=  (5.1) 

where c(z) is the concentration at height z and Vd is the dry deposition velocity. 
Estimates of deposition velocities Vd constitute the primary output of dry 
deposition models, both for large-scale models and site-specific methods of 
inferring dry deposition from local observations of concentrations, meteorological 
conditions, and surface conditions (CHANG ET AL., 1987; VENKATRAM ET AL., 
1988; MEYERS ET AL., 1991; GANZEVELD AND LELIEVELD, 1995). z is the 
reference height above the surface. If the surface is covered with vegetation, a 
zero-plane displacement is included: z=z-d. d is usually taken as 0.6-0.8 times the 
vegetation height (THOM, 1975). The absorbing surface is often assumed to have 
zero surface concentration and the flux is therefore viewed as being linearly 
dependent on atmospheric concentration. This holds only for depositing gases and 
not for gases that might be also emitted, such as NH3 and NO. For these gases a 
nonzero surface concentration, a compensation point cp, might exist, which can be 
higher than the ambient concentration, in which case the gas is emitted. For these 
gases the flux is estimated as  

])([)( pd czczVF −⋅−=  (5.2)  
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Vd provides a measure of conductivity of the atmosphere-surface combination for 
the gas and it is widely used to parameterise gas uptake at the ground surface 
(WESELY & ., 1977; HICKS ET AL., 1989; FOWLER ET AL., 1989). To describe the 
exchange of a range of gases and particles with very different chemical and 
physical properties, a common framework is provided, the resistance analogy 
(THOM, 1975; GARLAND, 1977; WESELY & HICKS, 1977; FOWLER, 1978; 
BALDOCCHI ET AL., 1987). In this framework, Vd is calculated as the inverse of 
three resistances: 

( ) ( ) cba
d RRdzR

zV
++−

=
1  (5.3) 

The three resistances represent bulk properties of the lower atmosphere or surface. 
Ra, Rb and Rc must be described by parameterisations. Although this approach is 
practical, it can lead to oversimplification of the physical, chemical, and biological 
properties of the atmosphere or surface that affect deposition.  
The term Ra represents the aerodynamic resistance above the surface for the 
turbulent layer. Ra is governed by micrometeorological parameters and has the 
same value for all substances. Ra depends mainly on the local atmospheric 
turbulence intensities. Turbulence may be generated through mechanical forces of 
friction with the underlying surface (forced convection) or through surface heating 
(buoyancy or free convection). Unless wind speed is very low, free convection is 
small compared to mechanical turbulence.  
The term Rb represents the quasi-laminar resistance to transport through the thin 
layer of air in contact with surface elements, and is governed by diffusivity of the 
gaseous species and air viscosity. For surfaces with bluff roughness elements, 
values of Rb are considerably larger than for relatively permeable, uniform 
vegetative cover, and the appropriate formulations should be used (TUOVINEN ET 
AL., 1998).  
Considerable variation from model to model is associated with the methods used to 
evaluate the surface or canopy resistance Rc for the receptor itself. Rc represents the 
capacity for a surface to act as a sink for a particular pollutant, and depends on the 
primary pathways for uptake such as diffusion through leaf stomata, uptake by the 
leaf cuticular membrane, and deposition to the soil surface. This makes Rc 
complicated, because it depends on the nature of the surface and how the sink 
capacities for specific surfaces vary as a function of the local microclimate.  
The resistance analogy is not used for particles. For sub-micron particles, the 
transport through the boundary layer is more or less the same as for gases. 
However, transport of particles through the quasi-laminar layer can differ. Whereas 
gases are transported primarily through molecular diffusion, particle transport and 
deposition basically take place through sedimentation, interception, impaction 
and/or Brownian diffusion. Sedimentation under the influence of gravity is 
especially significant for receptor surfaces with horizontally oriented components. 
Interception occurs if particles moving in the mean air motion pass sufficiently 
close to an obstacle to collide with it. Like interception, impaction occurs when 
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there are changes in the direction of airflow, but unlike interception a particle 
subject to impaction leaves the air streamline and crosses the quasi-laminar 
boundary layer with inertial energy imparted from the mean airflow. The driving 
force for Brownian diffusion transport is the random thermal energy of molecules. 
Transport is a function of atmospheric conditions, characteristics of the depositing 
contaminant and the magnitude of the concentration gradient over the quasi-
laminar layer (DAVIDSON AND WU, 1990).  
Which type of transport process dominates is largely controlled by the size 
distribution of the particles (SEHMEL, 1980; SLINN, 1982). For particles with a 
diameter <0.1µm, deposition is controlled by diffusion, whereas deposition of 
particles with a diameter >10µm is more controlled by sedimentation. Deposition 
of particles with a diameter between 0.1 and 1µm is determined by the rates of 
impaction and interception and depends heavily on the turbulence intensity. To 
describe particle dry deposition, the terms (Rb+Rc)-1 on the right-hand side of 
Equation (5.3) must be replaced with a surface deposition velocity or conductance, 
and gravitational settings must be handled properly. 
Dry deposition models or modules require several types of inputs from 
observations or from simulations of atmospheric chemistry, meteorology, and 
surface conditions. To compute fluxes, the concentrations of the substances must 
be known. Inputs required from meteorological models are values of friction 
velocity u*, atmospheric stability via the Monin-Obukhov length scale L, 
aerodynamic surface roughness z0, and aerodynamic displacement height d. Most 
dry deposition models also need solar radiation or, preferably, photosynthetically 
active radiation; ambient air temperature at a specified height; and measures of 
surface wetness caused by rain and dewfall. All models require a description of 
surface conditions, but the level of detail depends on the model chosen. 
Descriptions could include broad land use categories, plant species, leaf area index 
(LAI), greenness as indicated by the normalised difference vegetation index, 
various measures of plant structure, amount of bare soil exposed, and soil pH. 

1.1.1 Land-use database 

From a 1.1 x 1.1 km2 resolution land use database (PELINDA; see Ch. 9) the 
fraction of surface in each grid cell covered by the land use classes used in DEPAC 
have been calculated (Nijenhuis and Groten, 1999). For each cell the deposition 
velocity is calculated weighting the surface fractions of every landuse class. 
Surface wetness and snow cover have a large effect on the deposition velocities for 
a number of species, especially SO2. Surface wetness is determined as function of 
the relative humidity at the surface. 
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1.1.2 Aerodynamic resistance 

The atmospheric resistance to transport of gases across the constant flux layer is 
assumed to be similar to that of heat (e.g., HICKS ET AL., 1989). The method to 
estimate the aerodynamic resistance in LOTOS-EUROS is described in the chapter 
on meteorology. Under the same meteorological conditions, the aerodynamic 
resistance is the same for all gases and in fact also for aerosols. Only for aerosols 
with a radius > 5µm does the additional contribution of gravitational settling 
become significant. When the wind speed increases, the turbulence usually 
increases as well and consequently Ra becomes smaller. 

1.1.3 Quasi laminar layer resistance 

The second atmospheric resistance component Rb is associated with transfer 
through the quasi-laminar layer in contact with the surface. The transport through 
the quasi-laminar boundary layer takes place for gases by molecular diffusion and 
for particles by several processes: Brownian diffusion, interception, impaction and 
by transport under influence of gravitation. None of the processes for particles are 
as efficient as the molecular diffusion of gas molecules. This is because molecules 
are much smaller than aerosols and therefore have much higher velocities. For 
particles with radii <0.1µm Brownian diffusion is the most efficient process, 
whereas impaction and interception are relatively important for those with radii 
>1µm. For particles with radii between 0.1 and 1µm the transport through the 
quasi-laminar boundary layer is slowest (Rb is largest). The quasi- laminar 
boundary layer resistance is for most surface types more or less constant (forest, at 
sea for a wind speed < 3 m/s) or decreases with wind speed (low vegetation). 
Rb quantifies the way in which pollutant or heat transfer differs from momentum 
transfer in the immediate vicinity of the surface. The quasi-laminar layer resistance 
Rb can be approximated by the procedure presented by HICKS ET AL. (1987): 

3/2

* Pr
2







⋅

⋅
=

Sc
u

Rb κ
 (5.4)  

where Sc and Pr are the Schmidt and Prandtl number, respectively. Pr is 0.72 and 
Sc is defined as iDSc /υ= , with υ being the kinematic viscosity of air (0.15 cm2 s-

1) and Di the molecular diffusivity of pollutant i and thus component specific. The 
Schmidt and Prandtl number correction in the equation for Rb is listed in Table 5.4 
for different gases. Molecular and Brownian diffusivities for a selected range of 
pollutants, and the deduced values of Schmidt number are listed in Table 5.5. 
Usually Rb values are smaller than Ra and Rc. Over very rough surfaces such as 
forest canopies, however, Ra may approach small values and the accuracy of the Rb 
estimate becomes important. This is especially the case for trace gases with a small 
or zero surface resistance.  
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Table 5.4 Schmidt and Prandtl number correction in equation for Rb (HICKS ET AL., 
1987) for different gaseous species, and the diffusion coefficient ratio of 
water to the pollutant i (PERRY, 1950). 

Component iOH DD /*
2

 (Sc/Pr)2/3 

SO2 
NO 
NO2 
NH3 
HNO2 
HNO3 
HCl 
PAN 
H2O 
O3 

1.9 
1.5 
1.6 
1 
1.7 
1.9 
1.5 
2.8 
1 
1.5 

1.34 
1.14 
1.19 
0.87 
1.24 
1.34 
1.14 
1.73 
0.87 
1.14 

* 1251027.2
2

−−⋅= smD OH  

Table 5.5 Molecular (for gases) and Brownian (for particles) diffusivities (D; cm2 s-1) 
for a range of pollutants, and the deduced values of Schmidt number (Sc). 
The viscosity of air is taken to be 0.15 cm2 s-1. From HICKS ET AL. (1987). 

Component D Sc 

Gaseous species 
H2  
H2O 
O2 
CO2 
NO2 
O3 
HNO3 
SO2 
Particles (unit density) 
            0.001 µm 
radius 
            0.01 
            0.1 
            1 
          10 

 
0.67 
0.22 
0.17 
0.14 
0.14 
0.14 
0.12 
0.12 

 
1.28 10-2 
1.35 10-4 
2.21 10-6 
1.27 10-7 
1.38 10-8 

 
0.22 
0.68 
0.88 
1.07 
1.07 
1.07 
1.25 
1.25 

 
1.17 101 
1.11 103 
6.79 104 
1.18 106 

107 

1.1.4 Surface resistance 

The surface or canopy resistance Rc is the most difficult of the three resistances to 
describe, and is often the controlling resistance of deposition flux. The analytical 
description of Rc has been difficult since it involves physical, chemical and 
biological interaction of the pollutant with the deposition surface. Over a given 
area of land, numerous plant, soil, water, and other material surfaces are present, 
each with a characteristic resistance to uptake of a given pollutant. 
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Rc values presented in the literature are primarily based on measurements of Vd and 
on chamber studies. By determining Ra and Rb from the meteorological 
measurements, Rc can be calculated as the residual resistance. Values of Rc can 
then be related to surface conditions, time of day, etc., yielding parameterisations. 
However, measurements using existing techniques are still neither accurate nor 
complete enough to obtain Rc values under most conditions. Furthermore, Rc is 
specific for a given combination of pollutants, type of vegetation and surface 
conditions, and measurements are available only for a limited number of 
combinations. 
The surface resistance of gases consists of other resistances (Figure 5.3), either 
determined by the actual state of the receptor, or by a memory effect. Rc is a 
function of the canopy stomatal resistance Rstom and mesophyll resistance Rm; the 
canopy cuticle or external leaf resistance Rext; the soil resistance Rsoil and in-canopy 
resistance Rinc, and the resistance to surface waters or moorland pools Rwat. In turn, 
these resistances are affected by leaf area, stomatal physiology, soil and external 
leaf surface pH, and presence and chemistry of liquid drops and films. Based on 
values from the literature for the stomatal resistance (WESELY, 1989), and on 
estimated values for wet (due to rain and to an increase in relative humidity) and 
snow-covered surfaces, the following parameterisation (with the stomatal 
resistance, external leaf surface resistance and soil resistance acting in parallel) can 
be applied for routinely measured components (ERISMAN ET AL., 1994b): 

vegetative surface: 
1

111
−









+

+
+

+
=

extsoilincmstom
c RRRRR

R
 (5.5)  

water surfaces: 

Rc=Rwat (5.6)  

bare soil:  

Rc=Rsoil (5.7)  

snow cover:  

Rc=Rsnow (5.8)  
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χ (z-d)

R a

R b

Rstom Rm

Rinc Rsoil

Rext

χ (z-d)χ (z-d)

R a

R b

Rstom Rm

Rinc Rsoil

Rext

 

Figure 5.3 Resistance analogy approach in dry deposition models. 

Table 5.6 shows some surface resistance values for soil surfaces (Rsoil), snow-
covered surfaces (Rsnow) and water surfaces (Rwat). 

Table 5.6 Surface resistance values (s m-1) for soil surfaces (Rsoil), snow-covered surfaces (Rsnow) and 
water surfaces (Rwat). From ERISMAN ET AL. (1994B). 

Gas Soil surfaces, Rsoil Water surfaces, Soil or 
water 

Snow-covered 
surfaces 

 Wet Dry Rwat pH Rsnow Temperature 
(oC) 

SO2 and 
HNO2 
 
NH3 
 
NO 
NO2 and PAN 
HNO3 and 
HCl 
O3 

0 
500 
250 
0 
emission: 1000 
2000 
0 
 
500 

1000 
Rext 
Emission: 500 
50 
emission: 1000 
1000 
0 
 
100 

0 
500 
 
500 
 
0 
2000 
2000 
0 
2000 

>4 
<4 
>8 
<8 
---- 
---- 
>2 
 
---- 

70 (2-T) 
500 
70 (2-T) 
500 
2000 
2000 
0 
100 
2000 

-1<T<1 
T<-1 
-1<T<1 
T<-1 
---- 
---- 
T>-5 
T<-5 
---- 

It is not clear whether Rm is relevant at ambient concentrations (ERISMAN ET AL., 
1994b). Therefore, they consider the sum of Rstom and Rm to be a new resistance Rst, 
a stomatally controlled resistance which would equal the true stomatal resistance 
Rstom if Rm=0. Similarly, they defined a new resistance Rfs=Rinc+Rsoil, a non-
stomatal resistance to express that the uptake could be either direct foliage uptake 
or soil uptake. Thus, Equation (5.6) reduces to 
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fsst

fsst
c RR

RR
R

+

⋅
=    (5.9) 

Combining equations (5.3) and (5.10) yields 

fsst

fsst
ba

d RR

RR
RR

V +

⋅
++=

1  (5.10) 

for daytime situations. During the night, when stomata are closed, Rst=∞ is 
assumed and Equation (5.11) can be reduced to 

fsba
d

RRR
V

++=
1  (5.11) 

Rcut denotes local leaf cuticular resistance. In BROOK ET AL. (1999): 

Rcut(SO2) = Rcut(LUC, season); (5.12) 

Rcut(HNO3) = 20 sm-1.  (5.13) 

LUC denotes land use class. Under wet surface conditions after rainfall or dew Rcut 
is replaced by Rwcut, which denotes wet cuticle resistance. For SO2, under wet/dew 
conditions it is assumed a constant value of 50 sm-1 for both dew-covered and 
rainfall conditions:  

Rwcut(SO2) = 50 sm-1 (5.14) 

HNO3 uptake is rapid regardless of wetness. 
Rg denotes ground surface resistance, which varies depending upon whether the 
surface is soil, water or snow/ice and whether it is wet or dry.  

Rg(SO2) = 100 sm-1 (5.15) 

Rg(HNO3) = 20 sm-1 (5.16) 

For all surface conditions (dry, wet or snow) a small value of 20 sm-1 is used for 
the ground resistance of HNO3. For wet soil, a constant value of 100 sm-1 is used 
for SO2. There is little information available for resistance over snow or ice 
surfaces. From the limited amount of data available (see BROOK ET AL., 1999) a 
value of 200 s m-1 is set for Rg(SO2) for snow covered surfaces: 

Rg(SO2) = 200 sm-1 (5.17) 
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1.1.4.1 Stomatal (Rstom) and mesophyll (Rm) resistances 

Most gases enter plants through stomata. As gas molecules enter the leaf, 
deposition occurs as molecules react with the moist cells in the sub-stomatal cavity 
and the mesophyll. Stomatal resistance decreases hyperbolically with increasing 
light and increases linearly with increasing vapour pressure deficits (JARVIS, 1976). 
Soil water deficits cause stomata to close after some threshold deficit level is 
exceeded. Low and high temperatures cause stomatal closure; stomatal opening is 
optimal at a vegetation-specific temperature. Leaf age, nutrition and adaptation are 
other factors affecting stomatal resistance (JARVIS, 1976). Elevated exposure to 
SO2 causes stomata to close, whereas exposure to both O3 and NH3 may increase 
stomatal opening. Stomatal resistance is different for different types of vegetation. 
The stomatal resistance for water vapour, Rstom, is a function of the 
photosynthetically active radiation (PAR), air temperature (T), leaf water potential 
(ψ), vapour pressure deficit (VPD), and can be calculated using a scheme described 
by BALDOCCHI ET AL. (1987). This scheme is based on a model presented by 
JARVIS (1976) for the computation of the stomatal resistance to water vapour 
transfer of a leaf that is biologically and physically realistic. It is a multiplicative 
model which is expressed in terms of stomatal conductance (gs), the inverse of 
Rstom. In this scheme the bulk leaf stomatal conductance is written as: 

( ) ( ) ( ) ( )ψfVPDfTfPARfg s ⋅⋅⋅=  (5.18) 

Values of the functions f(T), f(ψ) and f(VPD) range from 0 to 1. f(PAR) is the 
influence of photosynthetically active radiation on the stomatal conductance, and 
depends on the LUC-dependent parameters of the minimum stomatal resistance, 
Rs(min); the light response constant, brs, equal to the PAR flux density at twice the 
minimum stomatal resistance; the leaf area index, LAI; and variations in PAR (table 
5.7). The response of stomatal resistance to PAR is estimated using a rectangular 
hyperbola relationship (TURNER AND BEGG, 1974): 

( ) ( ) ( ) PARPARbminr
PARf

rss /1
11

+
⋅=  (5.19) 

PAR is estimated as a fraction of the short-wave incoming radiation, Q: 

QPAR ⋅= 5.0  (5.20) 

Stomatal conductance increases with increasing temperature until a threshold 
temperature, after which it decreases. This dependence on temperature is the result 
of energy balance feedbacks between humidity and transpiration of the leaf 
(SCHULZE AND HALL, 1982) and the influence of temperature on enzymes 
associated with stomatal operation (JARVIS AND MORISON, 1981). The response of 
stomatal conductance to temperature (T) is computed using the relationship 
presented by JARVIS (1976): 
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TT
Tf  (5.21) 

where, according to JARVIS (1976), and ERISMAN ET AL. (1994b) 

( ) ( )minmaxoptmax TTTT −−= /β      (5.22) 

However, according to BALDOCCHI ET AL. (1987), and BROOK ET AL. (1999) 

( ) ( )minoptoptmax TTTT −−= /β      (5.23) 

Tmin(i), Tmax(i) indicates minimum and maximum temperatures at which stomatal 
closure occurs, and the optimum temperature Topt(i) indicates the temperature of 
maximum stomatal opening (Table 5.7). 

The influence of vapour pressure deficit on stomatal conductance f(VPD) is 
represented by 

( ) VPDbVPDf vpd ⋅−=1  (5.24) 

bvpd is a constant (Table 5.7), while VPD, vapour pressure deficit, is estimated from 
relative humidity rh(%) by (BELJAARS AND HOLTSLAG, 1990) 

( ) esrhVPD ⋅−= 100/1  (5.25) 

es is the saturated water vapour pressure (mbar): 









+
⋅

⋅=
T

Tes
97.240

502.17exp1365.6  (5.26) 

According to MONTEITH (1975), the saturated water vapour pressure es (in kPa) at 
temperature t (oC) can be calculated using: 

54

32

000000003.0000000216.0         

000029295.0001398175.0         

044383935.0611371893.0

tt

tt

tes

⋅+⋅+

⋅+⋅+

⋅+=

       (5.27) 

The bulk stomatal resistance is approximated with 

s
stom gLAI

R
⋅

=
1  (5.28) 
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which will lead to an overestimation of Rstom caused by partial shading of leaves 
(BALDOCCHI ET AL., 1987).  

Modelling the stomatal resistance in a detailed manner is only possible if enough 
information is available. This might be a problem for the water potential and for 
the leaf area index LAI. For those regions where such data are not available the 
parameterisation for the stomatal resistance given by WESELY (1989) may be used. 
This parameterisation is derived from the method by BALDOCCHI ET AL. (1987) 
and only needs data for global radiation Q (W m-2) and surface temperature Ts (oC): 

( )







−⋅
⋅





















+

+⋅=
ss

istom TTQ
RR

40
400

1.0
2001

2
   (5.29) 

Values for Ri can be obtained from a look-up table for different land use categories 
and seasons, as listed in Table 5.8 (from WESELY, 1989).  

Table 5.7:  Constants used in ERISMAN ET AL. (1994B) to compute Rstom for several 
vegetation types (adopted from BALDOCCHI ET AL., 1987). 

Variable Units Spruce Oak Corn Soybean 
Rs (min) 
brs(PAR) 
Tmin 
Tmax 
Topt 
bvpd 
ψo 

s m-1 
W m-2 
oC 
oC 
oC 
k Pa-1 
M Pa 

232 
25 
-5 
35 
9 
-0.0026 
-2.1 

145 
22 
10 
45 
24-32 
0 
-2.0 

242 
66 
5 
45 
22-25 
0 
-0.8 

65 
10 
5 
45 
25 
0 
-1.1 

Table 5.8:  Internal resistance (Ri) used in ERISMAN ET AL. (1994B) to compute the stomatal 
resistance for different seasons and land use types. Entities of -999 indicate that there is 
no air-surface exchange via that resistance pathway (adopted from WESELY, 1989). 

Seasonal Category 1 2 4 5 6 7 9 10 

 
Midsummer with lush vegetation 
 
Autumn with unharvested cropland 
 
Late autumn after frost, no snow 
 
Winter, snow on ground and 
subfreezing 
 
Transitional spring with partially 
green short annuals 

 
-999 
 
-999 
 
-999 
 
-999 
 
 
-999 

 
60 
 
-999 
 
-999 
 
-999 
 
 
120 

 
70 
 
-999 
 
-999 
 
-999 
 
 
140 

 
130 
 
250 
 
250 
 
400 
 
 
250 

 
100 
 
500 
 
500 
 
800 
 
 
190 

 
-999 
 
-999 
 
-999 
 
-999 
 
 
-999 

 
80 
 
-999 
 
-999 
 
-999 
 
 
160 

 
100 
 
-999 
 
-999 
 
-999 
 
 
200 

(1) Urban land, (2) agricultural land, (4) deciduous forest, (5) coniferous forest, (6) mixed forest including 
wetland, (7) water, both salt and fresh, (9) non-forested wetland, (10) mixed agricultural and range land 
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After the passage through the stomatal opening, transfer of pollutant must take 
place between the gas phase of the stomatal cavity and the apoplast fluids. 
Parameterisations for Rm usually include a dependency on the Henry constant of 
the compound (e.g., WESELY, 1989). It was considered independent of land use 
class and season, and BALDOCCHI ET AL. (1987) estimated that Rm should be 
between 10 and 50 s m-1. However, many water soluble compounds, such as HNO3 
and SO2 are assumed to dissolve easily into the apoplast fluid due to a high or 
moderate (respectively) Henry coefficient and/or efficient conversion and transport 
after dissolution. Therefore Rm for HNO3 and SO2 (also for O3) is generally 
assumed to be negligible (VOLDNER ET AL., 1986; WESELY, 1989, ERISMAN ET AL., 
1994B; NOAA, 1997). For NH3, Rm is usually also set to zero. This approximation 
may be well acceptable for unfertilised vegetation. However, it may be far from 
realistic if fertilisation causes a high ammonium content in the apoplast, leading to 
frequent and significant emissions. In that case, it may be necessary to account for 
Rm, unless the concentration in the stomata is estimated or calculated directly as a 
compensation point. In general, the mesophyll resistances Rm for all the gases are 
assumed to be zero, because of insufficient knowledge. 
This general framework for the water vapour stomatal resistance can be used to 
describe stomatal uptake for each gas by correcting the Rstom using the ratio of the 

diffusion coefficient of the gas involved to that of water vapour ( iDD
OH

/
2

; Table 

5.4) and adding the mesophyll resistance: 

m
x

OH
stomxstom R

D
D

RR +⋅= 2
,  (5.30) 

1.1.4.2 External leaf uptake (Rext) 

Many studies have shown that the external leaf surface can act as an effective sink, 
especially for soluble gases at wet surfaces (HICKS ET AL., 1989; FOWLER ET AL., 
1991; ERISMAN ET AL., 1993A, 1994A). Under some conditions the external leaf 
sink can be much larger than the stomatal uptake. When Rext is negligible, Rc also 
becomes negligible, dominating the other resistances. 

1.1.4.2.1 SO2 

SO2 dry deposition is enhanced over wet surfaces (Garland & Branson, 1977; 
Fowler & Unsworth, 1979; Fowler, 1985; Vermetten et al., 1992; Erisman et al., 
1993b; Erisman & Wyers, 1993). Erisman et al. (1994b) derived an Rext 
parameterisation for wet surfaces (due to precipitation and an increase in relative 
humidity) of heather plants: 
during or just after precipitation: 

Rext = 1 s m-1  (5.31) 
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in all other cases:   







>⋅⋅

≤⋅
=

⋅

⋅−

81.3%rh          e1058

81.3%rh           25000
rh0.278-10

0693.0 rh

ext
e

R    (5.32) 

where rh is the relative humidity. The previous equation is applied to air 
temperatures above -1oC. Below this temperature it is assumed that surface uptake 
decreases and Rext is set at 200 (-1>T>-5oC), or 500 (T<-5oC) s m-1. Rext will be zero 
for some hours after precipitation has stopped. This time limit varies with season 
and depends on environmental conditions. Drying of vegetation is approximated to 
take 2h during daytime in summer and 4h in winter. During night-time, vegetation 
is expected to be dry after 4h in summer and after 8h in winter (ERISMAN ET AL., 
1993A). 

1.1.4.2.2 NH3 

While most other gaseous pollutants have a consistently downward flux, NH3 is 
both emitted from and deposited to land and water surfaces. For semi-natural 
vegetation, fluxes are usually directed to the surface, whereas fluxes are directed 
away from the surface over agricultural grassland treated with manure. For arable 
cropland fluxes may be bi-directional depending on atmospheric conditions and the 
stage in the cropping cycle (SUTTON, 1990). Nitrogen metabolism has been shown 
to produce NH3 and as a result there is a compensation point (FARQUHAR ET AL., 
1980) at which deposition might change into emission when ambient 
concentrations fall below the compensation concentration and vice versa. 
To describe NH3 exchange it is necessary to consider natural and managed 
vegetation separately. For managed vegetation the compensation point approach 
seems to be most promising for use in models. However, the current state of 
knowledge is insufficient to define canopy resistance terms or compensation points 
reliable over different surface types and under different environmental conditions 
relevant for model parameterisation (LÖVBLAD ET AL., 1993). Furthermore, the 
compensation point is expected to be a function of many (undefined) factors and 
not a constant value. 
Ammonia generally deposits rapidly to semi-natural (unfertilised) ecosystems and 
forests. Results show Rc values mostly in the range of 0-50 s m-1 (DUYZER ET AL., 
1987, 1992; SUTTON ET AL. 1992; ERISMAN ET AL., 1993B). There is a clear effect 
of canopy wetness and relative humidity on Rc values (ERISMAN & WYERS, 1993). 
Under very dry, warm conditions (rh<60%, T>15oC) deposition to the leaf surface 
may saturate, so that exchange is limited to uptake through stomata, even allowing 
for the possibility of emission at low ambient concentrations. In this context a 
larger Rc may be appropriate (~50 s m-1). Table 5.9 shows some values for Rext for 
NH3, for different land use categories. 
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Table 5.9: Rext for NH3 (s m-1) over different vegetation categories in Europe. Negative 
values for Rext denote emission for estimating a net upward flux. From 
ERISMAN AND DRAAIJERS (1995). 

Day Night Land use category 

Dry Wet Dry Wet 
Pasture during grazing:  summer 
    winter 
Crops and ungrazed pasture: summer 
    winter 
Semi-natural ecosystems and forests 

-1000 
50 

-Rstom 
-Rstom 
-500 

-1000 
20 
50 

100 
0 

1000 
100 
200 
300 

1000 

1000 
20 
50 

100 
0 

Winter conditions: T>-1 oC, otherwise Rext=200 s m-1 (-1>T>-5 oC) or Rext=500 s m-1 (T<-5 oC) 

1.1.4.2.3 NOX 

A very small stomatal uptake might be observed for NO at ambient concentrations. 
Fluxes are, however, very low and uptake is therefore neglected (WESELY ET AL., 
1989; LÖVBLAD & ERISMAN, 1992). Uptake of NO2 seems to be under stomatal 
control with no internal resistance. In EUGSTER AND HESTERBERG (1996) it is 
addressed that, for deposition of NO2, Rext is assumed to be very large (FOWLER ET 
AL., 1991) and can be set to infinity. Rext is set at 9999 s m-1. 

1.1.4.2.4 HNO3 

The difficulty of measuring nitric acid (HNO3) concentrations at ambient levels has 
limited the number of flux measurements of these gases. Recent investigations, 
however, consistently show that for vegetative surfaces these gases deposit rapidly, 
with negligible surface resistances. Deposition of HNO3 seems to be limited by the 
aerodynamic resistance only. For this gas the external surface resistance is found to 
be negligible: Rext is set at 1 s m-1. 

1.1.4.3 In-canopy transport (Rinc) 

Deposition to canopies includes vegetation and soil. Early studies assumed that 
deposition to soils under vegetation was relatively small (5-10% of the total flux; 
FOWLER, 1978). Recent work shows that a substantial amount of material can be 
deposited to the soil below vegetation. This substantial transfer occurs because 
large-scale intermittent eddies are able to penetrate through the vegetation and 
transport material to the soil.  
The in-canopy aerodynamic resistance Rinc for vegetation is modelled according to 
data from VAN PUL AND JACOBS (1993): 

*u
hLAIbRinc
⋅⋅

=  (5.33) 
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where LAI is the one-sided leaf area index (set to one for a deciduous forest in 
winter), h the vegetation height and b an empirical constant taken as 14 m-1. The 
previous equation is only applied to tall vegetation. For low vegetation Rinc is 
assumed to be negligible. The resistance to uptake at the soil under the canopy Rsoil 
is modelled similarly to the soil resistance to bare soils. This will probably 
underestimate uptake to surfaces under forests (partly) covered with vegetation. 
Parameters used for the calculation of Rinc are summarised in Table 5.10. 

Table 5.10 Parameters for the calculation of Rinc, for simple vegetation classes by 
WILSON AND HENDERSON-SELLERS (1985) to translate OLSON ET AL. (1985). 

Vegetation type LAI b h 

Desert 
Tundra 
Grassland 
Grassland + shrub cover 
Grassland + tree cover 
Deciduous forest 
Coniferous forest 
Rain forest 
Ice 
Cultivation 
Bog or marsh 
Semi-desert 
Bare soil 
Water 
Urban 

-9999 
6 
6 
6 
6 
5 
5 
-9999 
-9999 
5 
-9999 
-9999 
-9999 
-9999 
-9999 

-9999 
-9999 
-9999 
-9999 
-9999 
14 
14 
-9999 
-9999 
14 
-9999 
-9999 
-9999 
-9999 
-9999 

-9999 
-9999 
-9999 
-9999 
-9999 
20 
20 
-9999 
-9999 
1 
-9999 
-9999 
-9999 
-9999 
-9999 

1.1.4.4 Deposition to soil (Rsoil) and water surfaces (Rwat) 

1.1.4.4.1 SO2 

Deposition of SO2 to soil decreases at a soil pH below 4 and increases with relative 
humidity (GARLAND, 1977). In SPRANGER ET AL. (1994) Rsoil dependence on pH 
and relative humidity is calculated as 

pHrh
soil eR ⋅−⋅−= 578.00235.0471.9     (5.34) 

When surface temperatures fall below zero or the surface is covered with snow, Rc 
values increase up to 200-500 s m-1. The deposition of SO2 to snow-covered 
surfaces depends on pH, snow temperature and probably the amount of SO2 
already scavenged by the snow pack. ERISMAN ET AL. (1994B) found the following 
relations for snow-covered surfaces: 

Rsnow=500 s m-1 at T<-1oC 

Rsnow=70(2-T) s m-1 at -1<T<1oC            (5.35) 
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1.1.4.4.2 NH3 

Deposition of NH3 to soil, snow and water surfaces is similar to that of SO2, only 
the pH dependence is different. Resistances to unfertilised moist soils will be very 
small provided that the soil pH is below 7. Fertilised soils, or soils with a high 
ammonium content, will show emission fluxes, depending on the ambient 
concentration of NH3. Resistances to water surfaces will be negligible if the water 
pH is below 7. Resistances to snow will be similar to that of SO2 at pH<7. 
Resistances will increase rapidly above a pH of 7. 

1.1.4.4.3 NOX 

For NO at ambient concentrations, emission from soils is observed more frequently 
than deposition. This emission, the result of microbial activity in the soil, is 
dependent on soil temperature, water content and ambient concentrations of NO 
(HICKS ET AL., 1989). Emissions are to be expected at locations with low ambient 
NO and NO2 concentrations (<5ppb).  

The surface resistance for NO2 to soil surfaces is found to be about 1000-2000 sm-1 
(WESELY, 1989). If the soil is covered by snow, the resistance will become even 
higher. Resistances of NO2 to water surfaces are also expected to be high due to the 
low solubility of this gas. 

1.1.4.4.4 HNO3 

Resistances to water surfaces (pH>2) and soils for HNO3 are assumed to be 
negligible. A surface resistance for HNO3 to snow surfaces at temperatures below –
5oC is expected. Resistances for HNO2 are assumed to follow those of SO2. 
Rsoil, Rsnow and Rwat values for different gases are summarised in Table 5.6. 

1.1.5 Aerosol dry deposition 

The process of dry deposition of particles differs from that of gases in two respects: 

Deposition depends on particle size since transfer to the surface involves Brownian 
diffusion, inertial impaction/interception and sedimentation (all of which are a 
strong function of particle size). 

Presumably the surface resistance for particles less than 10µm diameter (HICKS & 
GARLAND, 1983) is negligible small to all surfaces. 

For submicron particles, the transport through the boundary layer is more or less 
the same as for gases. However, transport of particles through the quasi-laminar 
layer can differ. For particles with a diameter <0.1µm, deposition is controlled by 
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diffusion, whereas deposition of particles with a diameter >10µm is more 
controlled by sedimentation. Deposition of particles with a diameter between 0.1 
and 1µm is determined by the rates of impaction and interception and depends 
heavily on the turbulence density.  

RUIJGROK ET AL. (1997) proposed another parameterisation derived from 
measurements over a coniferous forest. In this approach, which is simplified from 
SLINN’s (1982) model, Vd is not only a function of u*, but also of relative humidity 
(rh) and surface wetness. Inclusion of rh allows to account for particle growth 
under humid conditions and for reduced particle bounce when the canopy is wet. 
Dry deposition velocity is expressed as: 

ds
a

d V
R

V
11

+=  (5.36) 

where Ra is the aerodynamic resistance, which is the same as for gaseous species, 
and Vds is the surface deposition velocity.  

For tall canopies Vds is parameterised by RUIJGROK ET AL. (1997) as 

h
ds u

u
EV

2
*⋅=  (5.37) 

where uh is the wind speed at the top of the canopy, which is obtained by 
extrapolating the logarithmic wind profile from ZR to the canopy height h. uh can be 
expressed as: 
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E is the total efficiency for canopy capture of particles, and is parameterised 
separately for dry and wet surfaces (RUIJGROK ET AL., 1997). 

For dry surfaces, for SO4
2- particles (BROOK ET AL., 1999): 
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For wet surfaces, for SO4
2- particles (BROOK ET AL., 1999): 
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rh (relative humidity) is taken at the reference height. 

ERISMAN AND DRAAIJERS (1995) used the following general form for the 
calculation of Vd: 

s

ds
a

d V

V
R

V +
+

= 1
1  (5.41) 

where Vs is the deposition velocity due to sedimentation, to represent deposition of 
large particles, and Vds can be estimated from Equation (5.38). Relations for E for 
different components and conditions are given in Table 5.11. These were derived 
from model calculations and multiple regression analysis (ERISMAN & DRAAIJERS, 
1995). 

Table 5.11 Parameterisations of E values for different components and conditions.  
From ERISMAN AND DRAAIJERS (1995). 

 Wet surface Dry surface 

Compound rh ≤ 80% rh > 80♣% rh ≤ 80% rh > 80% 

NH4
+ 

 
41.0

*066.0 u⋅  












⋅+⋅⋅

−
20

80
41.0

* 37.01066.0
rh

eu  
 

23.0
*05.0 u⋅  













⋅+⋅⋅

−
20

80
23.0

* 18.0105.0
rh

eu  

SO4
2- 45.0

*08.0 u⋅  












⋅+⋅⋅

−
20

80
45.0

* 37.0108.0
rh

eu  28.0
*05.0 u⋅  













⋅+⋅⋅

−
20

80
28.0

* 18.0105.0
rh

eu  

NO3
- 43.0

*10.0 u⋅  












⋅+⋅⋅

−
20

80
43.0

* 37.0110.0
rh

eu  25.0
*063.0 u⋅  













⋅+⋅⋅

−
20

80
25.0

* 18.01063.0
rh

eu  

Na+, Ca2+, 
Mg2+ 

56.0
*679.0 u⋅  













⋅+⋅⋅

−
20

80
56.0

* 37.01679.0
rh

eu  12.0
*14.0 u⋅  













⋅−⋅⋅

−
20

80
12.0

* 09.0114.0
rh

eu  

For the large particles (Na+, Ca2+, Mg2+) and for low vegetation (for all particles), 
the sedimentation velocity has to be added: 

80%rh        0067.0

80rh                      0067.0

1058.1
0066.0

1

>⋅⋅=

≤⋅=

−−
⋅

−

smeV

smV
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s

s
    (5.42) 
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