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URL:  
http://www.dmu.dk/en/air/models/background/no2chemistry/  (introduction) 

http://www2.dmu.dk/AtmosphericEnvironment/Docs/NO2scheme.pdf  (document) 
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The present note briefly explains the scheme for NO2 chemistry applied 
in the Danish local scale models OSPM, OML-Multi, OML-Highway and 
UBM. It will be referred to as the OSPM scheme. Furthermore, the note 
illustrates the results of the scheme and the consequences of certain sim-
plifications (assuming photochemical equilibrium, respectively using the 
’ozone limited approximation’).  

The note has been written to supplement the description of the OSPM 
scheme which is given in the Fairmode Guidance document on model-
ling of NO2 by Denby et al. (2010). Here we refer to a set of basic equa-
tions for NOX chemistry given in that document. For convenient refer-
ence, the equations and the accompanying explanation are reproduced 
here in the following section (Section 1.2). The actual explanation of the 
OSPM scheme follows in Section 1.3. 
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This section recapitulates the equations for the chemical reactions for 
NOX chemistry. It is taken from the document by Denby et al. (2010). 

First, the main features involved are explained. Next, the actual equa-
tions are presented. 

Some atmospheric compounds have such slow chemical reaction rates 
that they can essentially be treated as inert tracers when applying air 
quality modelling on the urban scale. However, this is not the case for 
Nitrogen dioxide (NO2) since it is a species that is rapidly formed from 
Nitrogen oxide (NO) through its reaction with ozone (O3). Indeed, if this 
is the only important reaction, as it is at night time under most urban 
conditions, then NO will be transformed to NO2 until all the NO is con-
verted to NO2 or until all the ozone is used up (������������	������,���-
����). Given typical concentrations in the urban atmosphere this reaction 
takes place on a time scale of just a few minutes but this is dependent on 
concentrations and also on temperature. The rate of this reaction is im-
portant for modelling since the time it takes for exhaust emissions of NO 
(and NO2) to reach a traffic monitoring station is only a few seconds 
whilst the time it takes for emissions to reach an urban background sta-
tion is a few tens of minutes – 1 hour. As a result the proportional con-



 

2 

centration of NO2, compared to NO, near to traffic sources is generally 
lower than at urban background stations.  

In addition to the conversion of NO to NO2 the other major daytime re-
action that affects NO2 is the destruction of NO2 by photolysis, i.e. 
sunlight breaks the NO2 molecule into an NO molecule and a ground 
state oxygen molecule. This reaction rate may also be quite fast (10 – 30 
minutes) in sunny environments. As a result a balance can be reached 
within an hour such that the production of NO2 is balanced by its de-
struction. This is called the photostationary state or the ��������������
����	�������. 

On longer time scales, and dependent on the amount of hydrocarbons 
emitted in the atmosphere, there may also be a chemical production of 
NO2 that results from the reaction of peroxyl radicals (the result of the 
photolysis of hydrocarbons) and NO (equation ( 1-4 ) in the following). 
This reaction takes place with a time scale of hours and can have an im-
portant impact on both NO2 and eventually ozone concentrations in the 
urban environment. 

The eventual fate of NO2 is determined by a number of reactions but the 
most important of these is the conversion of NO2 to Nitric acid (HNO3) 
(Equation ( 1-5 )) which occurs at the rate of several hours to a day. Nitric 
acid is readily removed from the atmosphere through deposition proc-
esses. As a result of this time scale, NO2 has an atmospheric lifetime of 
just a day or two, and as such is not transported over large distances.  
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The creation of NO2 by the oxidation of NO with O3 (Equation 1-1) is a 
very fast reaction that takes only a few minutes under typical urban at-
mospheric conditions. The production of NO2 is balanced by its decay in 
the presence of sunlight ( 1-2 ), where �  is the energy from a photon 
with a wavelength �. 420 nm, and the subsequent creation of ozone ( 
1-3 ) with the generated ground state oxygen molecule (O). This last re-
action requires some other molecule (M) for the reaction to occur.   

 

 

In urban environments the emission of hydrocarbons, mostly in the form 
of volatile organic compounds, and the subsequent production of peroxy 
radicals RO2 (including hydrogen peroxide HO2), generated by the oxi-
dation of these hydrocarbons, will also affect the oxidation of NO to 
NO2. Here R represents any configuration of a range of hydrocarbons af-
ter the removal of a hydrogen atom H. The NO will react with the per-
oxy radicals in the following way. 

 
223 ������ +→+    ( 1-1 ) 

 ������ +→+ ν2    ( 1-2 ) 

 ����� +→++ 32    ( 1-3 ) 

 �������� +→+ 22   ( 1-4 )  
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The rates of these reactions will vary dependent on the concentrations of 
the peroxy radicals but in urban areas the reaction rates are typically of 
an hour or more. As a result they can make a significant contribution to 
the NO2 concentrations, and eventually O3 concentrations through equa-
tions ( 1-2 ) and ( 1-3 ) 

Though there are a number of alternative reactions, the eventual loss of 
NO2 will go through reactions such as 

This last reaction has a rate of between a few hours and a number of 
days, dependent on the availability of OH. This is one of the reactions 
that are responsible for the short lifetime of NO2 in the atmosphere (~ 
one day). 

As a consequence of equations ( 1-1 ) – ( 1-5 ) the rate at which NO2 will 
change its concentration is given by its production (equations ( 1-1 ) and 
( 1-4 )) minus its loss (equations  ( 1-2 ) and ( 1-5 )):   

where �� is the reaction rate for Equations � and / is the photolysis rate co-
efficient for Equation ( 1-2 ). /�depends on the amount of sunlight and 
this often represented by the height of the sun in the sky, or its inclina-
tion. 
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Some local and urban scale models make use of the steady state solution 
to equations ( 1-1 ) – ( 1-3 ). The steady state solution is quite convenient 
because it allows the modelling of Ox (Ox = NO2 + O3) and NOx (NOx = 
NO2 + NO) concentrations as non-reactive tracers, since these are con-
served in Equations ( 1-1 ) – ( 1-3 ). After transport and diffusion of the 
Ox and NOx concentrations, NO2 concentrations can be calculated using 
the steady state solution to be presented as equation ( 1-9 ). This makes 
the method attractive since Gaussian type models, that only work on 
non-reactive species, can transport and diffuse Ox and NOx and then cal-
culate NO2 from their resulting values 

The basic photochemical steady state solution for NO2 is obtained by ig-
noring the contribution of the peroxyl radicals (RO2) and the hydroxyl 
radical (OH) to the production and loss of NO2 and by setting the rate of 
change of NO2 in Equation ( 1-6 ) to be zero, i.e. no change in NO2. Un-
der this condition we find a relationship between the compounds of 
NO2, NO and O3 that is given by the following: 

Equation ( 1-7 ) tells us the relative concentrations but does not provide 
us with a solution for NO2. To find a solution we make use of the fact 
that NOx ([NOx] = [NO] + [NO2]) and Ox ([Ox] = [NO2] + [O3]) concentra-

 ��������� +→++ 32   ( 1-5 )  
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tions are conserved in Equations ( 1-1 ) – ( 1-3 ) and these can be treated 
as non-reactive tracers. As a result we can write a steady state solution 
for NO2 as:  

where  
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This has a solution of the form 

This equation describes the �������������� ����	�� �����, which can be fur-
ther simplified to the ������ ������	� �����,������� in the case when de-
struction of NO2 by sunlight is ignored. 
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The previous section recapitulated the equations for NOX chemical reac-
tions and a basic steady state solution. The present section explains the 
steady state solution applied in the OSPM model, which takes turbulent 
mixing into account. 

In order to include the effect of turbulent mixing, which occurs on simi-
lar time scales to the chemical reactions, Hertel and Berkowicz (1989) in-
troduced a mixing (exchange) rate into Equations ( 1-1 ) – ( 1-3 ). This 
was applied in street canyon model OSPM (Berkowicz, 1998).  

Taking into account that the reaction ( 1-3 ) is very fast, the set of the 
chemical reactions is simplified to 

NO + O3       NO2  

NO2 +h        NO + O3 

This leads to the following rate equations, including the additional ex-
change terms: 

 
[NO] - ][NO

 + 
][NO

 + ]NOJ[ + ]O[NO][k- = 
dt

d[NO] bv
231

 

][NO - ][NO
 + 

][NO
 + ]J[NO - ][NO][Ok  = 

dt
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All terms with the index b refer to background concentrations, while in-
dex v refers to contributions due to direct emissions. The terms without 
index refer to the actual (total) concentrations in the street. Note that 
[NOx]v = [NO]v + [NO2]v and [NO2]v = fd[NOx]v. fd is the fraction of NOx 
which is directly emitted as NO2. The exchange terms are governed by 
the time s����� � 

Assuming a steady-state condition (all time derivatives set to zero) leads 
to the following analytical solution to the above set of equations. This 
equation represents the ’OSPM method’: 

where 

[NO2]n = [NO2]v + [NO2]b 

[NO2]o = [NO2]n + [O3]b 

B = [NOx] + [NO2]o + R + D 

The photochemical equilibrium coefficient is given by R = J/k1, while D 
= (k1� �-1 is the exchange rate coefficient. 

Although the method was originally developed for street canyon appli-
cations and will be referred to as the OSPM method, it is now used for all 
Danish local scale models i.e. OSPM (Berkowicz, 2000a), OML-Multi 
(Olesen et al, 2009), OML-Highway (Berkowicz et al., 2007) and UBM 
(Berkowicz, 2000b). The only difference between the different models is 
the procedure used for calculation of the time scale . 

In the case of application for street canyons (OSPM), the time scale  re-
fers to pollutants residence time in the street. For the urban scale (OML 
and UBM),  �	� 
��� 
��
	���
� 
���� � � ������� �
� 
��� ��	�� ��� ���
�����
sources (OML-Multi, OML-Highway and UB��� ��	��������
����	�����x 
weighted average over all the sources. 

For the special case when  is very large (D=0), the above formula con-
verges to the photochemical equilibrium formula ( 1-9 ), while the ozone 
limited approximation is obtained when the photolysis process is also 
neglected (R=0).  

Application of the OSPM method is illustrated in Figure 1.1 for two years 
for the street Jagtvej in Copenhagen. Additionally, the results obtained 
using the photochemical equilibrium and ozone limited approximations 
are shown. Only the NO2 conversion formulas are tested here, so no dis-
persion modelling is involved. The NOx values shown here refer to the 
measured concentrations in the street, while the NO2 values are meas-
ured (black symbols), respectively modelled according to Equation ( 1-10 
) (red symbols). The difference in behaviour observed between the two 
years is mainly due to the much larger fraction of directly emitted NO2 
in the year 2006 compared to 1997. This fraction is computed hourly 
based on traffic composition, and the yearly average is indicated in the 
figures by the slope of the dashed lines. A summary of the annual aver-
age values is presented in Table 1.1. The OSPM method results are in a 

 ( )( )( )D][NO + ][NO][NO4 - B - B0.5 = ][NO n2o2x
2 1/2

2 ⋅⋅   ( 1-10 ) 



 

6 

reasonable agreement with the observed NO2/NOx relationships. The 
photochemical equilibrium and especially the ozone limited approxima-
tions result generally in too high values. 
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Table 1.1.   Annual average values derived from the hourly data presented in the figure. 
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1997 70.7 22.7 24.9 30.4 33.1 5.1 
2006 59.9 27.6 27.4 33.8 37.0 14.7 

Jagtvej  1997 - OSPM method and two special cases 
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Jagtvej 2006  - OSPM method and two special cases 
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Figure 1.1.  The upper row shows data for the busy street of Jagtvej in Copenhagen for 1997, while the lower shows 2006-data. 
Each data point in the figure represents a set of NOX and NO2 values for one hour. The black symbols indicate measured val-
ues, while the red represent NO2 computed according to equation ( 1-10 ), the ’OSPM method’. Some of the black symbols are 
hidden behind red symbols. 

The graphs in left column display results for the proper OSPM method, while the two subsequent columns show results for 
photochemical equilibrium and the ozone limited approximation, respectively. These can be derived as special cases of the 
OSPM method. The slope of the dashed lines indicates the fraction of directly emitted NO2 from traffic for the two years. 
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