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Abstract-A model for the computation of long-term average NO,- and N02-concentrations is developed
and applied. The model is based on the compu~tion of average con~ntmtions for wind~ir~tion-windspeed classes by numerical modehing of the NC?, and 0, (NO, + O~~~n~ntrations over a diurnal cycle with
class-averaged meteorology, and empirical determination of background NO,-, OS-fluxes and OX-gradients
from measurements. The photostationary equilibrium between NO, NO1 and 0s is accounted for, together
with the major physical and chemical decay-processes. A good agreement between modelled and measured
yearly average NO,- and NOr-concentrations was obtained. The effects of policy measures were evaluated by
imposing several reductions on the emission inventory.
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INTRODUCHON

where K, the u.v.-radiation intensity dependent
equilibrium constant (ppb) and 0, the oxidant concentration, was defined as the sum of NO* and Oj. It
consequently was assumed that, given the u.v.intensity, the concentration of NOz can be derived
from the modelled NO,- and OX-concentrations.
Also the season average concentration can be described by relation (2); in Fig. 1 the season average NO,concentrations are plotted against the corresponding
NO,-concentrations. At higher NO,-levels the NOzconcentrations, also within urban environments are
limited by the availability of background oxidant. For
98-percentile values comparable relationships were
found. Apparently the NO,-concentration is found to
be an explicit function of NO,- and OX-concentrations.

Although several sophisticated mesoscale models are
avaiiable for the computation of the concentration of
reactive air pollutants during episodes, the computation of long-term average concentration
is limited by
the strong simplifications
imposed
by analytical
Gaussian models. Given the chemical and emission
characteristics these Gaussian models can be applied in

SOz-studies. However, the modelling NO,, N02pollution the chemical reactivity of primarily emitted
NO and the 50% emission contribution by traffic at
low and stable atmospheric levels, suggests application
of numerical models also in cases where government
policy decisions require long-term average concentrations.
The long-term NO,, NO,-model, described here,
can be considered as a repeated application of a shortterm numerical model and is a compromise between
model sophistication and required computation time.
The model is based on an earlier numerical two-layer
SOY, S04, mesoscale model (van Egmond and
Kesseboom, 19831, from which a preliminary version
of the short-term NO,, NO,-model was derived (van
Egmond and Kesseboom, 1982).
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From the results of hourly average NO,, NO2 and
0, m~surements
made at 90 stations in the
Netherlands, it was concluded that the photostationary equilibrium
NO+0 $N02+02
(1)
describes the hourly average NO,/NO,
large extent, resulting in the relationship
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Fig. 1. Empirical relations between NO,- and NO,concentrations for summer and winter.
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Consequently,
NO,-modelling
might be based on
separated
analytical
modelhng
of NO, and 0,.
However, dispersion of NO, from low level traffic
sources and interactions over the diurnal cycle between
atmospheric mixing, u.v.-radiation intensity, emission
and deposition, strongly suggests numerical, instead of
analytical approaches. Herein NO, and 0, are modelled simultaneously
while NO,-,
NO- and 03concentrations
are derived from NO, and 0, at every
time step to account for deposition and decay processes of the individual components.
The season average gradients in oxidant concentrations appear to be smaller than 5 ppb over 100 km
(The Netherlands); only during pronounced episodes
of anti-cyclonic SE weather types, gradients up to 30
ppb (1-h average) over 100 km were found. This
implies that formation of oxidant takes place on a very

large scale and can be highly parameterized
by: (i)
assuming oxidant formation proportional
to the radiation intensity and overall precursor
background
levels and constant over the 400 x 400 km2 model-area
(The Netherlands and surroundings) and (ii) assuming
oxidant formation
proportional
to the (modelled)
NO,-concentrations
which are expected to be representative for the local precursor (NO, and hydrocarbon, HC) concentrations.
In this present model application the first assumption was made.
3.

NO,-emissions
for the 400 x 400 km’ model area
were obtained
from- the TNO-emission
inventory
(Veldt, 1981), aggregated to 15 x 15 km2 squares and
as such plotted in Fig. 2. The fraction of NOz in the
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Fig. 2. NO,-emissions (as NOJ in kg h _ ’ for high and low sources in the 400
x 400 km* modelling area.
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NO,-emission was assumed to be 5 %. Traffic emission
was assumed to follow a pronounced diurnal profile
with peaks during the rush-hours. Space heating was
assumed to result in emissions that are in winter three
times as large as the summer emission, Total emissions
are given in Table 1.
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described as a large-scale ‘diffusion’ process without
contribution of advective transport.
To determine the windspeed which should be
chosen as the upper boundary for the low windcategory two persistence parameters were computed as
a function of windspeed.
(i) Correlation
coefficient
R(s) of absolute
windspeeds

4. MODEL DESCRIPTION

4.1. Statistical class&cation
sion categories

into transport and disper-

Season average concentrations are assumed to be a
weighted sum of average concentrations in 13 categories. This includes 12 wind-directions of 30” in
which transport is described as advection according to
homogeneous wind fields in the different atmospheric
layers; as this wind-direction is expected to persist for
at least 48 h (simulation for one diurnal cycle and one
day of initialization) these categories presumably represent higher wind speed categories and one category
of highly variable weak winds in which transport is

Table 1. NO, emissions in tons h-l (as NOJ
The Netherlands

total 400 x 400 km2
area

Traffic
Space heating
Industry

28

60

11

97

22

95

61

252

which, according to Csanady (1973) describes the
dispersive transport by low wind components as
increase of the second moment of the concentration
distribution
R,(T) dr = 2K,,

(4)

where K, a horizontal ‘diffusion’coefficient (K, = K,
= K,). Herein R, (7) does not represent the usual
Lagrangian correlation function as u, is not the crosswind component but the absolute, horizontal wind
speed. The dispersion given by (4) thus gives the
dispersive transport resulting from variable winds on
the time scale of several hours, for example land-sea
circulations. As the mean displacement is assumed to
be zero R,(t) can be considered as Eulerian and
derived from fixed station m~surements.
(ii) Constancy (Brooks and Carruthers, 1953), defined as the ratio between effective windspeed V,
(resultant transport vector) and average wind speed V,,
In Fig. 3 the summer and winter correlation functions R, (7) and constancy functions VP/V, are given. It
is concluded that in winter, transport efficiency (con-

1980

Fig. 3. Correlation functions R(T) and constancy functions V,/ V, for summer and winter.
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stancy) is maintained for windspeeds > 2 m s i, while
in summer a steady decrease at lower windspeeds is
observed. The criterion for the low wind category was
chosen as < 3 ms-‘. From the correlation functions
at windspeeds -C 3 m s-i the resulting K, was estimated as 50.000 m2 s-’ to be used in the numerical
simulation of ‘diffusion’ by highly variable winds
< 3 m s- i. As stated herefore this value of K, refers to
wind variations on the time scale of hours with respect
to absolute (Eulerian) coordinates; consequently 1y,
attains larger values than in Iagrangian dispersion
with respect to the mean displacement. Per wind
direction category, average concentrations were computed as averages over a 24-h diurnal cycle after 24 h of
initialization. Meteorological parameters such as radiation, windspeed, wind shear, and derived physical and
chemical decay parameters were assumed to vary over
these 2 x 24 h periods according to their respective
average diurnal profiles for the 30”-wind-direction
categories. This means that the long-term average
concentration field is considered to be a weighted sum
of the averages over days, which are typical for the 13
wind categories, i.e. days with average meteorology per
wind direction. By considering the average over the
diurnal cycle as the basic statistical element, a controlled and transparant treatment of the interrelated
dispersion and physical, chemical decay processes is
guaranteed. Wind speed was assumed to be inversely
proportional to concentration and the diurnal wind

The season average concentrations were obtained by
summation of the 13 windcategoriesaccording to their
frequencies of occurrence.

The model distinguishes both for NO, and 0, three
atmospheric layers, a surface layer (lowest 50 m of the
atmosphere), a time varying mixing layer and a reservoir layer above the mixing layer; the diurnal
variability of these iayers is represented in Fig. 4. This
concept of a time-de~ndent
mixing, reservoir layer
stratification was suggested by Husar et al. (I 978) and
also advocated by De Haan (1979) for application in
mesoscaie models’. Low level emissions, especially
traffic-NO, is emitted into the surface layer. Transport
between surface- and mixing layer is given by the flux

where X/C% is the concentration gradient between
both layers and I<, the vertical diffusion coefficient
given by
KZ = EC
U,Z/C&
(7)
where

0, = 0.74 (I - 9 r/L))‘.’
unstable
LY,= 0.74 + 4.7

‘turbulent’ diffusion ( < 3 m s- ’ )
+Qi-Sd-Sc
(5)

the procedure of computing season average concentrations is summarized as:
u&3ms-. ‘. 12 wind direction categories: K, = 0
u < 3 m s i: 1 wind direction category; u = 0, D = 0,
Ic, = 50.000m2s-‘.

I

4

at L < 0

z/Lat L > 0 stable.

Obukhov length L and friction velocity ux are computed iteratively from IOm wind speed and sensible
heat flux, derived from measured radiation intensity.
The procedure is based on the work of Businger (I 973)
and Venkatram (1980) and described for the earlier
mentioned SC&-, SO,-mesoscale model by van
Egmond and Kesseboom (1983). During daytime KI
will be largeand concentrations in the mixing layer will
equal that in the surface layer. Increase of the mixing
layer will result in downward flux of NO, or 0, from
the reservoir layer (fumigation). As the height of NO,
emissions is generally lower than the height of the
previous day mixing layer, the NO,-reservoir layer is
chosen lower than the OX-reservoir layer, implying
that apart from new emissions NO,-concentrations
will decrease in the afternoon.

advection (3 3 ms-‘)

cw3*

k = 0.35
u, = friction velocity

0*= stability correction

profile was obtained as the harmonic mean (1 /u) of
observations in the respective wind category. As the
simulation is based on the numerical integration of the
continuity-equation

emission (Q) and decay (S),
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Fig. 4. Diurnal profile of the three atmospheric layers as simuiated by the model.
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4.3. Deposition
Deposition
is modelled as a concentration
dependent flux per unit area from the surface layer
F = v,C,

(8)

where vgis assumed to be constant, as the aerodynamic
resistance in the lower atmospheric levels is accounted
for by the stability dependent transport between
mixing and surface layer. Deposition for both NOz
and NO was choosen as 0.003 m s- ’ and for O3 a value
of 0.001 ms-’ was adopted. Wet deposition for NO
and NOz was assumed to be low and not taken into
account. HN03 formation, however, was modelled as
a decay process and thus wet deposition of nitrate was
taken into account.
In the model application described here NO1- and
NO-concentrations
were the object of study; for
applications in which the deposition of NO, compounds is considered to be the primary model output,
the mass flux per unit area F is accumulated for every
grid square. However, in that case also, the transport
and deposition of HN03, once formed from NOz, and
the subsequent scavenging of NO3 by wet deposition
should be taken into account.
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4.4. Windfields
For each wind direction category of 30” (u
z 3 m s- ‘) homogeneous wind fields were adopted
with wind speeds varying according to the average
diurnal profile of winds at low (10m) and higher
(15&3OOm) levels. These profiles were derived as
harmonic means from measured hourly average
windspeeds in the respective wind direction categories
( 2 3 m s- ‘). The direction of the reservoir layer wind
was veered with respect to the mixing layer wind
according to the Ekman-Taylor spiral windprofile.
From the available wind-direction measurements at
low (10 m) and high (150-300 m) levels in the respective
category, the “bulk vertical diffusion coefficient” K,,
was derived, from which an average diurnal K,,
pattern was obtained. Actual wind shear at any height
was obtained by substitution of the actual K,, in the
spiral profile.
4.5. Mixing heights
Apart from incomplete records of mixing height
measurements by means of an acoustic sounder, no
data for the computation of average mixing heights per
wind category were available. Consequently, estimates
were made from subjective judgement of acoustic
sounder data and observed concentrations, especially
concentration ratios for background levels and plumes
from large sources areas. The resulting minimum and
maximum mixing heights vary gradually over the wind
directions as shown in Fig. 5.
4.6. Background concentrations

The 400 x 4OOkm* model area is relatively small
compared to the European continent over which NO,emission and OX-formation takes place. Consequently

Fig. 5. Minima and maxima in diurnal mixing height
profiles as a function of wind-direction for summer and
winter.

the NO,- and OX-influxes are substantial. To deal with
the large-scale, low-gradient background patterns the
grids for mixing- and reservoir layers are initialized at a
background concentration. During the diurnal cycle
concentration changes due to advection in all layers are
equated to zero but vertical mixing, deposition and
chemical decay is assumed to take place. After the
afternoon stabilization, as given by time t, in Fig. 4,
concentrations at all i, i-positions in the mixing- and
reservoir layer are increased with the difference between the given, wind direction dependent background
concentration and the average concentration over the
upwind row or column of the grid. As such the weak
spatial gradients resulting from the long-distance
transport of NO, and 0, are modelled. Background
fluxes were estimated from the results of measurements at upwind positions in the modelled area.
Background (initial) OX-concentrations ranged from
40 to 70 ppb in summer and 30 to 40 ppb in winter.
NO,-background concentrations ranged from 2 to 4
ppb in summer and from 5 to 7 ppb in winter.
4.7. Chemistr)
Only chemical processes which were expected to be
of the same importance as deposition effects were
taken into account. The equilibrium constant K, (ppb)
in Equation (2) was modeled as
K, = bR,

(9)
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fields and comparison of modelled and measured spatial average diurnal
for NO, (above) and NO2 (below); winter, wind-direction
sector ESE.

where R measured solar radiation in J cm- ’ h- ’
(assumed to be proportional to u.v.-radiation), as
average diurnal profile per category, and 6 a constant
estimated by regression from measured hourly average
concentrations. For the summer b was estimated at
0.08 (ppb JJ2 cm-’ h-r). To simulate incomplete
mixing the constraint K, a 1 was adopted, resulting in
a low, but non-zero level of NO during the night. For
the winter period 6 was estimated at 0.25 with K, > 6.
For example the maximum (average) solar radiation in
wind direction SSE is 259 JcmW2 h- ’ resulting in K,
= 0.08 x 259 = 21 ppb.

profiles

The most important chemical decay process for
NO, is
NOz + OH --t HNO,.
(10)
The OH-concentration was taken proportional
radiation intensity R as
[OH] = nR with

to the
(11)

a = 83 x IO-‘ppb J- ‘cm-‘h-’
in summer
a = 40 x 10-s ppb JJ’ cm-2 h-r in winter
resulting in maximum OH concentrations
=2.15x10~4ppbinsummerandOH=0.40x10-4

of OH

A numerical mesoscale model for long-term average NO, and NO+oncentration
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Fig. 7. Average modelled concentration fields and comparison of modelled and measured spatial average diurnal profiles
for NO, (above)and NO2 (below); summer, wind-direction sector ESE.

ppb in winter. The reaction constant k,, (from
Equation (10)) was taken by k,,, = 1020ppbh-t (van
Aalst and Bergsma, i981) resulting in maximum NOz
decay of 22 % h- ’ in summer and 4 % h- ’ in winter.
Photochemical NO-oxidation was taken proportional to radiation R according to
dOx
-f&r x R
dt-

(12)

where fcH a wind dependent factor (ppbcm2 JJ’)
accounting for influx of precursors, varying from 0.02
for W, to 0.03 for E-directions, and for intermediate

wind-directions a gradual increase from W to E was
assumed symmetrial about the W-E axis, resulting in
empiri~lIy
derived m~imum
Ok-formations
of
8 ppb h- ’ in summer and 3 ppb h- ’ in winter. Soft, is
assumed to have a simple wind-direction dependency,
derived from measured OX-gradiants. The shape of this
fCHwindrose is similar to the windrose of OX-influxes
as mentioned in 4.6.
4.8. Numerical methods and computational aspects
Integration of the continuity eq~tion over the grids
were based on the pseudo-spectral advection scheme
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~Ch~stensen and Prahm, 1976). In spite of the strong
simplifi~tions described above, computation time for
modeihng one season, involving simulation of 13 x 2
x 24 h of atmospheric transport was 91 h on a
HPiOOO-minicomputer system.
5. MODEL

VALIDATION

As mentioned before, representative mixing height
data could not be obtained and consequently these
profiles had to be estimated from model performance,
given some acoustic sounder data and the requirement

fields.

of a smooth continuing function of minima and
maxima over the 12 wind direction categories.
Herewith some calibration of input data is involved
and no formal validation can be made. This is further
emphasized by the fact that background OX-and NO,levels, as well as OX-gradients were derived from
measurements, which implies that the model is partly
empirical in character. However, model performance
can be judged by comparison of space and time
patterns of modelled and measured NO,- and NO*concentrations for the I3 individual wind categories.
Examples are given for ESE-direction in Figs 6 and 7;

A numerical mesoscale model for long-term average NO, and NC&concentration
from the average modelied NO,- and NOzfields, the measured and modelled diurnal profiles of
the spatial averages over The Netherlands are given. In
order to account for the variability of’the wind within
the 30” sectors in the measured wind~r~tion
average
concentrations, the modelled fields were constructed
from the respective wind direction sector and the two
neighbouring wind-sectors in the ratio 1:J: 1. Herewith
the second moments of wind va~ab~ity in the modelled field approximates that of the measured field.
Spatial correlations for the ESE-24-h average NO,and NO2 fields are 0.82 and 0.92, respectively for
summer, and 0.81 and 0.88 for winter. For this sector
the discrepancies between time-space average concentrations are the largest of all 13 categories; in summer
the measured average ESE concentration of 22 trg m - ’
NO, (as NOz) is underestimate
by 6ggmVJ by the
model mainly due to Iarge strong differences in the
early morning hours (Fig. 6). These discrepancies for
other wind categories were smaller than 20%. Also
NO~~oncentratio~s
were underestimated for the
ESE-sector, due to overestimation of K, [Equations
(2) and (9)l.
For the 13th category of highly variable winds
( < 3 m s- ‘) model. results were in good comparison
with measurements. Spatial carrelations between 0.91
and 0.95 were found; the discrepancies between
time-space average concentrations ranged from 5 to
20 %.
apart

ii.
‘I%@ find

which apply to the area in which the model was applied
(The Netherlands and surroundings), will be summarized here to demonstrate the field of application of
the model:
(i) Dutch NO,-sources contribute 44% to the
yearly average NO,
concentration
over The
Netherlands, i.e. NO, concentrations decrease by
4456% of its original value when ah Dutch NO,emissions are eliminate. The corresponding contribution for NOz is 40%.
(ii) The contribution of Dutch traffic to the average
NO,- and NO~~once~trations in Tbe Netherlands are
respectively 30 and 25 %.
(iii) A reduction of traffic-emission in Europe by
25 % results (for The Netherlands) in a decrease of 9 %
for NO, and 6% for NOB
{iv) Source areas outside the model area contribute
the average NO,- and NO,-concentrations
in The
Netherlands of 16 and 23 %, respectively.
(v) As a consequence of the avai~abiiity of oxidant
on a large scale only strong (> 50 %) NO,-emission
reductions will result in a marked reduction of NO,concentrations.
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results of the modelling etTort are given
in Fig. 8, where the average NO,- and NOzconcentration
fields for the yearly period April
1980-April 1981 are given. Spatial correlations for
NO, and NO2 respectively were 0.76 and 0.88 in
winter, and 0.85 and 0.88 in summer; discrepancies
between space-time average concentrations were less
than IO%, which partly is attributed to the semiempiricat character of the mode1 in which backgro~dconcentrations
(infl~es)
are
derived
from
measurements.
Given the good correspondence between model and
m~s~r~rnent results for the period of ~nvesti~tjon
and taking into account the relatively high physical
credibility in comparison with analytical models, several source reduction scenarios were studied in their
effect on the long-term average NO,- and NOzcon~ntrations
in The NetherIand~,
The computations were made by running the longterm model with the average meteorology for the
validated period April 19%April
1981 at several
reductions in NO,-emissions; the resulting comentrations were compared to the concentrations modelled with the original emission inventory. The results,
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