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Abstract. A 14-month data set of MAX-DOAS (Multi-Axis
Differential Optical Absorption Spectroscopy) tropospheric
NO, column observations in De Bilt, the Netherlands, has
been compared with the regional air quality model Lotos-
Euros. The model was run on a 7 x 7 km? grid, the same reso-
lution as the emission inventory used. A study was performed
to assess the effect of clouds on the retrieval accuracy of
the MAX-DOAS observations. Good agreement was found
between modeled and measured tropospheric NO, columns,
with an average difference of less than 1 % of the average tro-
pospheric column (14.5-10% molec cm~2). The comparisons
show little cloud cover dependence after cloud corrections
for which ceilometer data were used. Hourly differences be-
tween observations and model show a Gaussian behavior
with a standard deviation (o) of 5.5-10%° molec cm—2. For
daily averages of tropospheric NO, columns, a correlation of
0.72 was found for all observations, and 0.79 for cloud free
conditions. The measured and modeled tropospheric NO;
columns have an almost identical distribution over the wind
direction. A significant difference between model and mea-
surements was found for the average weekly cycle, which
shows a much stronger decrease during the weekend for the
observations; for the diurnal cycle, the observed range is
about twice as large as the modeled range. The results of
the comparison demonstrate that averaged over a long time
period, the tropospheric NO2 column observations are repre-
sentative for a large spatial area despite the fact that they were
obtained in an urban region. This makes the MAX-DOAS

technique especially suitable for validation of satellite obser-
vations and air quality models in urban regions.

1 Introduction

Tropospheric reactive nitrogen (NOx = NO + NO3y) has an
important role in atmospheric chemistry. It is a key factor in
chemical cycles, that also involve tropospheric 0zone and the
hydroxy! radical OH, the first of which is an air pollutant and
a greenhouse gas, and the second of which is the main oxi-
dizing radical of the troposphere, essential in the removal of
trace gases, carbon monoxide, methane and volatile organic
compounds. In addition, NOy has a climate impact through
its indirect effect on the radiative forcing via trace gases such
as methane, ozone and sulfate (Shindell et al., 2009). In com-
bination with ammonia, NOy can form nitric acid, which
may lead to a worsening of respiratory diseases, and aggra-
vate heart diseases. Through it’s reactions in the atmosphere
NOy strongly contributes to the formation of photochemical
smog and aerosols, which may lead to an increase of respi-
ratory and heart diseases (Brunekreef and Sunyer, 2003). In
the atmosphere NOy is transformed to nitric acid, which con-
tributes to the acidification of soils and lakes. NOy is there-
fore an essential ingredient in atmospheric chemistry trans-
port models that are used for example to forecast air quality
several days ahead. Huijnen et al. (2010) describes a com-
parison of tropospheric NO, column forecasts over Europe
for 2008-2009 by several regional air quality models and
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by the OMI (Ozone Monitoring Instrument) satellite instru-
ment (Levelt et al., 2006). Although the ensemble of models
shows a reasonable agreement with OMI, substantial differ-
ences are reported between individual models and OMI, in
seasonal and diurnal cycles. The differences are related to
the use of different emission databases, transport schemes,
chemical mechanisms and meteorological processes in the
model, but also to uncertainties in the OMI retrieval. More
validation and model process intercomparisons are needed,
in order to address the various causes of the observed differ-
ences.

While satellite observations have their strength in the spa-
tial coverage, e.g., daily global coverage for OMI, they typ-
ically have no more than one overpass per day, for midlat-
itudes sometimes two within 1.5h. This makes the current
generation of polar orbiting satellite instruments unsuitable
for studies of diurnal variations, although a combination of
satellites with different overpass times partially solves this
problem (Boersma et al., 2009). In addition, the shielding
effect of clouds to NO; in the low troposphere (Boersma
et al., 2004), introduces a fair weather bias in satellite ob-
servations. The MAX-DOAS (Multi-Axis Differential Opti-
cal Absorption Spectroscopy) method (see, e.g., Hoenninger
et al., 2004; Wittrock et al., 2004) provides a way to measure
tropospheric NO2 columns from the ground. MAX-DOAS
observations can be performed under daylight conditions,
and below clouds. From the MAX-DOAS perspective clouds
also have a shielding effect to NO, above the cloud; however,
this is most often only a small part of the tropospheric NO;
column, because tropospheric NO, primarily resides in the
boundary layer below the cloud (see end of Sect. 2.2.1).

Although within air quality models there is a strong re-
lationship between NO; concentrations at the surface and
tropospheric NO, columns, a comparison of each of those
two quantities with local observations will highlight differ-
ent aspects of the model. Since real surface concentrations
may show strong peaks in the direct vicinity of sources, the
spatial representativity of in situ observations is different for
urban and for rural sites. For instance, near major roads the
NOy concentration often increases by 1 order of magnitude
compared to the area-mean background. If the spatial repre-
sentativity of a measurement site is very different from that
of the model grid cell, a comparison is difficult. It is therefore
concluded in, e.g., Blond et al. (2007) that in urban regions in
situ observations cannot be used to validate chemical trans-
port models, or measurement techniques, with a resolution
greater than some kilometers.

Tropospheric column measurements have a larger spatial
representativity than surface concentrations. The measured
concentration at a certain location in a polluted region will be
dominated by the nearest source, since these emissions have
undergone the least dilution. In terms of concentrations, this
dilution takes place in three spatial dimensions. The contribu-
tion to the measured concentration of various sources close
by and further away will show a strong dependency on the
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distance to each source. Tropospheric columns on the con-
trary will not show an equally strong dependence on the dis-
tance to sources. Column amounts are generally less reduced
due to mixing because they are only affected by horizontal
and not by vertical mixing.

In addition, when using only the 30° and zenith measure-
ments from the MAX-DOAS (Fig. 1), the vertical decrease in
sensitivity is relatively low between the surface and the top
of the boundary layer; see Sect. 2.2.1. This implies that NO»
well above the surface (often quite well-mixed air) is sam-
pled with almost an equal relative weight as NO, close to
the surface and local sources. Averaging over time (1 h) also
reduces the difference in representation between model and
observations. This implies that the spatial representativeness
of MAX-DOAS tropospheric column observations is, even
for an urban site, quite comparable to that of a regional air
quality model. Note that a comparison based on tropospheric
columns will determine the quality of the model to describe
emissions, transport and lifetime of air pollution, which the
determine urban background level of NO2 concentrations.
The comparison cannot be used to assess the ability of the
model to simulate peak concentrations near sources.

In the present work a 14-month data set of MAX-DOAS
tropospheric NO2 column observations performed in De Bilt,
the Netherlands, is used. This measurement site can certainly
not be characterized as rural, with several highways and local
roads around it and only four kilometers from the city cen-
ter of Utrecht (approximately 300 000 inhabitants). The data
set is compared with Lotos-Euros regional air quality model
forecasts (Schaap et al., 2008), run at 7 x 7 km? resolution for
the Netherlands and surrounding area.

First we describe the spectral analysis of the MAX-DOAS
observations, by means of the DOAS method (Platt and
Stutz, 2008), where so-called differential slant NO, columns
are derived. Subsequently, it is described how air mass fac-
tors are determined and used to convert the differential slant
NO2 column measurements to (vertical) tropospheric NO,
columns. Air mass factors are derived both for cloud free
and for cloudy conditions. It is shown that calculation of
air mass factors under cloudy conditions, especially under
partially cloudy conditions, requires detailed knowledge of
both the vertical NO; profile, and the vertical position of the
cloud, in two viewing directions. Since this information is not
available in full detail at each moment in time for each view-
ing direction, several assumptions are made, as described in
Sect. 2.2.2. Ceilometer observations are used to estimate the
cloud bottom height. A relatively high viewing elevation an-
gle is used, 30°, to minimize the sensitivity to aerosols. Fur-
thermore, this choice of elevation does not require detailed
knowledge of the exact vertical distribution of NO,.

The comparison of MAX-DOAS observations with the
Lotos-Euros air quality model consists of four parts: a se-
lection of individual days is presented to illustrate typical
agreements and differences without averaging; a comparison
of all tropospheric NO; columns in the data set, on an hourly
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Figure 1. Schematic of MAX-DOAS measurement for four different conditions of cloudiness: cloud free, cloud covered, a cloud at 30°
elevation only, and a cloud only in the zenith direction. The MAX-DOAS differential slant NO, column measurement is derived from

measurements in these two directions, both done within 1 min.

basis, as well as daily averages; a comparison of temporal
cycles (season, weekly, diurnal); and a comparison of tropo-
spheric NO, columns as a function of meteorological param-
eters: temperature, wind direction, wind speed, and boundary
layer height.

2 MAX-DOAS
2.1 Measurements

In this study a so-called “mini MAX-DOAS” instrument —
produced by Hoffmann GmbH (Germany) — was used. It is
essentially a ground-based spectrometer which can observe
UV/Vis spectra (290-433 nm) of scattered sunlight at multi-
ple elevations. Light is collected through a small telescope
(f =40 mm, FWHM of field of view 0.45°) and transported
through an optical fiber to an Ocean Optics USB2000 crossed
Czerny-Turner type spectrometer. Laboratory measurements
with a mercury line source have been used to measure the
line shape, which has a FWHM (full width at half maximum)
of around 0.6 nm at 408 nm. The instrument was operated by
a script which was called from the DOASIS (DOAS Intel-
ligent System)software package (distributed by the Institute
of Environmental Physics, University of Heidelberg). This
script controls amongst others the integration time and the
elevation angle sequence. Spectral measurements 1, (1) were
recorded at the following elevation angles «: 0, 2, 4, 8, 16, 30
and 90°, but for this study only the last two elevations were
used; see Sect. 2.2. For each elevation angle the total integra-
tion time was set to 30 s and therefore 12 or more (depending
on the brightness variability of the sky) full elevation scans
could be made within 1 h. For more details on the instrument
calibration and analysis of the measurements; see Vlemmix
et al. (2010).

Observations were performed in De Bilt, the Netherlands
(52.101° N, 5.178° E; see Fig. 4) between November 2007
and April 2009; see also Vlemmix et al. (2010). From May
to the first week of September 2008 no measurement could
be performed because of instrumental problems. In total, ob-
servations were performed on 355 days, of which 289 days
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had 5 h of observations or more that passed the quality con-
trol (see below).

The MAX-DOAS instrument was located on the roof
of the KNMI (Royal Netherlands Meteorological Institute)
building. It was aimed towards the northeast, with an azimuth
viewing angle of 46° relative to north, such that a free hori-
zon could be observed and such that the azimuth difference
with respect to the azimuth angle of the sun was never less
than 45° during the measurement period.

2.2 Retrieval

The DOAS procedure (Platt and Stutz, 2008) was applied
to derive information on the NO; absorption from the spec-
tral observations 1, (1). In this method, a separation is made
between the broadband part of the absorption cross section
o; (1) of the n trace gases absorbing in the spectral win-
dow of interest, and the “differential” cross section Ag; (L)
(obtained after subtracting a low order polynomial fit from
o; (1)) which has a structure that is characteristic for each
trace gas. Because the differential cross sections correspond-
ing to the various trace gases are linearly independent, they
can be separated in a fitting procedure. This so called DOAS
fit is based on the equation

In [ I (1)
Iref ()L)

} = > Aci ) ANS, + P (), @)
i=1

where P (1) denotes a low-order polynomial that accounts
for the broadband effects. In this study, a third-order poly-
nomial was used. AN}, denotes the differential slant col-
umn density for elevation « for each of the n trace gases
and expresses the difference in trace gas absorption between
the light observed at viewing elevation « and the zenith di-
rection. The above equation is numerically solved for ANfa
and P (1) using a fitting routine minimizing the differences
between both sides of the equation.

The MAX-DOAS instrument used in this study has a spec-
tral range from 290 to 433 nm. The spectral window from 415
to 430 nm was selected for the DOAS fit, because this is the
interval within the detector range where the NO, absorption
cross section has its most pronounced differential structures.
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A DOAS fit was made with QDOAS-software (Fayt et al.,
2011) using the absorption cross sections of NO; (298 K;
Vandaele et al., 1998) and O3 (243 K; Bogumil et al., 2003),
as well as a ring cross section based on a solar spectrum from
Kurucz et al. (1984) in order to take the effect of rotational
Raman scattering into account (Chance and Spurr, 1997). A
temperature correction was applied after the fitting, based
on the temperature dependency of the differential structures
in the NO> cross section, and on the observed temperature
at the measurement site (10 min data) from which the aver-
age boundary layer temperature is determined assuming a US
standard vertical temperature profile shape.

After processing of all available spectra, it was found that
the DOAS fits had a mean rms (root mean square) of resid-
ual of 0.001. In order to estimate the detection limit of the
measurements the QDOAS analyses of the full data set were
used to plot the relative differential slant column error as a
function of the retrieved differential slant column (Fig. 2).
This figure demonstrates that the detection limit for the dif-
ferential slant NO, column (with this particular instrument
and for spectra obtained with an integration time of 305) is
about 1 x 10 molececm—2.

For the present work, MAX-DOAS differential slant NO»
column measurements were averaged over a period of 1h,
starting and ending at the half hours. This was done because
the viewing elevation used (30°) tends to show relatively high
temporal fluctuations compared to lower elevations: it is less
sensitive to NO> in the boundary layer, and it has a relatively
local character (see below), which makes individual 30 s ob-
servations sensitive to fluctuations in the NO; field close to
the measurement site, whereas the Lotos-Euros model runs
on a 7 x 7km? grid. Typically between 12 and 14 differ-
ential slant column measurements, each of 30s, were av-
eraged. If the average relative fitting error within this hour
was above 25 %, the data was excluded from the compari-
son (about 15 % of the total number of observations). This
procedure for example excludes measurements taken under
conditions with fog or snow.

Although the 30° elevation has a relatively low sensitivity
to NOg in the boundary layer, the primary advantage of this
viewing angle is that, in contrast to lower viewing elevations,
it has a vertical sensitivity that is quite constant with altitude
in the vertical domain where most NO3, is found, i.e., in the
boundary layer. In addition, it is also relatively insensitive
to aerosols in the boundary layer; see Table 2 and Fig. 1 in
Vlemmix et al. (2011).

Lower elevations have vertical sensitivity curves that
peak towards the surface, which makes them more sensi-
tive to NO> in the boundary layer, and which give them a
larger horizontal domain of representativity (typically 5km
for low elevations, depending on aerosol conditions, com-
pared to 1-2 km for 30°). A conversion of differential NO»
slant columns, measured at low elevations, to vertical NO,
columns therefore would require accurate knowledge of the
vertical distribution of NO,. It has been shown in, e.g., Vlem-
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Figure 2. Mean relative error of the fitted differential slant NO5 col-
umn as a function of the differential slant NO» column. Error bars
in this figure indicate 2 times the root-mean-square deviation. Blue
refers to results obtained from individual spectra (integration time
305s) and gray refers to results obtained after averaging all differen-
tial slant column fits (for this elevation) obtained within 1 h. These
results only include spectra taken at 30° elevation (with the zenith
spectrum as a reference).

mix et al. (2011) that the potential of the MAX-DOAS tech-
nique to derive this vertical distribution is limited, especially
above 1 km altitude. On top of that, such profile retrieval is
especially challenging under cloudy conditions, which form
the largest part of the data set.

2.2.1 Sensitivity to clouds

In this section we will give a qualitative description of the
impact of clouds on MAX-DOAS observations. In the next
section we describe how we account for clouds in the re-
trieval.

Figure 3 shows that clouds have a shielding effect for
NO; above the cloud, but only if the cloud is seen in both
of the two viewing directions used for the DOAS analysis.
In this situation, the cloud acts as a diffuser (see also Wag-
ner et al., 2011), effectively redistributing directional differ-
ences in NO; absorption above the cloud bottom height. The
MAX-DOAS measurement is sensitive to the difference in
NO, absorption along the two viewing directions (the zenith
direction and the 30° elevation). This difference essentially
originates below the cloud bottom height, since the last scat-
tering altitude will in general be below the cloud (or very low
in the cloud), and only after this last scattering moment the
angle is determined with which a photon reaches the instru-
ment. The sensitivity to NO, decreases rapidly to zero above
the cloud bottom height. Below the cloud bottom height, the
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Figure 3. The vertical sensitivity to NO», or height-dependent differential air mass factors, for cloud free conditions (left panel), a homo-
geneous cloud cover with a cloud at 2-2.25 or 5-5.25 km altitude (middle panel), and partially cloudy conditions with a cloud at 1-1.25 km
altitude (right panel). For partially cloudy conditions, the cloud can be in the zenith (red), or at 30° elevation (blue). The green line illustrates
the time averaged sensitivity when fields of broken clouds pass over the measurement site. Notice the agreement between this line, below the
cloud bottom height (< 1 km), and the sensitivity in the same vertical domain for full cloud cover (middle panel).

sensitivity to NO; is almost constant and independent of the

the cloud conditions.

cloud height. The difference between the cloudy and cloud
free sensitivity is small below 1km, but increases above 1 km.

The effect of clouds on the height-dependent sensitivity
to NO; is more complicated when the cloud is seen in only
one direction. Since the average photon path length through
a horizontal layer of the atmosphere is enhanced within a
cloud, the absorption by NO; at the altitude of the cloud in-
creases. The net effect of this increased absorption is differ-
ent when the cloud is present only above the zenith or when
it is present only in the nonzenith direction. In the first case
a reduced or negative sensitivity is seen, depending on the
cloud optical thickness, in the second case there is an in-
crease in sensitivity to NO» at the same height as the cloud.
Below the cloud bottom height, the opposite is seen: a cloud
only in the zenith leads to an increase in sensitivity from 1.25
to 1.70 compared to a homogeneous cloud cover (or cloud
free case), whereas a cloud at 30° elevation leads to a de-
crease in sensitivity from 1.25 to 0.80. Thus, a cloud moving
from the 30° elevation to the zenith can lead to an increase in
the measured differential slant column by more than 100 %,
even when there is no NO, above the cloud bottom height
and when the amount of NO2 below the cloud remains con-
stant. However, on average, situations with a cloud above
the zenith will occur as frequently as situations with a cloud
at 30°. The time-averaged sensitivity below scattered clouds
is the same as the sensitivity below a homogeneous cloud
cover; see the green line in Fig. 3. It is therefore concluded
that partly cloudy conditions do have a strong effect on indi-
vidual differential slant column measurements, but the effect
averages out when taking an average over many observations
(as long as the NO; is found below the cloud; see the next
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Table 1. Selection criteria for air mass factor calculations, based on

Category cloud cover (octas)  air mass factor
Cloud free <1 cloud free

Partially cloudy 1<...<7 cloud covered
Cloud covered >7 cloud covered

section): measurements are first averaged over 1 h, and often
over many days (Sect. 4.2).

The effect of clouds on the differential slant NO, col-
umn measurements is not only determined by the possible
effects that clouds have on the vertical sensitivity to NO», but
also depends on the NO2 profile. NO2 above the cloud bot-
tom height is not detected in the MAX-DOAS observations
in cases of homogeneous cloud cover. For partially cloudy
conditions, the NO, above the cloud bottom height is de-
tected, but can only be interpreted if both the NO; vertical
profile and the vertical extent of the cloud is known. Also
for cloud free conditions, the sensitivity to NO, decreases
with altitude. It is therefore important to know the height of
the cloud bottom for each time of measurement, and addi-
tionally which part of the NO; is located below the cloud.
In principle, cloud bottom heights can be derived from the
MAX-DOAS observations themselves; see Takashima et al.
(2009). However, the accuracy of this (passive remote sens-
ing) method is expected to be generally lower than that of
lidar (ceilometer) observations, provided that the lidar obser-
vations are performed at the same site as the MAX-DOAS
(NO2) measurements. For this study it was decided to use ob-
servations performed with the LD40 lidar (Vaisala Oyj, 2006;

Atmos. Chem. Phys., 15, 1313-1330, 2015
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Figure 4. Left: NOy emission inventory by TNO for the Netherlands, the northern, most densely populated part of Belgium, the German
Ruhr area, and the North Sea, on a 7 x 7 km? grid. The high emissions present in the North Sea are subject to a large uncertainty. The
border effect seen between Belgium and the Netherlands is due to the fact that the emissions are based on national inventories, with different
sources for each country. The MAX-DOAS instrument was located in De Bilt, indicated with a black asterisk. Cabauw is indicated with a
pink circle. Right: a map of the same region, showing highways and large cities: Utrecht (U), Amsterdam (A), The Hague (H), Rotterdam (R),

Antwerp (An), Brussels (B) and the Ruhr area (Ru).

Wauben et al., 2006), taken at the same location in De Bilt as
the MAX-DOAS measurements (approximately 100 m hori-
zontal distance). Based on the ceilometer data, a distinction
was made between three types of cloudiness; see Table 1.
The average cloud cover, expressed in octas, was determined
from the ceilometer time series for each hour over which the
MAX-DOAS data were averaged. If this cloud cover was be-
low 1octa, then the measurement was categorized as cloud
free. Mixed cloud conditions were defined as having a cloud
cover of between 1 and 7 octas, and cloud covered conditions
were defined by an average cloud cover above 7.

It should be noted that the ceilometer, having a lidar point-
ing straight up in the sky, does not have the same field of
view as the MAX-DOAS instrument. However, the ceilome-
ter is still considered useful for two reasons: firstly because
it provides an estimate of cloud bottom height, and secondly
because it can make an adequate distinction between the cat-
egories (i) cloud free, (ii) partially cloudy;, (iii) and cloud cov-
ered. It is only under partially cloudy conditions that the ex-
act timing of the presence of clouds may differ for the LD40
and the MAX-DOAS.

In order to have a first-order estimate of the NO, pro-
file, it was decided not to use the MAX-DOAS measure-
ments themselves (see the discussion above), but rather to
use the assumption that all of the tropospheric NO; is ho-
mogeneously distributed in the boundary layer of which the
height is taken from ECMWF (European Centre for Medium-
Range Weather Forecasts) operational weather analysis data.
This profile assumption closely resembles the Lotos-Euros
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description of the NO» profile. This model uses the assump-
tion that the boundary layer is well mixed and reaches an al-
titude given by the boundary layer height resulting from the
ECMWF analyses. Above the boundary layer the model has
two reservoir layers. Those residual layers in general do not
contain much NO3: during the observation period the model
on average puts 90 % of the tropospheric NO; in the bound-
ary layer, and only in 20 % of the cases more than 25 % of
the tropospheric NO2 was located above the boundary layer.

Through combination of ceilometer observations of cloud
bottom height and the Lotos-Euros NO» profile description,
it was found that averaged over the entire observation period
only in 8% of the cases more than 10 % of the NO, was
found above the cloud bottom height. This low fraction of
NO; above the cloud bottom height is more difficult to detect
from the surface, resulting in a potential bias. For this reason
we consider for the Lotos-Euros model only the part of the
tropospheric NO, column that is located below the observed
cloud bottom height.

2.2.2 Air mass factors

Air mass factors were derived for both cloud free and cloudy
conditions. For cloudy conditions, a separation can be made
between a homogeneous cloud cover and broken cloud con-
ditions (see Fig. 1). In the first case the cloud is seen both at
30° elevation and in the zenith (reference) direction. In the
second case the cloud is seen in only one of the two direc-
tions.

www.atmos-chem-phys.net/15/1313/2015/
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Radiative transfer simulations are performed with the
plane parallel model DAK (Doubling Adding KNMI). The
DAK model is based on the doubling—adding algorithm for
multiple scattering of sunlight in a vertically inhomogeneous
atmosphere; see De Haan et al., 1987, Stammes et al., 1989,
and Stammes, 2001.

The vertical sensitivity of the MAX-DOAS technique to
NO2, more accurately described as the height-dependent dif-
ferential air mass factor Am(z) (also referred to as box-
differential air mass factor), is calculated both for cloud free
conditions and for conditions including clouds; see Fig. 3. To
derive Am(z) from radiative transfer model simulations, first
the differential air mass factor of NO, at height z is calcu-
lated. The height-dependent slant column Ng(z) is simulated
by adding a partial NO, column, denoted as NV, to a hori-
zontal layer with height z:

NO:

1 Iy 2
(=), @

ONO, 1

where 10 is the simulated sky radiance without the NO; and

1297 is the simulated sky radiance with NO, (x = 427 nm) at

a certain altitude z. ono, denotes the absorption cross section
of NO». Height-dependent slant columns were calculated for
cloud free as well as for cloud covered conditions. Clouds are
described as a thick aerosol layer with an optical thickness
of 20, a single scattering albedo of 1.0 and an asymmetry
parameter of 0.85.

Because the MAX-DOAS technique typically uses a
zenith reference, the vertical sensitivity is determined by the
difference in vertical sensitivity for viewing elevation « and
the zenith direction. The vertical sensitivity to NO> is de-
scribed by the height-dependent differential air mass factor
Am(z), which is defined as

NSy (2) = —

NS, (z) — NSqqe (2)

Amy (2) = NV

@)
In the case of partially cloudy conditions (see Figs. 1 and
3) Amg(z) is calculated with a cloud in only one direction:
NS-incl.cloud 7y and Ngbixc"m”d(z), or vice versa. In the fol-
lowing, we will no longer explicitly write the elevation de-
pendence of Am(z) and AM, because only one elevation will
be used: o = 30°.

The differential air mass factors AM that are needed to
convert the measured differential slant columns determined
from the DOAS fit (Sect. 2.1), not only depend on the height-
dependent differential air mass factors but also on the NO,
profile shape. It is assumed here that NO, is homogeneously
distributed in the boundary layer, and that no NO3 is present
above the boundary layer. Lidar observations of NO; profiles
show that this is often the case; see e.g., Volten et al. (2009).
The boundary layer height (Hy) is taken from ECMWF fore-
casts. It should be noted that this quantity is subject to a sub-
stantial uncertainty of up to several hundreds of meters; see
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e.g., Seidel et al. (2012). The sensitivity of AM to this pa-
rameter is however quite weak; see Table 2.

For cloud free situations, the differential air mass factor
AM® was calculated according to

hn) Amd  (2)dz

o (@)dz

AMT, = 4)

where n (z) denotes the vertical NO, concentration profile
characterized by homogeneous mixing in the boundary layer,
and Amgf¢ (z) denotes the height-dependent differential air
mass factor for NO,, calculated for solar zenith angle 6 and
relative azimuth angle ¢, under cloud free conditions.

For cloud covered and mixed cloud situations a slightly
different approach was followed. The approach is based on
the assumption that the observed NO; is found below the
cloud bottom height, which, as argued in the previous sec-
tion, is frequently a reasonable assumption. From this as-
sumption it follows that the same height-dependent differ-
ential air mass factor can be used for cloud covered and for
partially cloudy conditions, because below the cloud bottom
height, the time-averaged height-dependent differential air
mass factor Am(z) for partially cloudy conditions will be
equal to Am(z) for cloud covered conditions. The air mass
factor for cloudy conditions AM°® was therefore calculated
as

Ji5n (2) Am§ 4 (2)dz

S n (@) dz

where H. denotes the cloud bottom height observed by the
ceilometer and Amg, (z) denotes the height-dependent dif-
ferential air mass factor for NO», calculated for solar zenith
angle 6 and relative azimuth angle ¢, under cloud covered
conditions. Under these conditions, the dependency on 6 and
¢ is almost negligible. In the case of mixed cloud conditions,
the minimum cloud bottom height in the 1h time interval
was used. This procedure was followed instead of using the
mean cloud height primarily because of two reasons. First,
when the cloud conditions vary between cloudy and cloud
free, it is not trivial how to define a mean cloud height. Sec-
ond, because the minimum cloud bottom height H; provides
more than the mean cloud bottom height, a good estimate
of the boundary layer top height Hy. Therefore Eq. (5) ap-
proximates Eq. (4) better when using the minimum cloud
height than when the mean cloud height was used (the mean
could be affected by high cirrus and therefore be consider-
ably higher than Hyp).

Table 2 gives an overview of air mass factor-related errors
made in the tropospheric NO, column retrieval when the ac-
tual geophysical conditions (aerosol optical thickness, cloud
bottom height, aerosol profile height, NO5 profile height) are
different from those assumed in the retrieval model. Errors
are all below 10% and mostly below 5%, except for two
(similar) extreme cases. In those cases the cloud bottom is

AMS 4 = ®)
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Table 2. Percentage of errors in the retrieved tropospheric vertical NO, column, when variables indicated in the upper row are different from
the reference value (indicated in boldface). Also shown are the errors made when wrongly assuming a cloud in case of cloud free conditions
and vice versa (two bottom rows). Simulations are performed for a solar zenith angle of 60° and a relative azimuth angle of 180°.

Variable aerosol optical thickness cld. bottom height (km) top aer. layer (km) | top NO> layer (km)
range 0.1 0.2 0.4 08 | 05 1.0 15 5.0 0.5 1.0 | 05 1.0
Cloud free 5.0 00 -30 -16 n/a nla n/a nfa | —1.6 0.0 | 15 0.0
Cloudy 1.0 00 -11 20 | 814 -08 -0.2 0.0 | —2.9 0.0 | 35 0.0
Cld. fr,, cloudy assumed | —1.7 -27 -38 -08 | 766 -34 -29 27| -55 —-27 108 2.7
Cloudy, cld. fr. assumed 7.9 27 -04 107 24 2.4 2.4 2.7 11 27 | 4.3 2.7

in reality at 0.5km, whereas it is assumed to be at 5km. Un-
der these conditions the cloud shows considerable overlap
with the NO, profile (assumed to be between the surface and
1 km) and considerably reduces the sensitivity to most of the
NO2 within the cloud. This effect is taken into account by
comparing the observations only with the part of the model
NO, profile that is below the measured cloud bottom height
(as described in Sect. 2.2.1).

3 Lotos-Euros

The chemistry-transport model Lotos-Euros (Schaap et al.,
2008) is the national air quality model for the Netherlands.
Since 2009 the model is used operationally to provide daily
air pollution forecasts. It has recently been used for a dy-
namic traffic control experiment (de Ruyter de Wildt et al.,
2011) and it provides daily forecasts and analysis of air
quality in Europe in the context of the European MACC
project (Monitoring Atmospheric Composition and Climate;
http://www.gmes-atmosphere.eu/). The model has been used
for the assessment of particulate matter PM1o (Denby et al.,
2008), and secondary inorganic components (Barbu et al.,
2009; Schaap et al., 2004). Lotos-Euros has taken part in in-
ternational model comparisons addressing ozone (van Loon
et al., 2007; Kukkonen et al., 2012).

The intercomparisons with the MAX-DOAS instrument
are based on the latest version of the model, Lotos-Euros
v1.7. The model is driven by meteorological fields (forecasts)
from the ECMWEF. The emission inventory used (Fig. 4) is
developed by TNO for the MACC project, and covers Eu-
rope with a resolution of 7 x 7km? (Kuenen et al., 2011).
Model simulations were performed for the full period for
which MAX-DOAS observations are available. These con-
sist of nested runs. First, a lower-resolution run is performed
on the European domain (15° W-35° E, 35° N-70° N) with
a resolution of 0.5° by 0.25°. Secondly, a high resolution
nested run (2° W-14° E, 46° N-56° N) is performed for the
Netherlands and surroundings at a resolution of about 7 km
(0.125° longitude by 0.0625° latitude), equivalent to the res-
olution of the emission inventory. The model uses a bulk
boundary layer scheme with four vertical layers: a surface
layer of 25m, a single boundary layer with a thickness de-

Atmos. Chem. Phys., 15, 1313-1330, 2015

pending on the time of day (layer 2). The layer 2 height is
obtained by interpolating in time the boundary layer height
field provided by ECMWEF, available every 3 h. Layers 3 and
4 are reservoir layers, and the top of the model is 3.5 km.

Since the MAX-DOAS observations are only sensitive to
NO; below the cloud, the Lotos-Euros profile was integrated
up to the observed cloud height and only this partial column
was included in the comparison. As noted in Sect. 2.2, on
average only a small fraction of the NO, was found above
the cloud height.

4 Comparison

In this section we will describe the comparison of the
MAX-DOAS tropospheric NO, column observations with
the Lotos-Euros model. First a selection of individual days
will be shown. Several moments of significant agreement or
difference will be discussed in detail. Then the data set is
analyzed in more detail with a focus on temporal variations
(diurnal, weekly, seasonal) and meteorological effects.

4.1 Examples of individual comparisons

The comparison between MAX-DOAS and Lotos-Euros for
a selection of individual days (3-18 April 2009) is shown in
Fig. 5. This series of 16 days consists of 5 clear sky and 11
partially cloudy days. In general a quite good agreement can
be seen. On cloud free days the MAX-DOAS retrieval is less
variable than on some of the days which are partially cloudy.
This may be due to successive under- and overestimations
of the air mass factor under partially cloudy conditions, as
argued in Sect. 2.2.1.

Several moments of striking agreement and disagreement
may to some extent be explained by the similarities and dif-
ferences between the model and the observations in the mete-
orological conditions, and in the weekly cycle. For example,
the 4, 5, 11 and 12 April 2009 were weekend days, and 13
April was a public holiday in the Netherlands. In the model
the decrease in emissions on such days is most probably un-
derestimated; see below and Fig. 9. This provides a possible
explanation for the high tropospheric NO2 columns of the
Lotos-Euros model relative to the observations.

www.atmos-chem-phys.net/15/1313/2015/


http://www.gmes-atmosphere.eu/

T. Vlemmix et al.: MAX-DOAS tropospheric NO2 compared with Lotos-Euros model 1321

April 2009
3rd 4th 5th 6th 7t|'1 Sth gth 1 Oth
el 60 T T T T T T T T T T T T T T T T T T T T T T T T
: }
O
< t
g 45| .
E
T 30r t - . +J_r - i
oy & N + +
e . "'i __—;- + + |- + +—i - i_ B + - i
SRR ] = ey R | e
) + # - + - -
8 $+;++$$FF - * ’+ +++ F- #ﬁ } * T _:_-_
): O 1 1 1 Il 1 1 Il 1 1 1 1 1 1 1 Il 1 Il 1 1 -
. R T e s T 18 gg
0
E . o » o
= . .t ‘ °| &
o » . = = =
o
. o &
S 180% . s v_ o X o ® * °F e ° 4.
.'3 Rl 1] o 'o .. ° g
ol 2 . o ‘e «® ® o . 8
=} LI e ° S . )
& * ) (1} . 'o' .. o 3
8 1216 8 1216 8 1216 8 1216 & 1216 8 1216 8 1216 8 1216 °
time [UTC]
— Lotos-Euros trop. NO, column wind direction Lotos-Euros @ cloud cover observed [0-8 octas]
— MAX-DOAS trop. NO, column = wind direction observed wind speed observed [m/s]
11th 12th 13t 14th 15th 16t 17th 1gth
ey 60 T T T T T T T T T T T T T T T T T - T T T T T T
E i
(s}
< t
9 451 B
3 "t
£ ++Jr
S £ 1
o - — +'-$ -
Z 150 1 4 - |- ~ A e . . 4}::* —ut -
3 ——— & - - ey - - -
§ |5 {*ﬁf S B -l v s
}: O I‘ 1 1 1 L 1 1 1 1 - 1 1 1 1 1 1 1 1 1 1 1 Il 1 1 o
T T T o
360 T T T T T T T T T T T T T T V' T T T T T T T ] 8 a
o e ® “
£ e * . o
= ° £
o S z
5} o . . 3
c 180" ° . ° H44
2 : . g
i & o ° . . o % 0. 5
E ° ) o
Oo e '..-o .o ® = . ®e o ° o = = 0 =
8 1216 8 1216 8 1216 8 1216 8 1216 8 1216 8 12 16 8 1216 =
Time [UTC]

Figure 5. Comparison between MAX-DOAS and Lotos-Euros tropospheric NO, columns and simultaneous meteorological conditions for 16
days in April 2009. The uncertainty in the MAX-DOAS retrieval is determined from the rms of the individual observations that are averaged

over 1h.

Furthermore, it is shown in Sect. 4.4 that the tropospheric
NO2 column on average shows a dependence on the wind di-
rection. On 16 April, the change of the wind from the east,
through the south, to the west, may be causing the strong rise
in both the observed and modeled tropospheric NO, column.
This effect is also visible on 3 April. Although it is shown in
Fig. 5 that the observed wind direction at the measurement
site and the ECMWF wind direction used in the Lotos-Euros
model generally show a good agreement, quite substantial
differences are seen on 5 and 11 April. As in this situation
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the modeled wind comes from a more polluted sector than
the measured wind (according to Fig. 11), it is well possible
that this increases the difference in the tropospheric NO, col-
umn, in addition to the weekend effect. A similar effect can
be seen on 16 April: the change of the model wind shows a
time lag with respect to the observed wind, which turns to
the polluted sector 1 or 2 h earlier. Finally, the dependence of
the tropospheric NO, column on the wind direction is seen
from 7 to 10 April: here the direction of the wind changes
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slowly in the course of these 4 days, and the tropospheric
NO; column decreases accordingly.

April 5 is, according to the Lotos-Euros model, the day
with the highest daily averaged tropospheric NO, column in
the 14-month data set. The measurements, on the contrary,
show low values. On this day several causes of difference
between the model and the observations come together: (i)
it is a Sunday, thus emissions may be overestimated by the
model; (ii) the wind in the model comes from a more polluted
sector than the observed wind; and (iii) the wind speed on
this day was very low, about 1 ms~1; see Fig. 5. In Sect. 4.4
it is shown that on average there is an increase in the tro-
pospheric NO, column with decreasing wind speed. Wind
speeds were low in both the model and in the measurements,
but the combination of low wind speeds with (i) and (ii) may
have lead to this relatively extreme model value. Because of
this particular combination of effects, this day is considered
to be not representative and therefore it was excluded from
the comparison of daily averages, described in Sect. 4.2.

4.2 Quantitative analysis

The comparison of hourly data is shown in Fig. 6 and Table 3.
It shows that in general the distribution of tropospheric NO»
columns for the model and the measurements are in good
agreement (left panel). The average difference is very small,
< 1% (right panel) of the average tropospheric NO;, column
(14.5 - 10'® molec cm—2). However, the measurements show
somewhat more values below 10 - 10* moleccm=2, as well
as more extremes above 30-10°, which leads to a positive in-
tercept of the linear regression (3.58 - 10'° molec cm—2), and
a slope of 0.76; see Table 3. This slope below 1 may solely be
due to a difference in spatial representativity between model
and observations; see the discussion below (after the next
paragraph). The differences between model and observations
can quite accurately be described by a Gaussian distribution
with a standard deviation (o) of 5.5-10%° moleccm—2 (all
data included), which indicates that the differences behave
as a random variable.

The impact of processing different subsets of the hourly
data, based on the cloud conditions, does not have a strong ef-
fect on these results (slope, intercept); see Fig. 6 (right panel)
and Table 3. However, if no correction for the observed cloud
bottom height would have been performed on the modeled
tropospheric NO2 columns, Lotos-Euros tropospheric NO»
columns would on average have been 1.65-10*® molec cm—2
higher than MAX-DOAS tropospheric NO, columns, which
demonstrates that the cloud correction cannot be omitted. Ta-
ble 3 also shows that the standard deviation of differences be-
tween model and observations is significantly lower for cloud
free conditions, o = 4.6-10'° moleccm—2, than for cloud
covered conditions: o = 6.1-10'® molec cm—2. However, the
correlation for cloud covered conditions is somewhat better
than for sunny conditions.
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Figure 7 and Table 4 show a comparison between MAX-
DOAS and Lotos-Euros based on daily averages. Only days
with more than 5h of data were used. The correlation, slope
and intercept all show an improvement with respect to the
comparison based on hourly averages. As noted above, this
partly illustrates the fact that the spatial representativeness is
more equivalent between model and observations for daily
than for hourly averaged data. Excluding the Saturdays and
Sundays reduces the intercept, but increases the average dif-
ference somewhat. The cloud free days show the best results,
with a correlation of 0.79, a linear regression with a slope of
0.89 and an intercept of less than 1-10'° molec cm—2. The re-
duction of scatter, indicated by the improved correlation rel-
ative to the 1 h data, also leads to a reduction of differences:
absolute differences above 20 % are seen for only 20 % of the
cases (all daily averages). For sunny weather situations only
14 % of the cases have a difference above 20 %.

4.3 Diurnal, weekly and monthly cycles

Figure 8 shows monthly averages of tropospheric NO2
columns. In general, the same pattern is followed by the
model and the observations. The observations show a slightly
stronger seasonal variation: the observations in the win-
ter months have slightly higher values than the model, and
the spring and autumn months are somewhat lower. This
may indicate a temperature-related effect, which is discussed
in Sect. 4.4. Figure 8 also shows the number of observa-
tion hours for each month. Some months have fewer or no
observations because of instrumental problems in that pe-
riod (November and December 2007, from May to mid-
September 2008). The reduction of daylight hours in the win-
ter is another reason for fewer observations in those months.
The model data was used only for hours when good quality
observations were performed. Summer months were not in-
cluded in the comparison. Huijnen et al. (2010) reports an
underestimation for an ensemble of air quality models in the
summer months, based on a comparison with observations
from the OMI satellite instrument.

The weekly cycle is shown in Fig. 9. Here it can be
seen that the observations show a stronger weekly cy-
cle than the model. Whereas in the model the variations
around the mean of 14.5-10% moleccm—2 are no larger
than 1.5-10% moleccm—2, the measurements show a peak
of 17-10% moleccm=2 on Thursday, and a minimum of
9-10% moleccm~2 on Sunday. For some part, the less pro-
nounced weekly cycle found for the model can be related
to a moderate weekly cycle of traffic (both for diesel and
gasoline engines). A similar weekly pattern as for the ob-
servations is found for cities in Europe using GOME (Global
Ozone Monitoring Experiment) satellite observations (Beirle
et al., 2003), and with OMI observations (J.P. Veefkind, S.
Beirle, personal communication, 2011). It may be concluded
that the weekend emissions are likely overestimated by the
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Table 3. Comparison of 1 h averages of tropospheric NO, columns from MAX-DOAS (MD) and Lotos-Euros (LE). ojtf denotes the standard
deviation of the Gaussian fit to the differences between MD and LE; see Fig. 6. Columns 3, 4, 5, 8 and 9 are in 1015 moleccm—2.

Selection N

avg. MD avg.LE avg.diff. corr. slope intercept oy
All data 2106 14.53 14.60 —0.07 0.60 0.76 358 55
Cloud covered 190 13.29 13.74 —045 0.64 0.73 400 6.1
Partially cloudy 1435 15.04 14.98 0.05 058 0.76 354 56
Sunny 481 13.50 13.79 —-029 062 0.74 375 46

Table 4. Comparison of daily averages of tropospheric NO2 columns from MD and LE. Only days with at least 5h of data were used.

Columns 3, 4, 5 and 8 are in 105moleccm—2.

Selection N avg. MD avg.LE avg.diff. corr. slope intercept
All data 289 14.52 14.44 —-0.08 0.72 0.86 1.94
Excl. weekend 217 15.59 14.73 —-0.86 0.74 0.86 1.36
Sunny 34 14.44 13.93 —-051 0.79 0.89 0.97

model, which is compensated by an underestimation during
the week; see also Table 4.

The average diurnal cycle of the tropospheric NO;
columns is shown in Fig. 10. For this figure only data from
the months September, October (2008) and March and April
(2008 and 2009) were used, because these months have more
or less the same number of daylight hours, in contrast to the
winter months. Both the model and the observations show
an increase during the day, but the increase is much smaller
for the model, about 28 %, than for the observations, which
almost show a doubling. On Sundays the increase is much
smaller, and its shape is more in agreement with the model.
The winter months (November—February, not shown) also
show a stronger diurnal increase for the observations, but this
effect can only be observed for a smaller portion of the day,
because of the limited daylight period. Various effects may
cause this difference in the diurnal cycle. It may be related
to the temporal variations of the emissions in the model (es-
pecially the 2 rush-hour peaks), being possibly smaller than
those observed in De Bilt from Monday to Friday. The model
may also not respond as quickly to the peak emissions in
the rush hour as the observations do. Also, a different ratio
between passenger cars and trucks around the measurement
site, as compared to the model, may explain a difference in
diurnal cycle, since emissions of NO, due to passenger cars
(mainly gasoline) show a stronger peak around the 2 rush
hours than emissions by trucks (mainly diesel).

4.4 Dependence on meteorological conditions

The dependence of tropospheric NO, columns from MAX-
DOAS and Lotos-Euros on various meteorological param-
eters was investigated: cloudiness, wind speed, wind direc-
tion, relative humidity, precipitation (all based on observa-
tions performed at the same site as the MAX-DOAS mea-
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surements), temperature and boundary layer height (from
ECMWEF data).

No significant differences or patterns were seen for rel-
ative humidity and precipitation. For cloud cover > 5octa
an underestimation by MAX-DOAS was found of about 5-
10 %, which may be related to the shielding effect of clouds
to NO, above the cloud bottom height in combination with
an error in the estimated vertical NO2 profile in the model.
For partially cloudy conditions between 2 and 5octas, an
overestimation by the same amount was found. This could
be due to the fact that for the Lotos-Euros model only the
partial column up to the cloud height is considered, even for
partially cloudy conditions, whereas the green line in Fig. 3
(right panel) indicates that the MAX-DOAS sensitivity above
this height is halved, but not zero.

As noted above, the seasonal dependence of the differ-
ences between model and observations (Fig. 8) might be tem-
perature related because, for instance, temperature and sea-
son are strongly related. A linear regression applied to the
MAX-DOAS observations plotted as a function of tempera-
ture resulted in a slope of —0.204-0.01-10% moleccm—2 K1
(only observations between 10:00 and 13:00 UTC (universal
time coordinated) were considered). The observed decrease
with increasing temperature is expected, because NOy life-
times are generally shorter for higher temperatures and fewer
hours of daylight; see e.g., Schaub et al. (2007). For Lotos-
Euros almost no temperature dependence was found: slope
0.00+0.01-10'® moleccm—2 K—1. However, when the Lotos-
Euros data set is not restricted to days with MAX-DOAS ob-
servations but a full year is considered including a summer
period (October 2008—September 2009), then a temperature
dependence is found: —0.27+0.01-10% moleccm—2 K1, It
is therefore not likely that the apparent absence of a temper-
ature dependence for the model indicates a systematic model
error. It is more probably due to the large variability in tro-
pospheric NO, columns (Fig. 6) and a relatively narrow tem-
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Figure 6. Histogram of 1 h averaged tropospheric NO, columns observed with MAX-DOAS and of Lotos-Euros (left panel), and a histogram
of differences (right panel), subdivided according to cloudiness, as explained in Table 1. The vertical lines indicate the average differences
of each subset. Also shown are Gaussian fits to the histogram of differences. See also Table 3.

Tropospheric NO, Column (daily average) [10!> molec/cm?]

40 7

Lotos—Euros

cloud free
Monday — Friday
® 5 April 2009

0 . . .

0 10 20 30 40
MAX—DOAS

Figure 7. Scatter plot of tropospheric NO, columns averaged over
each day with at least 5h of observations (all points). Quantitative
results are shown in Table 4. The 5 April 2009 is considered an
outlier, as discussed in Sect. 4.1.

perature range for the selected data record, caused by the ab-
sence of measurements in the summer months (the temper-
ature distribution for the selected data has a mean of 6.4°C
and a standard deviation of 4.5°C). Both effects complicate
the determination of the temperature dependence with a lin-
ear regression.
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Since NOy emission sources are not equally distributed
around the measurement site (see Fig. 4), it is to be expected
that the average tropospheric NO2 column will show a de-
pendency on the direction of the wind. This is illustrated in
Fig. 11. A remarkable agreement is found between the obser-
vations and the model. It shows that the high-resolution emis-
sion database (7 x 7km?) used in Lotos-Euros gives an ac-
curate representation of NOy emission sources close to, and
further away from De Bilt, and that the transport is well de-
scribed. The cleanest air comes from the northeast, i.e., from
parts of the Netherlands and Germany which are less densely
populated.

As the city of Utrecht (about 300000 inhabitants) is lo-
cated to the west of De Bilt, and because there are several
highways close to De Bilt (mainly in the west and south),
it may be questioned if the observed NO, comes from rela-
tively local sources or from further away, such as the Rotter-
dam region at approximately 50 km to the west-southwest,
and the Belgian Antwerp—Brussels region more to the south
at approximately 100-150 km (see Fig. 4). This question can
partially be answered making use of the model alone, which
was also run for the location Cabauw (51.97° N, 4.93° E)
which lies on the other side of Utrecht as seen from De Bilt.
Cabauw is a site with fewer local sources in the direct vicin-
ity and, from that perspective, a more rural site. No mea-
surements are available for this site for the same period as
for De Bilt. In 2005 and 2006 the DANDELIONS (Dutch
Aerosol and Nitrogen Dioxide Experiments for vaL ldation of
OMI and SCIAMACHY) campaigns (Brinksma et al., 2008;
\olten et al., 2009) were held here, and in 2009 the CINDI
(Cabauw Intercomparison campaign for Nitrogen Dioxide
measuring Instruments) campaign (Piters et al., 2012). Dur-
ing both campaigns there were indications at Cabauw of aged
air coming from, e.g., the Ruhr area. Also air coming from
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Belgium is expected to have a considerable impact on the
NO> levels at De Bilt.

Figure 13 demonstrates that there is considerable agree-
ment between the wind direction dependence of the tropo-
spheric NO, column for Cabauw and De Bilt. The western
and southern sectors are almost equal, which is surprising
because the city of Cabauw is located to the southwest of
De Bilt, and the relatively large city of Utrecht is located
in between. Apparently, the loss in tropospheric NO, (it has
a lifetime of typically a few hours) moving from the direc-
tion of the Rotterdam source region over Cabauw (arrow
[2]) towards De Bilt (arrow [B]) is compensated by the NO,
added by the Utrecht area. In the opposite direction, air mov-
ing from the relatively clean northeastern part of the Nether-
lands contains a limited amount of NO2 when it arrives at
De Bilt (arrow [A]) but when it arrives at Cabauw a signifi-
cant increase is observed (arrow [1]), which must be due to
the Utrecht region. Note in addition that the fraction of the
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Figure 10. Average tropospheric NOo column for each hour of
the day on weekdays and Sundays, based on the months March,
April, September and October in the data set (some months oc-
curred twice; see Fig. 8). These months were grouped because they
have approximately the same daylight period. Winter months show
a similar behavior (higher MAX-DOAS values in the afternoon).
Summer months were not present in the data set. Sundays were only
shown for the observations for reasons of clarity: the weekend effect
(Fig. 9) would complicate the picture.

Utrecht region that is covered by the southwestern sector as
seen from the Bilt is relatively small (because it lies almost
against Utrecht), whereas seen from Cabauw, a larger part of
the Utrecht area is covered by the northeastern sector.

The sector with the lowest average tropospheric NO; col-
umn for Cabauw is the northwest: 8- 10> molec cm—2. From
this direction, air comes in from the North Sea and on its way
to Cabauw moves over what is known as the Green Heart of
the Netherlands (arrow [3]), a region dominated by agricul-
ture, located between the four largest cities of the Nether-
lands; see Fig. 12. The same sector for De Bilt (arrow [C])

Atmos. Chem. Phys., 15, 1313-1330, 2015
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— MAX-DOAS — Lotos-Euros

Figure 11. Average of modeled and observed tropospheric NO> col-
umn for De Bilt, for 12 sectors of wind direction. The radius of the
inner circle is 5 - 101° molec cm—2.

represents air that also came in from the North Sea, most
likely with the same NO, concentrations before reaching the
coast, but that passed over the Amsterdam area before reach-
ing De Bilt with an average value of 13- 10'° moleccm—2.
The difference of 5 - 10*> molec cm~2 gives an indication of
the effect relative to the background of a city like Amster-
dam at a distance of 30 km. A similar estimate can be made
by considering the northerly winds (not indicated in the map,
or in Fig. 13). From this direction the pollution of Amster-
dam is blown to Cabauw, whereas from De Bilt towards the
north of De Bilt fewer sources are found (Fig. 4).

It may be concluded that the air observed in De Bilt and in
Cabauw has for a large part sources far away, such as Amster-
dam, the Rotterdam region, Belgium (see the southern sector)
and even the German Ruhr region (the southeastern sector).
The spatial representativity of the long-term averaged obser-
vations is therefore large, even though it is close to sources.
This would most probably be quite different for in situ obser-
vations of NO> concentrations at the surface. Also the rela-
tively large agreement of the wind-direction dependence be-
tween the (semi) urban De Bilt and rural Cabauw sites indi-
cates that, for tropospheric column observations, the distinc-
tion between rural and urban sites is not so important (for a
model or satellite versus MAX-DOAS comparison) as in the
case of in situ observations (Blond et al., 2007). This view is
supported by the results reported in Leigh et al. (2007), where
a comparison of tropospheric NO columns and in situ obser-
vations performed in Leicester (UK) shows for some wind
directions a difference by a factor of 2.

A second, different type of wind effect can also be seen
for the observations from De Bilt as well as for the model:

Atmos. Chem. Phys., 15, 1313-1330, 2015

Figure 12. Map of the Randstad region in the Netherlands. Cabauw
and De Bilt are 22 km apart, and have the city of Utrecht in between.
The arrows indicate wind directions discussed in the Sect. 4.4, and
correspond to the arrows shown in Fig. 13.

tropospheric NO, columns show an increase with decreas-
ing wind speeds; see Fig. 14. The tropospheric NO> column
in the absence of wind is about 50 % higher than the overall
average of 14.5-10'® moleccm~2. The effect is most pro-
nounced for wind speeds below 2ms~1, but also applies to
higher wind speeds. A possible explanation for this effect is
that with higher wind speeds the NO, emitted in a certain
time period is distributed over a larger volume of air than
with lower wind speeds. This reduces the observed tropo-
spheric column downwind of the source region.

For the more rural Cabauw area, with fewer emission
sources in the direct vicinity, the wind speed effect is weaker
according to the model simulations, where especially for
low wind speeds no increase is observed: for wind speeds
<4ms~1 the average tropospheric NO, column is about
17-10® moleccm—2, above 4ms~1 the value declines to
11.5-10® moleccm—2 at 12ms~1.

In Fig. 15 the comparison between Lotos-Euros and
MAX-DOAS is shown as a function of boundary layer
height. In general, a decrease of tropospheric NO, columns
is seen with increasing boundary layer height, both by the
model and the observations. Boundary layers generally in-
crease in the course of the day, due to thermal convection.
Low boundary layers therefore more frequently occur in the
early morning, and high boundary layers in the early after-
noon. In order to exclude interference with the diurnal vari-
ation which is different for the model than for the observa-
tions (Fig. 10), the comparison was only applied to observa-
tions and model output between 10:00 UTC (11:00LT) and
14:00UTC (15:00LT). The decrease of tropospheric NO»
columns with increasing boundary layer height is also ob-
served for the same full year of model simulations that was
discussed earlier in this section in relation to the temperature
effect (thus including a summer period). This demonstrates
the consistency of the boundary layer height effect, also be-

www.atmos-chem-phys.net/15/1313/2015/
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Figure 13. Tropospheric NO, columns from Lotos-Euros, aver-
aged for 12 sectors of wind direction, for the locations De Bilt and
Cabauw. The radius of the inner circle is 5- 101°moleccm—2. The
arrows correspond to wind directions shown in Fig. 12.

cause no correction based on cloud bottom height was ap-
plied in this model simulation, which might be thought to in-
terfere. Figure 15 also shows a (small) decrease for very low
boundary layers (< 200 m), but this effect is seen only for the
lowest bin, and therefore for a limited amount of observations
which may not be representative, considering the large vari-
ability in tropospheric NO, columns (see e.g., Figs. 6 and 5).
Since a temperature effect is found for the observations, but
not for the model (see the discussion above), it is considered
unlikely that the decrease of tropospheric NO2 columns with
increasing boundary layer height is solely due to the relation
between boundary layer height and temperature. Other sea-
sonal effects, such as variations in daylight, may also play a
role.

5 Conclusions

A data set of MAX-DOAS tropospheric NO, column ob-
servations has been compared with the Lotos-Euros regional
air quality model. The size of the data set (355 days spread
over 14 months, 2106 hourly averages) enables statistically
significant conclusions and allows us to study the seasonal,
weekly and diurnal variability and dependence on meteoro-
logical variables. The data set does not include the summer
period due to instrumental problems in those months.

The MAX-DOAS retrieval is based on a viewing elevation
of 30° to have a vertical sensitivity to NO; that is relatively
constant with altitude. This significantly reduces a possible
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Figure 14. Average tropospheric NO» column as a function of wind
speed. Values above 12ms~1 are not shown because of the low
number of data for this domain.

systematic bias due to the mostly unknown vertical distribu-
tion of NO». A LD40 ceilometer located at the same site as
the MAX-DOAS instrument was used to determine the cloud
height and classify cloud cover. A distinction was made be-
tween clear sky conditions, partially cloudy, and cloud cov-
ered conditions.

It was shown that the vertical sensitivity to NO, below a
cloud was almost equal to the sensitivity in the absence of
clouds. Even for partly cloudy conditions, the time-averaged
vertical sensitivity has the same value. Accurate retrieval of
NO; above the cloud bottom height is problematic. However,
based on cloud bottom height observations (LD40 ceilome-
ter) and Lotos-Euros modeled NO, profiles, it was shown
that, averaged over the whole observation period, only in 8 %
of the time more than 10 % of the NO, was found above
the cloud bottom height. It is therefore assumed that all NO;
measured by the MAX-DOAS is located below the cloud bot-
tom. Measurements under cloudy conditions are compared
with Lotos-Euros tropospheric columns that are integrated
up to the measured cloud bottom height.

The overall agreement between the observations and the
model is good: both have an average tropospheric NO; col-
umn of about 14.5-10'° moleccm—2, and an average dif-
ference is found of —0.07 - 10%> molec cm~2 (0.5 %). On an
hourly basis differences can be large but they closely re-
semble a Gaussian distribution (o = 5.5 - 10* molec cm~2),
which indicates that the differences behave as a random vari-
able. The diurnal evolution of tropospheric NO, columns on
specific days only occasionally shows a good agreement, al-
though an exception is formed by periods of clear sky days
with winds from the relatively clean northeastern part of the
Netherlands. The MAX-DOAS observations show more ex-
treme values < 10-10% and > 30 - 10> molec cm—2. Possi-
ble causes of differences are the difference in spatial rep-
resentativity, random fluctuations of actual emissions, sys-
tematic differences in temporal cycles (see below), changed
emissions on public holidays, and differences in wind direc-
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Figure 15. Average tropospheric NO2 column as a function of
boundary layer height, averaged over all observations between
10:00 and 14:00 UTC. The histogram in the background gives the
number of elements for each bin; in gray, the histogram of winter
months (November, December, January, February) is shown. The
white part of each bin gives the contribution of the other months:
September, October, March, April. Boundary layers lower than
200 m were almost solely observed in the winter.

tion between the ECMWF model and actual observations at
the measurement site. Clouds may have a strong momen-
tary effect on the observations, especially under partially
cloudy conditions, leading to larger differences compared to
clear sky observations (ocjoud = 6.1-10%° and o¢joudfree = 4.6-
10'® molec cm—2). In our analysis clouds do not introduce a
systematic bias because the Lotos-Euros tropospheric NO2
column is integrated only from the surface up to the mea-
sured cloud bottom height. Without this correction (i.e. in-
tegration of entire vertical profile) Lotos-Euros tropospheric
columns would on average be 1.65 - 10*> molec cm=2 (11 %)
higher than MAX-DOAS columns.

For daily averaged tropospheric NO, columns a cor-
relation of 0.72 is found and a linear regression shows
that Lotos-Euros overestimates relative to the MAX-DOAS
for low tropospheric NO, columns and underestimates for
higher columns: the slope of the linear regression is 0.86
and the intercept is 1.94-10'° moleccm=2. If only clear
sky days are considered, the correlation increases to 0.79,
and also the slope and intercept improve to 0.89 and 0.97 -
10% molec cm—2 respectively.

The MAX-DOAS observations on average show quite pro-
nounced weekly and diurnal cycles, whereas Lotos-Euros in
both cases shows only a weak effect. For the weekly cycle,
this can partly be explained by a low weekly cycle in the
modeled emissions. The more constant diurnal cycle for the
model may be due to the fact that the model does not re-
spond as quickly on the peak emissions in the rush hour as
the observations do. Also, a different ratio between passenger
cars (mainly gasoline) and trucks (diesel) around the mea-
surement site, as compared to the ratio in the model, may
explain a different diurnal cycle.

Atmos. Chem. Phys., 15, 1313-1330, 2015

The difference between model and observations appears
to have a seasonal variation: the model is higher than the ob-
servations in spring and fall and lower in winter. This ap-
parent periodic behavior might be related to temperature (the
model shows no temperature correlations (0.00 & 0.01 - 10°
moleccm—2 K1), whereas the observations show a tempera-
ture dependency of —0.20+0.01 - 10*® moleccm—2 K1), as
well as to seasonal fluctuations in the daylight period leading
to increased photochemical conversion of NO,. It was found
that the small dependence on temperature for the model is
not systematic: if summer months are also included (which
could only be done for the model), leading to a larger con-
tribution of higher temperatures, then a temperature depen-
dency is found; i.e., —0.27 +0.01 - 10'® moleccm—2 K~ 1.

The tropospheric NO» column averaged over the wind
directions shows a good agreement between observations
and model, indicating that the spatial distribution of sources
around the observation site and transport are well captured
in the Lotos-Euros model. The tropospheric NO, columns
averaged per sector of wind direction show a remarkable
agreement between the measurement site De Bilt (urban) and
the rural site Cabauw, for which only model results were
available. Both the model and the observations show a quite
strong decrease with increasing wind speeds, which is related
to local sources around De Bilt. The wind speed effect is
weaker for the model simulations at Cabauw, having fewer
sources in the direct vicinity.

Finally, the model and observations showed agreement in
their average dependence on boundary layer height. A de-
crease in tropospheric NO, columns is seen towards higher
boundary layers. Since boundary layer heights have a sea-
sonal variation, this effect could not clearly be separated from
other seasonal variations affecting tropospheric NO, abun-
dances; i.e., seasonal variations such as daylight and tem-
perature, two factors also leading to lower tropospheric NO>
columns in summer.

The results of the comparison demonstrate that the tro-
pospheric NO2 column observations, when averaged over a
long time period, are representative for a large spatial area
despite the fact that they were obtained in an urban region.
This makes the MAX-DOAS technique, more than in situ
techniques, especially suitable for validation of satellite ob-
servations and air quality models in urban regions.
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