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Abstract. We present car Multi-Axis (MAX-) DOAS ob-
servations of tropospheric NO2 carried out on circles around
the cities of Mannheim and Ludwigshafen (Germany) on 24
August 2006. Together with information on wind speed and
direction, the total emissions of the encircled source(s) are
quantified from these measurements. In contrast to recent
similar studies based on zenith scattered sun light (elevation
angle of 90◦), we use a MAX-DOAS instrument mounted
on a car, which observes scattered sun light under differ-
ent elevation angles (here 45◦, and 90◦). Compared to sim-
ple zenith sky observations, MAX-DOAS observations have
higher sensitivity and reduced uncertainty, and avoid sys-
tematic offsets in the determination of the vertically inte-
grated trace gas concentration. The determination of the ab-
solute value of the integrated tropospheric trace gas concen-
trations is especially important for the calculation of absolute
trace gas fluxes through arbitrary transects. However, even
if emission sources are completely surrounded, systematic
offsets in the measured vertically integrated trace gas con-
centration can lead to errors in the determined total emis-
sions, especially for observations around extended areas. In
this study we discuss and quantify different error sources.
In most cases, the largest error source is the variability and
imperfect knowledge of the wind field. In addition – de-
pending on the trace species observed - also chemical trans-
formations between the emission sources and the measure-
ment location have to be considered. For that purpose we
use local observations within the encircled area to quantify
and/or correct these errors. From our observations we de-
rive a total NOx emission from the Mannheim/Ludwigshafen
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area of (7.4±1.8) ×1024 molec/sec, which if assumed
to be constant throughout the year would correspond
to a total emission of 17 830±4340 t/yr (calculated
with the mass of NO2) t/yr, consistent with exist-
ing emission estimates. From our observations it is
also possible to separately determine the average in-
flux into the Mannheim/Ludwigshafen area (5.4±0.9×1024

molec/sec or 13 010±2170 t/yr) and the average outflux
(12.8±1.8×1024 molec/sec or 13 010±4340 t/yr).

1 Introduction

The precise knowledge of the emissions of natural and an-
thropogenic trace gases (e.g. pollutants or greenhouse gases)
is important for many applications. Emission estimates are
used as input to atmospheric chemistry and transport mod-
els. By varying the strengths of the emission sources in the
model, it is e.g. possible to predict which emission reductions
would have the strongest impact on air quality in a given
area. Similar arguments hold for the emission inventories
of greenhouse gases, which are important input in models
predicting future climate. Accurate knowledge of the emis-
sion strengths from different sources is especially important
to quantify the influence of anthropogenic emissions in com-
parison to natural emissions.

Usually, emission inventories are built using bottom-up
strategies. Emission strengths of individual sources are quan-
tified and summed up according to the frequency of the re-
spective source type. Uncertainties of the calculated emis-
sion inventories result from both errors in the estimate of
the number of individual sources and errors in the emission
strength of individual sources.
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An alternative to bottom-up emission inventories are top-
down emission inventories. They are based on measurements
of the atmospheric concentration of a pollutant, which is then
related to the emission strength of an individual source or an
integrated source strength within a specified area. For the
determination of the emission strength of an observed trace
gas additional knowledge on the atmospheric transformation
processes (transport and chemistry) is required. Depend-
ing on the complexity of the emission source (e.g. a point
source or a mixture of different sources with different spatio-
temporal emission patterns) and the information content of
the measurement (e.g. point measurements at fixed locations,
or satellite observations), either simple assumptions (e.g. on
the atmospheric lifetime and wind fields), or complex inverse
models are required.

In this study we estimate the total urban NOx emissions
from car MAX-DOAS observations performed on circular
driving routes around complete cities. This method was re-
cently introduced and applied to determine emissions of SO2,
NO2 and HCHO (Johansson et al., 2008; Johansson et al.,
2009; Rivera et al., 2009). In contrast to these zenith sky
observations we use MAX-DOAS observations, which have
several advantages: first because of the slant path through the
troposphere they have a higher sensitivity for tropospheric
trace gases. While this effect is not very important for the
rather high elevation angle used in this study, the sensitivity
is largely increased for smaller elevation angles (by about a
factor of three for elevation angles around 20◦).

Second, the uncertainty of the absorption path length is in
general smaller compared to zenith sky observations. More-
over, MAX-DOAS observations are less affected by light
path modifications caused by multiple scattering in thick
clouds (see e.g. Johansson et al. (2008)), because the mea-
surements at different elevation angles are affected by such
clouds in a similar way. Third, MAX-DOAS observations al-
low to determine the vertically integrated tropospheric trace
gas concentration (vertical column density, VCD) above the
instrument location without systematic biases (Wagner et al.,
2010). In contrast, from zenith looking instruments only the
difference of the tropospheric VCD compared to a reference
measurement can be determined.

This complicates the interpretation of the measurements
especially in cases when emission sources are not completely
encircled (Johansson et al., 2009). However, even if emission
sources are completely surrounded, systematic offsets in the
measured vertically integrated trace gas concentration can
lead to errors in the determined total emissions: for example
if changing wind direction and speed have to be considered
(e.g. wind speed is different for the influx region compared
to the outflux region), it is essential that the absolute tropo-
spheric VCDs are used for the flux calculations. A similar
problem is related to the effects of chemical transformations
(e.g. chemical destruction or deposition). Since the rate of
chemical destruction depends (besides other dependencies)
on the absolute trace gas concentration, the knowledge on the
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Fig. 1 Form MAX-DOAS observations the vertically integrated tropospheric trace gas 

concentrations can be determined. If MAX-DOAS observations are performed on mobile 
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instrument. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. From MAX-DOAS observations the vertically integrated
tropospheric trace gas concentrations can be determined. If MAX-
DOAS observations are performed on mobile platforms, a second
integration along the driving route becomes possible (indicated by
the blue arrows). The black arrows indicate the viewing directions
of the MAX-DOAS instrument.

absolute tropospheric VCDs in the influx and outflux regions
is essential for their correct quantification. Both aspects be-
come especially important for observations around extended
areas.

The determination of absolute tropospheric VCDs from
MAX-DOAS observations is also important for the quanti-
tative comparison with model results and for the validation
of satellite observations.

In addition to the inherent vertical integration of the tro-
pospheric trace gas concentration by MAX-DOAS observa-
tions, a horizontal integration can be carried out if MAX-
DOAS observations are performed from aircrafts or cars.
Such observations eventually allow to determine the com-
plete fluxF of trace gas molecules across the area span by
the driving route S and the vertical (see Fig. 1). For that
purpose the knowledge of the wind speed and direction is
required:

F =

∫
S

VCD(s) ·
⇀

W ·
⇀
n(s) ·ds (1)

Here
⇀
n(s) indicates the normal vector parallel to the Earth’s

surface and orthogonal to the driving direction at the position

s of the driving route;
⇀

W is the average wind vector within
the trace gas layer. We carry out Car MAX-DOAS measure-
ments along closed driving routes around large emissions
sources, e.g. whole cities (Fig. 2). If the emission sources
are completely encircled, the total flux entering the encircled
area (on the side from which the wind blows) as well as the
total flux leaving the encircled area (at the opposite side, see
Fig. 2) can be determined (see also Johansson et al., 2008).
In simple cases, the difference between both fluxes yields the
integrated total emission of the encircled area. To determine
the total fluxFtotal of the encircled area the integral in Eq. (1)
has to be evaluated along the complete circle around the area
of interest:

Ftotal=

∫
A

div
(
VCD ·

⇀

W
)
dA =

∮
S

VCD(s) ·
⇀

W ·
⇀
n ·ds (2)
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Fig. 2 Example of tropospheric vertical column densities (orange and red colours indicate 

enhanced values) derived from mobile MAX-DOAS observations around an extended 

emission source. According to the wind direction a part of the observations characterises air 

masses entering and a part of them leaving the encircled area.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Example of tropospheric vertical column densities (orange
and red colours indicate enhanced values) derived from mobile
MAX-DOAS observations around an extended emission source.
According to the wind direction a part of the observations charac-
terises air masses entering and a part of them leaving the encircled
area.

It should be noted that for the complete surrounding of ex-
tended areas the driving period is typically between a few
ten minutes and more than one hour. Thus temporal varia-
tions on time scales below that period can not be resolved
and the resulting emission estimates are only representative
for the average conditions through that period. Two main ef-
fects complicate the determination of the total emission and
have to be taken into consideration:

(A) Variation of the wind field
In the simplest case, a wind field with constant speed
and direction is present over the complete area of in-
terest, and the wind speed is also high enough that the
transport across the encircled area is fast compared to
the atmospheric lifetime of the trace gas. In more com-
plicated cases, the wind speed is low and varies with
time and location within the encircle area. In such cases,
emission estimates are difficult and might only be possi-
ble with the additional use of atmospheric model simu-
lations. A further general problem is caused by the fact
that the wind speed usually increases with altitude (also
the direction changes systematically), but the vertical
distribution of the observed trace gas is usually not well
known. Thus assumptions on the vertical distribution
and appropriate wind speed have to be made.

(B) Chemical transformations
Chemical transformations and deposition processes
change the trace gas abundance after the emission pro-
cess. Depending on the speed, two cases can be distin-
guished. First, rapid chemical reactions can change the
partitioning of the emitted species. In this study, MAX-
DOAS observations of NO2 are investigated, while most
of the NO2 was primarily emitted as NO. The partition-
ing of both species depends on the ozone concentration

and the NO2 photolysis rate. In order to quantify the
total NOx (NO2+NO) emissions, the so called Leighton
ratio (L=[NO]/[NO2]) has to be known (or assumed).
Second, the atmospheric concentration of the emitted
species can be changed by processes, which are fast
compared to the transport time between the emission
source and the location of the measurement. Thus, the
measured trace gas concentration represents only a frac-
tion of the emitted trace gas abundance. These destruc-
tion processes are usually described by an exponential
decrease with an e-folding lifetimeτ , after which the
trace gas concentration is reduced to a fraction 1/e of the
initial value. It should be noted that in cases of substan-
tial trace gas destruction between the emission source
and the location of the measurement (short atmospheric
lifetime compared to the transport time), also the spatial
distribution of the emission sources within the encircled
area becomes important.

These potential error sources are discussed in detail and
quantified for the Car MAX-DOAS measurements presented
in this study (see Sect. 4).

The paper is structured as follows: in Sect. 2 the MAX-
DOAS method is briefly introduced and the performed Car
MAX-DOAS measurements are described. Section 3 pro-
vides details on the different steps of the data analysis. In
Sect. 4 the results of our measurements are presented and the
uncertainties caused by the different error sources are dis-
cussed and quantified. In Sect. 5 the results of our study are
summarised and detailed recommendations for future mea-
surements are given.

2 MAX-DOAS observations

In recent years Multi-Axis-Differential Optical Absorption
Spectroscopy (MAX-DOAS) observations have become a
widely and successfully used technique for the remote sens-
ing of tropospheric trace gases and aerosols. MAX-DOAS
instruments observe scattered sun light under different slant
viewing angles, which make them especially sensitive to tro-
pospheric trace gases and aerosols (e.g. Hönninger et al.,
2002; Van Roozendael et al., 2003; Wittrock et al., 2004;
Wagner et al., 2004, 2007; Brinksma et al., 2008). From
MAX-DOAS observations, vertical profiles of tropospheric
trace gases and aerosol extinction can be retrieved yielding
up to a few pieces of information, with the highest vertical
resolution close to the surface (see e.g. Theys et al., 2007).
However, profile retrievals are typically restricted to MAX-
DOAS measurements made at fixed locations and under
cloud free conditions. For MAX-DOAS observations made
from moving platforms, horizontal gradients of the trace gas
concentration often prevent a meaningful profile retrieval. In
addition, unlike ship measurements, for car measurements
the observations at low elevation angles are usually affected
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by obstacles (e.g. trees or houses) in the field of view. Thus
from mobile MAX-DOAS observations usually only the (ab-
solute) tropospheric VCD is determined.

2.1 Determination of the tropospheric VCD

For the retrieval of the tropospheric VCD, typically obser-
vations at rather high elevation angles (>about 10◦) are
used. For such elevation angles the effects of atmospheric
aerosols are rather small and the atmospheric light paths can
be geometrically well approximated (Brinksma et al., 2008;
A. Richter, personal communication, 2005). In addition, the
retrieval of tropospheric VCDs is usually even possible in the
presence of clouds (at least for trace gases located below the
cloud base).

For the analysis of MAX-DOAS observations it is usually
assumed that the concentration field does not change during
the time period needed for the observations at the different
elevation angles. This assumption is roughly valid for MAX-
DOAS observations made at fixed locations. In contrast,
mobile MAX-DOAS observations are typically strongly af-
fected by horizontal concentration gradients of air masses
probed along the driving route. For these platforms, the
usual way of the MAX-DOAS data analysis can thus lead
to large errors, in extreme cases even negative concentra-
tions might be obtained. Recently a technique was developed
which overcomes this problem and allows to determine ab-
solute tropospheric VCDs along the driving route (Wagner et
al., 2010).

2.2 Car MAX-DOAS instrumentation for the
Mannheim/Ludwigshafen measurements

The Mini-MAX-DOAS instrument is a fully automated,
light-weight spectrometer (13 cm·19 cm·14 cm) designed for
the spectral analysis of scattered sunlight (e.g. Bobrowski et
al., 2003). It consists of a sealed aluminium box contain-
ing the entrance optics, a fibre coupled spectrograph and the
controlling electronics. A stepper motor mounted outside
the box rotates the whole instrument to control the elevation
of the viewing angle (angle between the horizontal and the
viewing direction). The entrance optics consists of a quartz
lens of focal length f=40 mm coupled to a quartz fibre bundle
which leads the collected light into the spectrograph (field of
view is ∼1.2◦). The light is dispersed by a crossed Czerny-
Turner spectrometer (USB2000, Ocean Optics Inc.) with a
spectral resolution of 0.7 nm over a spectral range from 320–
460 nm. A one-dimensional CCD (Sony ILX511, 2048 indi-
vidual pixels) is used as detector. Before the signal is trans-
ferred to the 12 bit analog-to-digital converter, an electronic
offset is added. After conversion, the signal is digitally trans-
mitted to a laptop computer via a USB cable and stored for
subsequent analysis.

For the mobile measurements the Mini-MAX-DOAS in-
strument was mounted on the top of a car with the telescope
pointing in driving direction and was powered by the 12V
car battery. The rest of the set-up was inside the car and
both parts were connected via two electric cables. The mea-
surements are controlled from a laptop using the DOASIS
software (Kraus, 2004).

On 24 August 2006, measurements were carried out
around the Mannheim-Ludwigshafen industrial/urban area.
The sequence of elevation angles was chosen to: 45◦, 45◦,
45◦, 45◦, 90◦, and the duration of an individual measurement
was about 20–25 s. The position of the individual measure-
ments was determined from the measurement time. The re-
lationship between time and location was established by as-
signing the exact times while passing the distance signs on
the motorway. To simplify the measurements, in future ap-
plications position data using GPS observations (as e.g. used
by Johansson et al., 2008), should be used.

3 Data analysis

The measured spectra are analysed using the DOAS method
(Platt and Stutz, 2008). A wavelength range of 415–435 nm
was selected for the analysis. Several trace gas absorption
cross sections (NO2 at 297 K (Vandaele et al., 1998), H2O
at 300 K (Rothmann et al., 2005), O4 at 296 K (Greenblatt et
al., 1990), and O3 at 243 K, Bogumil et al., 2003) as well as a
Fraunhofer reference spectrum, a Ring spectrum (calculated
from the Fraunhofer spectrum) and a polynomial of second
order were included in the spectral fitting process (using the
WinDOAS software (Fayt and van Roozendael, 2001). The
wavelength calibration was performed based on a high reso-
lution solar spectrum (Kurucz et al., 1984). The output of the
spectral analysis is the slant column density (SCD), the in-
tegrated trace gas concentration along the light path through
the atmosphere. Following to the retrieval technique of Wag-
ner et al. (2010) the tropospheric NO2 VCD is determined
from each observation made at 45◦ elevation angle using
the zenith measurement of the respective sequence. In the
retrieval process, tropospheric air mass factors (AMF) are
needed, for which the geometric approximation is used (here
α is the elevation angle of the telescope):

AMF(α) = 1/sin(α) (3)

Depending on the aerosol load and on the vertical dis-
tribution of the trace gas, the geometrical approximation
for the tropospheric AMF can deviate to some degree from
the true value. We investigated these deviations using the
Monte Carlo radiative transfer model TRACY-2 (Wagner et
al., 2007; Deutschmann and Wagner, 2008). The errors of
the geometric approximation depend on the SZA and rela-
tive azimuth angle (in general they increase with increasing
SZA and relative azimuth angle). For aerosol loads with op-
tical depth<0.5 and for surface-near trace gases (<200 m)
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the errors of the geometrical approximation are typically be-
low 15%. It is interesting to note here the for MAX-DOAS
observations the uncertainties of the tropospheric AMF are
usually smaller than for the observation of zenith scattered
light. This aspect is not of great important for this study, be-
cause of the rather high elevation angle of 45◦ (leading to a
reduction of the uncertainty by 10–30%). However, for el-
evation angles around 20◦ (see e.g. Wagner et al. (2010]) it
typically results in a reduction of the uncertainties by about
50% (elevation angles<20◦ might not be very useful for car
MAX-DOAS observations, because of trees and buildings in
the field of view). In the presence of clouds the uncertainties
can in principle become larger. However, especially for the
part of the trace gas profile below the cloud (e.g. freshly emit-
ted NOx) the geometrical approximation is in general a very
good choice, because the lower boundary of the cloud acts as
well defined illumination source and scattering events below
the cloud (within the trace gas layer) become less important.

The total error of the tropospheric NO2 VCD is estimated
from the typical fit residual and the uncertainty of the geo-
metric approximation to<3×1015 molec/cm2 or <15%.

4 Results and discussion

Results of the car MAX-DOAS observations made on trips
around the cities of Ludwigshafen and Mannheim (South-
ern Germany, see Fig. 3) on 24 August 2006 are shown in
Figs. 4 and 5. The sky was mainly overcast and tempera-
tures were around 20◦C. Both cities were surrounded in four
successive “circles” with approximate extensions of 26 km in
north-south direction and 18 km in east-west direction. Dur-
ing these circles, a repeating pattern with high and low tro-
pospheric NO2 VCDs was found. In general the highest NO2
VCDs were measured in the north-east corner, which can be
directly related to the prevailing wind direction on that day
(mainly from south-west). However, not exactly the same
patterns are obtained for the different circles reflecting the
variation of emissions as well as wind speed and direction.

From the MAX-DOAS observations the integrated NOx
emission within the encircled area can in principle be cal-
culated according to Eq. (2). However, to account for the
finite atmospheric lifetime and for the partitioning between
NO and NO2, two corrections have to be applied to Eq. (2):

FNOx = cL ·cτ ·FNO2 = cL ·cτ ·

∮
S

VCDNO2(s) ·
⇀

W ·ds (4)

Here cL is a correction factor which accounts for the parti-
tioning of NOx into NO and NO2, which is a function of the
Leighton ratio (L=[NO]/[NO2]); cL=1+L. cτ is a correction
factor which accounts for the destruction of NOx while it is
transported from the emission sources to the locations of the
measurements.

Table 1. Wind data calculated from three stations (Mannheim cen-
ter, south, north, see Fig. 5). For each cycle, the average and stan-
dard deviation of wind speed and direction are calculated.

Circle time Wind direction (◦) Wind speed
(wind from north is zero) (cm/s)

1 1, 10:30–12:00 239 (±44) 268±109
2 2, 11:30 – 13:00 265 (±17) 226±101
3* 3*, 13:00 – 14:30 223 (±18) 267±71
4 4, 13:30 – 15:00 219 (±14) 314±85

*L3 partly overlaps with L4, see Fig. 4

In the following sub-sections the three factors of Eq. (4)
are determined separately and applied to the measurements
on 24 August 2006.

4.1 Integration of the tropospheric NO2 flux along the
driving route

In this section the integral of Eq. (4) is evaluated for the
MAX-DOAS measurements around the cities of Mannheim
and Ludwigshafen. Because of the finite integration time of
the individual spectra, the integral is substituted by a sum
which is evaluated for all observations made at 45◦ elevation
during the individual circles:

FNO2 =
∑
i

VCDNO2(si) ·
⇀

W ·
⇀
n ·1si

=
∑
i

VCDNO2(si) ·W ·sin(β)(si) ·1si
(5)

The distance between two measurements1si is the geomet-
ric difference between the locations at the beginning of two
successive measurements. For the wind direction and wind
speed W constant values for all measurements during an in-
dividual circle were assumed (for details see Sect. 4.1.1).
They were calculated from half hour averages at three me-
teorological stations within the encircled area: Mannheim
south, Mannheim center, Mannheim north (http://mnz.lubw.
baden-wuerttemberg.de/messwerte/aktuell/, the locations are
indicated in Fig. 5). Also the anglesβ(si) between the driv-
ing route and the wind direction were calculated in discrete
steps (the angle of the driving route was determined accord-
ing to the starting points of two successive spectra). The av-
erage wind speeds and directions are listed in Table 1.

As an example, Fig. 6 shows the individual terms of the
sum in Eq. (5) for the fourth circle on 24 August 2006. In
the top panel the tropospheric NO2 VCD is shown. The sec-
ond panel shows the length of the driving route for the indi-
vidual measurements (the difference of the instrument posi-
tion between the start of two consecutive spectra). The path
length varies with the driving speed. In addition, accord-
ing to the sequence of elevation angles systematically differ-
ent path lengths between successive measurements are also

www.atmos-meas-tech.net/3/709/2010/ Atmos. Meas. Tech., 3, 709–721, 2010
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Fig. 3 The red rectangle indicates the location of the encircled area around the cities of 

Mannheim and Ludwigshafen in southern Germany (see also Fig. 5). (the map was taken from  

http://www.freeworldmaps.net/europe/germany/political.html). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The red rectangle indicates the location of the encircled area around the cities of Mannheim and Ludwigshafen in Southern Germany
(see also Fig. 5). (the map was taken fromhttp://www.freeworldmaps.net/europe/germany/political.html). 
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Figure 4 Time series (4 circles) of the NO2 VCDs measured around Mannheim-Ludwigshafen 

area on 24.08.2006. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Time series (4 circles) of the NO2 VCDs measured around Mannheim-Ludwigshafen area on 24 August 2006.

found. Larger distances occur for the end of an elevation
sequence because of the gap during the record of the zenith
spectrum. In addition, also some time is needed to change
the elevation angle. The third panel shows the sine of the an-
gle between the driving route and the wind direction, respec-
tively. The bottom panel shows the resulting tropospheric
NO2 flux above the driving route for the segment between
two measurements taking into account also the wind speed
(assumed to be constant, see Table 1). According to the rel-
ative orientation of the driving direction and wind direction,
the NO2 flux is either positive or negative. The high positive

values at the beginning of the circle indicate the main emis-
sions from the Mannheim/Ludwigshafen area. At the end
of the circle both substantial negative and positive fluxes oc-
cur. They are probably caused by emissions from the city of
Speyer south of the encircled area. They first enter and then
leave the encircled area at the south-east edge (see Fig. 5).
Besides this example, the influx (negative flux) of NO2 into
the encircled area is typically rather small. Summing-up the
NO2 fluxes along the driving route, yields a total emission of
5.8×1024 molecules/s NO2. In Table 2 also the results for
the other cycles are shown.
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a) NO2 VCDs during the first cycle b) NO2 VCDs during the second cycle 

c) NO2 VCDs during the third cycle d) NO2 VCDs during the fourth cycle 

Figure 5 NO2 VCDs for the four individual cycles around the Mannheim-Ludwigshafen area 

on 24.08.2006. The letters ‘N’, ‘M’, and ‘S’ indicate the locations of the in-situ measurement 

stations Mannheim North, Mannheim Center, and Mannheim South. Arrows indicate the 

average wind direction. 

Fig. 5. NO2 VCDs for the four individual cycles around the Mannheim-Ludwigshafen area on 24 August 2006. The letters “N”, “M”, and
“S” indicate the locations of the in-situ measurement stations Mannheim North, Mannheim Center, and Mannheim South. Arrows indicate
the average wind direction.

Table 2. Total NO2 fluxes for the different circles. Also shown are the relative errors related to variations and imperfect knowledge of the
wind field.

Circle time Influx Outflux NO2 Emissions Errors due to Errors due to Total error
(molec./sec) (molec./sec) (molec./sec) wind direction wind speed due to wind

1 10:30–12:00 −4.20×1024 8.63×1024 4.43×1024 14% 21% 25%
2 11:30–13:00 −3.45×1024 6.49×1024 3.05×1024 32% 23% 40%
3* 12:30–14:00 −2.83×1024 6.89×1024 4.05×1024 6% 13% 15%
4 13:30–15:00 −3.46×1024 9.26×1024 5.80×1024 4% 14% 15%

*partly overlaps with L4
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Fig. 6. Different components used for the net flux estimation shown
for loop #4 on 24 August 2006. In(a) the observed NO2 VCD are
presented.(b) shows the driving distance between two consecu-
tive observations’ and(c) the sine of the angle between the driving
route and the wind direction. In d) the resulting NO2 flux is shown:
negative fluxes indicate import and positive fluxes export from the
encircled area.

4.1.1 Errors caused by variations of the wind field

In most cases, the uncertainty of the derived total emission
is dominated by the variation and the imperfect knowledge
of the wind field (see also discussion in Johansson et al.,
2008). In this section we discuss different possibilities to
obtain wind data and to quantify the errors associated with
uncertainties and variations of the wind field.

In simple cases, the variations of the wind direction and
wind speed during the period of the measurements are small.
In such cases (and if also the emissions are assumed to be
constant with time), the determination of the emissions from
the encircled area is rather simple, and average values of
wind direction and wind speed can used. Emission estimates

in previous studies (e.g. Johansson et al., 2008) are obtained
using average values of the wind field, and this method is also
used here (for details see below). However, in many cases,
substantial temporal and spatial variations of the wind field
occur, which complicate the calculation of the trace gas emis-
sions. In such cases, also the question arises, for which loca-
tions and times the wind field should actually be considered.
On the one hand it is evident that the tropospheric VCDs at
the measurement location depend on the entire wind field be-
tween the location of the emission source (which is usually
not precisely known) and the measurement location. On the
other hand it is also obvious that for the correct considera-
tion of the trajectory, highly resolved model data would have
to be used (which should also take into account variations
of the trace gas concentrations due to chemical transforma-
tions). Such model data are usually not available.

An alternative – and probably also the most adequate way
– to consider wind field data for the flux calculation is to use
the actual wind speed and direction at the time and location
of the measurement. This procedure allows the determina-
tion of the instantaneous trace gas flux above the specific lo-
cation of the measurement. Because the flux at a given loca-
tion is time-dependent, such a flux calculation will only pro-
vide a snapshot, which is not necessarily representative for
the average flux at that location. However, if the spatial scale
of the wind fluctuations is smaller than the spatial extent of
the areas of increased trace gas VCDs, the effect of the wind
fluctuations will at least partially cancel out. Here it is im-
portant to note that the variations of the trace gas flux are not
only caused by the fluctuations of the wind field, but also by
variations of the tropospheric trace gas VCD, and the effect
of variations of the wind field will partly be compensated by
variations of the trace gas concentration. Besides pure statis-
tical effects, such a compensation is in particular also caused
by the direct relationship between the tropospheric VCD and
wind speed: an increase of the wind speed (divergence of the
horizontal wind field) will in general be accompanied by a
decrease of the tropospheric VCD. Thus the magnitude of the
fluctuation of the wind field (e.g. expressed as standard devi-
ation of wind data over a period of time) provides an upper
bound for the related uncertainties of the emission estimate.

In addition to fluctuations of the wind field, also system-
atic changes during the period of the measurements can be-
come important, especially if measurements with high trace
gas VCDs are accompanied by strong deviations of the actual
wind speed (or direction) from the assumed average values.
This is e.g. the case if high trace gas VCDs are only mea-
sured at the beginning or end of a measurement loop, while
the wind speed (or direction) systematically change during
the period of the measurement. It is interesting to note here
that in such cases the influence of any systematic offset in
the measured tropospheric VCD (e.g. for zenith sky obser-
vations) can lead to additional uncertainties of the emission
estimate.
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Besides observational data (e.g. measured at meteorolog-
ical stations at the ground) also results from model simula-
tions can be used for the calculation of the trace gas flux and
the uncertainties related to variations or imperfect knowledge
of the wind field. Model data (as e.g. used by Johansson
et al., 2008) have the advantage to yield information on the
complete time-dependent 3-D distribution of the wind field
over the encircled area. Thus in principle they allow the ex-
plicit consideration of the actual wind field at each measure-
ment location. However, model data are not always avail-
able, especially at the appropriate spatial and temporal res-
olution (even the spatial resolution of regional models with
grid sizes down to the kilometre scale might not always be
sufficient). An alternative source of information is wind data
from meteorological observations close to the locations of
the car-MAX-DOAS observations. Such observations are of-
ten available from permanent measurement stations. Poten-
tial disadvantages are that meteorological data are not avail-
able for the individual measurement locations, and might
only cover a part of the measurement area. In such cases
they will not be fully representative for the average wind
conditions across the encircle area. However, from ground
based observations, fluctuations and systematic variations of
the wind field can well be quantified, which yields important
information for the error estimation.

Also, from meteorological observations usually no infor-
mation on the vertical wind profile is available (exceptions
are e.g. pilot balloons or radio sondes, see e.g. Rivera et al.,
2009). Thus if only surface wind data are used, the effective
wind speed relevant for the NO2 layer is probably underes-
timated. According to Eq. (2) this directly leads to an un-
derestimation of the determined NO2 emissions. However,
since most emission sources are located at the surface, it can
be assumed that most of the freshly emitted NOx should be
also present close to the surface (exceptions are e.g. power
plants). Thus the resulting underestimation will usually be
small (at least compared to other uncertainties). Moreover it
should be taken into account that even if information on the
vertical wind profile was available, the uncertainties could
not necessarily be largely reduced, because the vertical trace
gas profile is still unknown.

For the quantification of errors caused by imperfect knowl-
edge and variability of the wind field, in this study we use
wind data from three meteorological stations inside the en-
circled area. These data are given as half hour mean values of
wind direction and wind speed, from which the mean values
and standard deviations for the four individual loops are cal-
culated (see Table 1). For each loop 12 half hour mean values
(for 3 stations, and for the period of 2 h) are used. It should
be noted that the standard deviations for spatial or temporal
variations are similar. For the measured average wind speeds
(2.2 to 3.2 m/s), a half hour interval corresponds to a distance
of about 4 to 6 km, which is similar to the distances between
the different meteorological stations. Thus the standard de-
viation of the selected half hour averages can be regarded

as representative for fluctuations of the wind field on scales
of about 5 km. Since this distance is still smaller compared
to the extension of the encircled area (and also compared to
the areas with enhanced trace gas VCDs), the effects of fluc-
tuations of the wind field can be expected to mainly cancel
out. As a conservative estimate of the remaining errors we
thus use half of the standard deviation determined from the
12 half-hour data of the three stations (see Table 2). Be-
sides fluctuations of the wind field, also systematic tempo-
ral changes during the measurement period occurred. As
discussed above, such systematic changes could in princi-
ple lead to large errors of the emission estimates. However,
since for most of the loops high NO2 VCDs are measured
both at the beginning and the end of the loops, the effects
of systematic changes should mainly cancel out. Thus, (and
because the systematic variations during the individual loops
are usually small compared to the standard deviations) in this
study we did not explicitly take the effect of systematic varia-
tions of the wind fields into account. Implicitly, however, it is
partly considered by the averaging of the emissions obtained
for the consecutive loops.

It is interesting to note here that especially for measure-
ments with the average wind direction almost parallel to parts
of the driving route (e.g. as in circle 2) the uncertainties
caused by fluctuations of the wind direction become espe-
cially large (see Table 2). For most circles, the respective
errors are rather small, typically in the range of 10%. How-
ever, for the second circle (with the average wind direction
almost parallel to larger parts of the driving route) the error
is >30%.

4.2 Errors caused by chemical transformations

4.2.1 Estimation of the NOx lifetime

In this section the effect of the finite atmospheric lifetime of
NOx (factor cτ in Eq. (4) is estimated. The NOx lifetime
depends on meterological parameters (e.g. temperature) and
on the photochemical state of the atmosphere, and is difficult
to determine for the specific situation of our measurements.
Thus we use an average value of 6 h for the NOx lifetime
which is derived from several experimental studies (Beirle et
al., 2003, 2004a,b). According to the extension of the cir-
cles and the average wind speeds (Table 1) the time for the
air masses to cross the encircled area is about 2 h. Assum-
ing most NOx is emitted close to the center of the encircled
area, the effective transport time would be 1 h. Within that
duration the NOx concentration decreases by about 15% for
an assumed lifetime of 6 h. This results in a correction factor
cτ of 1.18. For assumed lifetimes of 4 and 8 hours the cor-
rection factors would be 1.28 and 1.13, respectively. From
this variation we estimate the uncertainty caused by the finite
atmospheric liftetime of NOx to about 10%.
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Table 3. NOx emissions from the encircled area after corrections for the lifetime and NOx partitioning. The total error includes the sun of
all error contributions (retrieval of the tropospheric VCD, wind field, NOx lifetime, NOx partitioning).

Circle time Influx Outflux NOx Emissions Total error
(molec./sec) (molec./sec) (molecules/sec)

1 10:30–12:00 −6.68×1024 13.72×1024 7.04×1024 32%
2 11:30–13:00 −5.49×1024 10.35×1024 4.86×1024 45%
3* 12:30–14:00 −4.50×1024 10.96×1024 6.46×1024 25%
4 13:30–15:00 −5.50×1024 14.72×1024 9.22×1024 25%

*partly overlaps with L4
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Fig. 7. Diurnal variation of the mixing ratios of NO, NO2, and O3
for the stations Mannheim North and Mannheim center on 24 Au-
gust 2006. Also the Leighton ratio is shown. The dashed vertical
lines indicate the start and end times of the car MAX-DOAS mea-
surements.

4.2.2 Leighton ratio during the measurements

For the determination of the second correction factor cL we
use measurements of NO and NO2 made at two meteorolog-
ical stations (Mannheim North and Mannheim Center, see
Fig. 7). For the period of the MAX-DOAS measurements
Leighton ratios of about 0.35 were found. Thus we use a

correction factor cL of 1.35 to determine the total NOx emis-
sions. From the variation of the Leighton ratio during the
time of our measurements we estimate the related uncertain-
ties of the total emission to be about 10%.

4.3 Final results of NOx emissions for the different
circles

Table 3 summarises the total emissions and respective errors
for the four circles. Also the absolute fluxes into or from
the encircled area are shown. The calculated errors include
the contributions associated with variations and imperfect
knowledge of the wind field, NOx lifetime, NOx partition-
ing and retrieval of the tropospheric VCD.

The average of total NOx emission calculated from the re-
sults of the four circles (weighted by the respective errors)
is (7.4±1.8)×1024 molecules/sec. This equals a NOx emis-
sion of 0.55kg per second (the mass is calculated assuming
that all NOx was NO2). The influxes show a smaller variabil-
ity (5.4±0.9×1024 molec/sec) indicating that the variations
of the outflux (12.8±1.8×1024 molec/sec) are indeed caused
by variations of the encircled emissions.

4.4 Effect of ozone depletion

In some cases, additional complications can occur, e.g. if
the NO concentrations are higher than the background ozone
concentrations. Such situations might occur close to the
stacks of power plants. Then the reaction of NO with ozone
will eventually consume all available ozone, which prevents
the further conversion of NO into NO2. Only after additional
ozone-rich air is mixed with the ozone-depleted air masses,
the Leighton ratio expected for ozone-rich conditions can be
established. For our measurements the ozone mixing ratio
measured at the different stations (see Fig. 7) is found to be
higher than the NOx concentration for most of the time (af-
ter 11:00). However, especially for emissions from the large
power plant in the southern part of Mannheim these condi-
tions might not be fulfilled and the measured NO2 might un-
derestimate the total NOx emissions. Unfortunately, with our
current knowledge this effect can not be quantified. Since
the ozone concentrations increase during the day (Fig. 7),
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the possible underestimation should be smaller for the later
measurements. The effect of suppressed NO to NO2 conver-
sion should be investigated in more detail in future studies.

5 Conclusions

We applied car MAX-DOAS observations for the de-
termination of the total NOx emissions from the
Mannheim/Ludwigshafen industrial and urban area.
This method is similar to that introduced by Johansson
et al. (2008), but instead of measuring scattered sun light
from zenith sky observations, we measure under a different
angles with a MAX-DOAS instrument mounted on a car.
MAX-DOAS observations measure scattered sunlight under
various slant elevation angles and thus provide increased sen-
sitivity and reduced uncertainties for tropospheric species.
Moreover, MAX-DOAS observations allow to determine the
absolute value of the vertically integrated tropospheric trace
gas concentration (tropospheric VCD). Observations of the
tropospheric VCD without systematic offsets are important
if the measurements are not performed on closed loops, but
only along selected transects through the emission plume. In
such cases car MAX-DOAS observations allow to quantify
the absolute value of the total trace gas flux, which can e.g.
be directly compared to model simulations. Knowledge of
the absolute tropospheric VCDs can become also important
for closed-loop measurements if the effects of systematically
varying wind fields or chemical transformations have to
be considered (for example for circles around extended
emissions sources).

Car MAX-DOAS observations (like zenith sky observa-
tions) provide a rather simple and cheap method for the de-
termination of total emissions of extended areas like com-
plete cities. Thus they allow to check existing emission es-
timates with a completely independent method. As shown
by Johansson et al. (2008) besides NO2 also the emissions of
other species like e.g. SO2 and HCHO can be quantified. In
most cases the main uncertainties of the method are caused
by temporal and spatial variations of the wind field across
the encircled area. Additional errors are related to chemical
transformations between the emission source and the loca-
tion of the measurement. In this study we quantified the re-
spective errors from in-situ observations within the encircled
area.

On 24 August 2006 we performed Car MAX-DOAS
observations on 4 consecutive circles around the
cities of Mannheim and Ludwigshafen. The deter-
mined total emissions for these 4 circles range from
4.9×1024 to 9.2×1024 molec/sec with an average value of
(7.4±1.8)×1024 molec/s. If simply extrapolated to a com-
plete year a value of 17 830±4340 tons NOx/per year (the
mass is calculated assuming that all NOx was NO2) is de-
rived, which compares well with existing emission estimates
of both cities. For Ludwigshafen NOx emissions of 7950 tons

per year are reported for 2004 (Landesamt für Umwelt, 2008)
and for Mannheim NOx emissions of 10121 tons per year
are reported for 2002 (again assuming that all NOx was
NO2) (Regierungspr̈asidium Karlsruhe, 2006). Both values
sum up to 18071 tons per year. The average influx into the
Mannheim/Ludwigshafen area determined from our obser-
vations is (5.4±0.9)×1024 molec/sec (or 13 010±2170 t/yr)
and the average outflux (12.8±1.8)×1024 molec/sec (or
13 010±4340 t/yr).

Emission estimates from car MAX-DOAS (or zenith sky)
observations should be further improved, and especially the
following aspects should be considered:

(a) The accuracy of the determination of the tropospheric
VCD should be improved by the use of tropospheric
air mass factors derived from radiative transfer simu-
lations (instead of using simple geometric approxima-
tions). Especially for zenith sky observations multiple
scattering effects can lead to large deviations (overesti-
mations) of the geometric approximation compared to
the true tropospheric air mass factor. For MAX-DOAS
observations, the correct consideration of the relative
azimuth angle between the viewing direction and the
sun is especially important.

(b) More accurate wind data are needed, preferably for the
exact times and locations of the measurements. For that
purpose model simulations might be most useful. An-
other interesting option would be to measure the wind
direction and speed directly on the car roof.

(c) For the determination of the effective wind speed rele-
vant for the layer of the observed trace gas, more ac-
curate information on the vertical trace gas profile is
needed. Such information might be derived from re-
gional model simulations. Alternatively, also simple
transport calculations based on the atmospheric stabil-
ity and turbulence might be used. Here it is important to
note that in many cases the height of the boundary layer
might not be a good estimate for the vertical extension
of freshly emitted pollutants, because the vertical trans-
port between the emission source and the location of the
measurement might be too slow to fill the entire bound-
ary layer close to the emission source.

(d) Clouds do not only affect the atmospheric absorption
path lengths (see e.g. Johansson et al. (2008]) but also
the partitioning of photochemical reactive species like
e.g. NO/NO2. Thus more detailed knowledge on cloud
properties can improve the emission estimates. For ex-
ample, besides the O4 absorptions (see Johansson et al.,
2008), also the radiance measured by the DOAS instru-
ment might be used.

(e) Also more detailed information on chemical species
concentrations (e.g. O3) would be helpful to char-
acterise and quantify chemical transformations and
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partitioning. Such information might be derived from
model simulations of regional chemistry and transport,
but also from air pollution networks.

Finally, car MAX-DOAS observations should routinely be
applied cover temporal variations of emissions on various
time scales (from diurnal to seasonal variations).
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