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Acronyms and abbreviations

Acronyms and abbreviated terms that are specific for this document can be found below.
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1 Introduction

In this document, the background is provided for the development of an urban NO; product for the FRM4DOAS
project and its product. In the current first version, a short literature review is provided and the results of a
number of sensitivity studies is reported. In the final version of this document, the newly developed algorithm
will be described as well as its application at selected FRM4DOAS stations and TROPOMI NO; validation.

2 Challenges in urban environments

Urban environments are usually hotspots of NO, pollution. They also are places where most of the world’s
population is living, and, therefore, many people are exposed to elevated NO; levels, with adverse effects on
health and well-being. It is thus important to have accurate NO; measurements in these areas, from the ground
and also from space. This makes urban areas important targets for the validation satellite data such as
tropospheric NO; from TROPOMI.

However, both satellite retrievals and validation are particularly challenging in urban areas for many reasons,
including

e A priori NO; data used in satellite retrievals are often not optimised for urban areas.

e Most of the NO; is located close to the ground where the satellite’s sensitivity is lowest.

e Large spatial and temporal variability of NO; is expected in urban areas.

e Local and 3d-effects play a role in the urban canyons and in high rise areas in general.

e Ground-based measurements are often influenced by local sources and not representative of all of a
city or conurbation.

e Matching ground-based and satellite data is particularly difficult in the case of spatial gradients in the
NO:; field.

It therefore would be useful to extend the FRM4DOAS product by adding flags indicating a possible problem
with an inhomogeneous NO; distribution around the station. This would enable filtering of the data when using
it for satellite validation. If possible, information on the magnitude and the direction of a possible NO; gradient
could also be added, which could then be used to select appropriate pixels in satellite validation.

3 Existing studies
The problem of spatially inhomogeneous NO; fields is not new, and some work has been reported in the
literature evaluating such effects.

The most obvious approach is to use elevation scans in several azimuthal directions to analyse the horizontal
variability of the NO; field. This has for example been done in Gratsea et al., 2016 for Athens, where large and
systematic differences were found in the different viewing directions for pollutant levels, diurnal variations and
effects of day of the week. This was extended in Schreier et al., 2019a using two instruments at different
locations in Vienna. Applying an imaging spectrometer, azimuthal scans at many elevation angles and in many
azimuthal directions are possible, resulting in detailed maps of the NO; distribution around a station as
demonstrated during the CINDI-2 campaign (Peters et al., 2019).



As an alternative to taking full elevation scans at many azimuthal directions, elevation scans at selected
directions can be combined with azimuthal scans at a single elevation angle. This approach was used from the
Danube tower in Vienna on a campaign basis (Schreier et al., 2019b) and for a longer time series in Uccle by
Dimitropoulou et al., 2020.

The difference in light path length at different wavelengths can be used to derive information about the NO,
distribution in the viewing direction as shown by Ortega et al., 2015. In the case of point sources such as ships,
their distance can be estimated by this method and their plumes be separated as reported in Seyler et al.,
2019. By introducing a formal combined treatment of retrievals in several directions and at several
wavelengths, the full information content of the measurements can be used to derive coarse spatial maps of
NO; around a station (Dimitropoulou et al., 2022).

4 Sensitivity studies

In preparation of developing an algorithm to identify and possibly also quantify spatial inhomogeneity in MAX-
DOAS measurements of NO; in urban regions, sensitivity studies were performed using data measured at
FRM4DOAS stations. The results of these evaluations are presented in the following sections.

4.1 Measurements in different azimuthal directions and wavelengths

Most MAX-DOAS instruments can perform measurements in different azimuthal directions. In a homogeneous
environment, the inversions of these measurements should result in identical NO, columns and surface
concentrations. In the case of spatial gradients in the NO; distribution, this is no longer the case. Comparing
values measured in the various directions within short time periods can therefore provide information on the
spatial inhomogeneity of NO,.

Many instruments cover a broad spectral range, and therefore enable retrievals at different wavelengths. Due
to the strong wavelength dependency of the Ryleigh scattering cross-section, measurements at different
wavelengths have different sensitivity to areas close to the instrument and farther away. This can be used to
derive information on the variation of the NO; field as a function of the distance from the instrument as
demonstrated for the CINDI-2 measurements (Ortega et al., 2015) and for measurements in Uccle
(Dimitropoulou, 2022). In the case of mobile point sources such as ships, the distance of the point source can
also be estimated (Seyler et al., 2019). In the context of detection of NO; horizontal inhomogeneities,
Differences in the retrieved surface concentrations at UV and visible wavelengths indicate spatial gradients.
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Figure 4.1: Overview on the azimuthal viewing directions of the Bremen MAX-DOAS instrument

The MAX-DOAS instrument operated in Bremen takes elevation scans in several directions. For three of them,
long time series exist and these are used here. The azimuthal directions available are shown in Figure 4.1. The
BOREAS profiling algorithm was applied to the data set for both the UV and the visible retrievals. Then, the
ratios of the surface concentrations and tropospheric vertical columns relative to a reference direction were
computed.

An example of the results for surface concentrations in the directions C and S is shown in Figure 4.2. As can be
seen, the ratios vary between nearly 0 and up to 50, the maximum of the distribution being about 0.9. The
large variability of the values is a combination of the effects of spatial inhomogeneity, cloud effects and
retrieval uncertainties. The systematic deviation from a ratio of 1.0 indicates that on average, direction S is
more polluted than direction C. Ratios in the visible and in the UV are very similar, suggesting that on average,
there is no large change in NO; as a function of distance from the instrument. The large scatter of the ratios
shows that for individual measurements, gradients can be large. This is confirmed by the fact, that the
agreement between the UV and the vis ratios is usually very good.
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Figure 4.2: Ratios of the surface NO, concentrations retrieved for the viewing directions C and S in Bremen. Left: Time-series of ratios,
right: Histogram. Blue values were retrieved in the visible spectral range, orange in the UV.

In addition to the surface concentrations, also the tropospheric vertical columns can be evaluated. This is
shown in Figure 4.3, where results are shown for viewing directions B and S. Again, the ratio of the surface
concentrations is smaller than 1, showing that also direction B is less polluted than direction S. The ratios of the
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vertical columns are closer to 1, which probably is linked to the fact that they are more influenced by the
measurements taken at larger elevation angles which probe air masses closer to the instrument.

Figure 4.3 shows also results from the FRM4DOAS profile retrieval. Overall, the agreement between BOREAS
and FRM4DOAS retrievals is very good as expected, but there is a tendency for smaller ratios for the surface
concentrations in the FRM4DOAS product. The reason of this difference is not yet understood.
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Figure 4.3: Ratios of the surface concentrations (left) and tropospheric VCDs (right) for the viewing directions B and S in Bremen. Results
for two different profile inversion schemes are shown, BOREAS and FRM4DOAS.

While there are no large systematic gradients in the NO; distribution in Bremen, the situation is different in
Athens. There, the instrument is located at the edge of the city, with some azimuthal viewing directions
covering the city of Athens while others probe rural or background areas (see Figure 4.4. This often leads to
large and systematic differences in the measurements taken at the different azimuthal directions (Gratsea et
al., 2016).

The difference in pollution levels for the areas observed is reflected in the ratios of both the surface
concentrations and the vertical columns. As shown in Figure 4.6, surface concentrations retrieved from visible
observations in the direction of the city are twice as large than those in the background direction on average,
with a very broad distribution and often much larger ratios for individual measurements. For the UV, a smaller
effect is observed, as is expected from the fact, that the measurement volume is closer to the station and
therefore not as impacted by the city as the measurements at visible wavelengths. For the vertical columns,



the situation is similar, but the effect is much smaller for the regions already discussed for Bremen. Based on
these results, the MAX-DOAS station in Athens is operating in an inhomogeneous NO; field, and care must be
taken when applying its measurements for satellite validation.
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Figure 4.5: Ratios of the surface concentrations (left) and tropospheric VCDs (right) for the viewing directions U and W in Athens

Concerning the application of retrievals in different directions for the evaluation of spatial inhomogeneities, a
threshold could be defined for the maximum accepted difference (or RMS) of the VCDs or surface
concentrations retrieved for the different azimuthal angles. In the case of Athens, this would remove most of
the data having large NO; columns, which probably is not the desired selection. For other stations, such as
Bremen, the method may lead to an improved selection of data fit for being used for satellite validation.

4.2 Azimuthal scans

A direct measurement of the spatial NO; variability can be obtained by taking measurements in many
azimuthal directions. Some instruments such as the [UP-UB MAX-DOAS do this sequentially, others, such as the
MPIC instrument in Mainz, have several viewing directions in parallel. Ideally, the measurements should be
instantaneous, but in practice, scanning instruments take some time to perform measurements in different
directions.

Using an imaging spectrometer reduces the time needed for measurements as a full vertical scan can be done
in one go. The IUP-UB IMPACT instrument can do such measurements (Peters et al., 2019), and Figure 4.6
shows an example of the NO; vertical profiles retrieved for a full azimuthal scan during the CINDI-2 campaign.
As can be seen from the figure, the variability during this measurement was large, with variations in NO; levels
and NO; profiles depending on the viewing direction.
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Figure 4.6: NO, vertical profiles from one azimuthal scan of the IMPACT instrument during CINDI-2. From Peters et al., 2019.

In order to reduce the time needed for the azimuthal measurement with a scanning instrument, it can be
limited to one elevation angle. For example, the MAX-DOAS instrument in Bremen takes an azimuthal scan at
1° elevation every hour. An example of the NO; slant columns observed during such scans is given in Figure 4.7,
where also the retrievals from the 4 standard viewing directions are included. Azimuthal variations of more
than a factor of 2 are found for many scans, indicating a rather inhomogeneous distribution of the NO; in
Bremen on that day. A similar combination of azimuthal scans at a single elevation and elevation scans at
selected azimuthal directions was also employed by the IASB-BIRA instrument in Uccle (Dimitropoulou, 2022).
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Figure 4.7: MAX-DOAS measurements of NO, at 1° elevation for July 15, 2023. Lines are the four standard viewing directions, dots are
the azimuthal scans

10



Azimuthal NO, distribution July 1, 2023
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Figure 4.8: NO; columns from the azimuthal scans performed by the MAX-DOAS instrument in Bremen on July 1, 2023.

A different view of the same data as in Figure 4.7 is presented in Figure 4.8. Rapid changes over time are found
with the highest values in the morning and low columns around noon. In addition, some azimuthal scans show
large variations with higher values in some directions, presumably because of plumes of NO; transported
through the field of view of the instrument.

The magnitude of the observed NO; signal depends not only on the NO; concentration in the field of view but
also on the length of the light path. This can vary significantly depending on aerosol load and cloudiness, the
latter being less important at the low elevation angle of 1° used here. The relative azimuth between viewing
direction and the sun can also have an effect because of the angular dependency of the phase function of
Rayleigh and Mie scattering. The light path length of DOAS measurements is often estimated using O,
measurements, the idea being that atmospheric O4 concentrations are relatively constant and easily computed.
However, the vertical profiles of O, and NO; differ as NO; is usually more confined to the surface layers while
04 has a smooth vertical distribution with significant contributions also from higher altitudes. The vertical
profile of water vapour is arguably closer to that of NO,, but in contrast to O4, H;0 is not constant at all and
could also show azimuthal dependencies.
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Azimuthal NO, distribution June 2022
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Figure 4.9: Slant columns measured by the azimuthal scans of the Bremen MAX-DOAS instrument in June 2022. From top to bottom:

NOz, 04, and Hzo.
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In Figure 4.9, the azimuthal distributions of NO,, O4, and H,0 are compared for all measurements in Bremen in
June 2022. It is clear from the figure, that O4 and H,0 show much less azimuthal variability than NO,. This
indicates that most of the observed azimuthal variability of the NO; slant columns is due to spatial variability of
NO,, not radiative transfer effects. A notable exception is the measurement in 150° azimuth, which shows
lower values for all three species. In this direction, a building is partly blocking the view, leading to a reduction
in light path length.
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Figure 4.10: Histograms of the RMS of the NO; slant columns form azimuthal scans performed by the MAX-DOAS instrument in Bremen
in 2022. Left: Absolute values, right: Relative RMS for NO,, H>0 and O,.

A more statistical approach to the data is shown in Figure 4.10. Here, the absolute and relative RMS of the NO,
observations were computed for each azimuthal scan performed in Bremen in 2022. As can be seen, the
maximum of the distribution is around 1x10® molec cm for the absolute RMS and 15% for the relative RMS.
However, there is a tail towards much larger RMS values. The relative RMS can be compared to that found for
04 and H,O0. For these absorbers, smaller RMS is found (the maximum being around 5 — 10% and much less
scans with higher RMS. This confirms the observation already made for Figure 4.9, that a large part of the NO,
variability is linked to spatial inhomogeneity.

Concerning the application of the azimuthal scans for the identification of spatial inhomogeneity in the NO,
distribution, a simple threshold value on either the absolute or the relative RMS could be used. One possible
approach is to flag all measurements having larger azimuthal RMS than typical for O4 and H,0 (20 - 30%).
However, at least in Bremen, that would remove a significant part of the measurements.

4.3 Evaluation of temporal variability

For satellite validation, both the temporal and the spatial variability of the NO; distribution are a concern.
Experience shows, that the best agreement between satellite and ground-based observations of tropospheric
NO; is found if the time difference between the two measurements is no longer than 30 minutes and the
spatial difference as small as possible.

In many cases, temporal and spatial variability of a stationary measurement such as at a MAX-DOAS station are
linked through transport. If NO, columns change rapidly over time, this implies that also the spatial distribution
will not be homogeneous. This is because the temporal changes observed at one point are the result of spatial
variability, advected to the station by the wind. The opposite is not necessarily true. Even if NO, columns are
constant over time, they still can have large spatial gradients.
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NO, SC and SC change Bremen, 30° elevation
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Figure 4.11: Measurements at 30° elevation in Bremen for the year 2022. Red symbols show the differential slant column densities
relative to the closest zenith-sky measurement. Blue symbols show the maximum of the change of a measurement compared to the
previous and next observation.

In Figure 4.11, one year of 30° NO; differential slant columns is shown from the MAX-DOAS instrument in
Bremen. A large variability can be seen, with overall larger values in winter. Also shown are the maximum
deviations compared to preceding and the following measurements:

Amax= max (|SC; — SCi_1 |,|SC; — SCiy4])

These differences are smaller, but have a similar order of magnitude as the measurements themselves. This
shows, that NO; slant columns measured in Bremen have often a rather large temporal variability.
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Figure 4.12: Histograms of the maximal deviations of NO, measurements in Bremen for the year 2022. Left: Dependence on azimuthal
direction for 30° elevation, right: Dependence on azimuthal direction for 5° elevation.

The magnitude of these differences depends on the elevation angle. As shown in Figure 4.12, the histogram of
the differences for measurements at 30° has a maximum at values of about 1x10% molec cm, rapidly
decreasing towards larger values. For 5° elevation, larger differences are found much more frequently, the
maximum found at about 4x10*> molec cm™ and with a much broader distribution. Differences between the 4
azimuthal directions covered by the instrument are small.
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Histogram of absolute SC changes, Bremen 2022, azim 180° Histogram of relative SC changes, Bremen 2022, azim 180°
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Figure 4.13: Histograms of the maximal deviations of NO, measurements in Bremen for the year 2022. Left: Dependence of absolute
deviations on elevation angle at 180° azimuthal direction, right: The same data, but shown as relative changes

The dependency on elevation angle is further investigated in Figure 4.13. While the absolute differences
increase with decreasing elevation angle, the opposite is the case for the relative differences. This can be
understood from the longer light path through the pollution layer at lower elevation angles. This leads to larger
absolute signals and thus also larger differences between consecutive measurements. At the same time, the
longer light path also implies averaging over a larger volume, reducing the relative variability as seen in Figure
4.13, right.
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Figure 4.14. Comparison of elevation dependency of the relative deviations of the tropospheric NO, slant columns in Bremen (left) and
Athens (right)

The same analysis as for the Bremen data has been repeated for one year of measurements in Athens. The
observational geometry from the elevated location of the NOA observatory on Penteli Hill is different than in
Bremen, and also the differences between the viewing directions (city of Athens in some directions, rural
background area in others) are larger. As shown in Figure 4.14, the histograms of relative differences are very
similar at both locations, but differences are overall smaller in Athens and the dependence on elevation angle
is larger. The distribution is also less noisy as the measurement frequency is larger in Athens, increasing
averaging.
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Histogram of absolute SC changes, Bremen 2022, LOS 30° Histogram of absolute SC changes, Athens 2022/2023, LOS 30°
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Figure 4.15: Comparison of azimuthal dependency of the absolute deviations of the tropospheric NO; slant columns in Bremen (left) and
Athens (right)

In Figure 4.15, the histograms of absolute differences and their dependence on azimuthal viewing direction are
compared between Bremen and Athens. Again, the behaviour is overall similar, but differences are smaller in
Athens and in contrast to Bremen, the maximum of the distribution is for the smallest differences. In both
locations, there is only little dependency on the azimuthal viewing angle.

Concerning a possible use of the temporal variability as quantitative or qualitative indicator for the
inhomogeneity of the NO; distribution around a MAX-DOAS station, a simple threshold on the maximum
difference between consecutive measurements could be used. Whether a relative or an absolute difference
would work better has to be further investigated and also depend on the application scenario. Relative changes
for small columns may by large but not relevant, while absolute differences will always be larger at large
columns, potentially leading to selection bias if a simple threshold is used.

5 Development of an algorithm

6 Application and evaluation of the algorithm at selected stations

7 Application of advanced urban NO:z product for the validation of S5P NO:
data

8 Evaluation of effect of elevated measurement location

8.1 Motivation
The advantage of MAX-DOAS measurements over zenith-sky measurements is their ability to provide vertically

resolved measurements in the lower troposphere. The information on the vertical distribution is extracted
16



from the differences in slant columns measured under different elevation angles which results from the
angular dependence of the light path length. As the smallest elevation angles provide the largest sensitivity to
the layer close to the surface, measurements usually try to include observations at 1°, 2° or 3°. In urban areas,
measurements at such small elevation angles are often blocked by buildings or trees. Therefore, most MAX-
DOAS instruments operate from the roof top of buildings.

This elevated position allows for better view of the horizon. However, at the small field of view of most MAX-
DOAS instruments, the elevated position also implies that the air mass below the measurement altitude is at
least partially missing in the measurements, leading to a systematic underestimation of the tropospheric
column. How large the effect is, depends on several aspects, including

e The vertical profile of NO,

e The field of view of the telescope

e The choice of angles in the scan

e The altitude of the building

e The proximity of surface and elevated sources of NO,

In order to test the sensitivity of the measurements to the altitude of the instrument above ground, a
simplified experiment was performed at IUP Bremen as described in Ritter, J. (2022) and the sections below.

8.2 Experimental set-up

The experiment comprised of two Avantes spectrometer operating in zenith-sky mode without a simple
telescope. One of the two instruments was operating from the roof of the IUP building in Bremen at about 25
m height, the other was moved every 20 minutes from the roof to the ground close to the building and back
(see Figure 8.1). Care was taken to take the measurements on the ground in close vicinity of the roof
measurements but at a distance, where the buildings were not in the field of view of the telescope. The
measurements were performed during several clear days in July and August 2022 and for several hours each
day.

the IUP building

This set-up has several advantages and disadvantages. The Avantes systems are mobile, and therefore allowed
for rapid change between surface and roof observations. The switch between parallel and separated
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measurements is important to detect and correct for drifts and biases. Using zenith-sky observations simplifies
interpretation of the measurements but reduces sensitivity as the vertical path difference is small. The
operation of the Avantes instruments without temperature stabilisation unfortunately led to drift in the data
which had to be corrected and increase the uncertainties.

8.3 Measurement results and challenges

An example of measurement results is shown in Figure 8.2. Shown are the differences in retrieved NO, slant
columns over the day, both for measurements next to each other (blue) and for the observations at different
altitudes (red). Ideally, measurements taken in parallel on the roof should be identical or have a constant
offset, but the results show, that this is not the case. On the contrary, the differences are significant and
change over time, even during a single period of parallel observations. However, in most cases, measurements
at different altitudes lead to larger differences, the instrument on the ground usually observing larger NO,
columns as expected. As can be seen in the figure, the variations over time are larger than the differences of
the measurements taken at the two altitudes, leading to overall large uncertainties.

In the first measurements, differences were even larger and less systematic. In order to reduce the variability,
care was taken to place the instruments in the shade, which improved the situation. In order to correct for
temporal drifts, the measurement frequency as well as the frequency of changes between surface and roof was
increased. In the final results, differences between the measurements were averaged over 20 minutes and an
offset correction was performed using the parallel operation before and after the measurements at different
altitudes.
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Figure 8.2: Zenith-sky NO; slant column differences between the two instruments for August 19, 2022. Blue lines are for side-by-side
measurement on the roof, red lines for measurements taken at different altitudes.

Measurements similar to those shown in Figure 8.2 were taken on a total of nine days. The results are
summarised in Figure 8.3. As can be seen from the error bars which indicate the standard deviation of the
individual measurements, the variability in the measurements was large, and in many cases the difference in
columns for the two altitudes is compatible with 0. However, on average, a clear positive difference is found,
the order of magnitude being 0 — 2x10> molec cm™. At least for the measurements shown here, there is a
tendency for larger differences in the morning, which would be in line with a shallower boundary layer in the
morning during these war summer days.
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Figure 8.3: Differences in the observed columns from the ground and the top of the IUP building in Bremen for the different days. Also
shown are the expected differences computed from CAMS regional NO; profiles.

Also shown in Figure 8.3 are the tropospheric vertical columns computed for the lowest 25 m from CAMS
regional profiles for selected clear-sky days in July 2022. The CAMS data are roughly a factor of two smaller
than the values found with the measurements, but show a similar trend for larger offsets in the morning.
Considering the spatial resolution of the CAMS data (0.1°x0.1°), no perfect agreement is expected between the
two data sets.

8.4 Conclusions

The simple experiment performed at IUP Bremen showed the expected difference in NO; columns observed
from the surface and from the top of a 25 m high building. However, temporal variations in the measurements
were larger than expected necessitating offset corrections, and therefore uncertainties are relatively large.

The main conclusion from the result is, that the missing column below the station was relatively small during
this experiment, but cannot be completely ignored. A simple correction based on the surface value retrieved in
the profile inversion and the measurement altitude could reduce the underestimation.

Should the experiment be repeated at another site, use of two temperature stabilised instruments would be
advisable. The choice of summer months for the measurements was made to maximise the number of clear-
sky measurements, but resulted in large temperature changes during the measurements.
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