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MEASUREMENTS OF SHIPPING EMISSIONS
IN THE MARINE TROPOSPHERE - PHASE 2:
FURTHER DEVELOPMENT OF REMOTE
SENSING METHODS AND
IMPLEMENTATION INTO AN OPERATIONAL
NETWORK

MESMART-II

The project MeSmarT (Measurements of shipping emissions in the marine troposphere) has
been established as a cooperation between the University of Bremen and the German
Bundesamt fir Seeschifffahrt und Hydrographie (Federal Maritime and Hydrographic Agency,
BSH) to estimate the influence of ship emissions on the chemistry of the atmospheric boundary
layer and to provide methods for routine emission monitoring of individual ships. It aims o
monitor background concentration as well as elevated signals of gases and particles related
to ship emissions with various methods to cover a wide range of relevant pollutants and their
spatial and seasonal distribution.

This report gives an overview on the results of the second phase of the project: MeSmarT-I|
(2015 to 2019). Major aims of this phase was the setup of an open path DOAS (active remote
sensing) system to monitor emissions of single ships in harbor areas (work package 1), the
further development of passive remote sensing and in situ techniques and their refrieval
methods (work package 2), and the deployment of an operational network for compliance
monitoring (work package 3).

Following authors have contributed to this report:

Lisa Behrens, Lisa Kattner, Barbara Mathieu-Uffing, Kai Krause, Andreas Meier,
Sebastian Ochmann, Mareike Ostendorf, Enno Peters, Andreas Richter, Anja
Schoénhardt, André Seyler, and Folkard Wittrock

Institute of Environmental Physics, University of Bremen

Annika Grage, Simone Griesel, Stefan Schmolke, Andreas Weigelt
Bundesamt fur Seeschifffahrt und Hydrographie, Haomburg

Denis Péhler, Johannes Lampel, Stefan Schmitt
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INTRODUCTION

Over the last decades, there has been a strong increase in ship fraffic and shipping emissions
of gas-phase and particulate pollutants. The total global fransport work by ships (in ton miles)
has been tripled since the mid-1980s (Smith et al., 2014), corresponding to an average growth
rate of 4 % p.a.. But at least in case of Sulphur and NOx emissions there was a reduction in their
land sources in much of Europe (EEA report, No. 08/2019). This has led to an increasing relative
contribution of shipping emissions to air pollution particularly in coastal regions. Consequently,
emission reduction measures have been introduced by the International Maritime
Organization (IMQO) in the International Convention for the Prevention of Pollution from Ships
(MARPOL 73/78 Annex VI) globally as well as, more stringently, locally in so-called emission
control areas (ECAs) like the North and Baltic seas (IMO, 2009). To reduce sulfur oxide (SOx )
emissions, at the time of the project MeSmarT phase |, the allowed sulfur content in shipping
fuelis limited 10 0.10 % m/m in ECAs (since 2015, before it was 1.0 % m/m) and to 3.5 % m/m
globally, which is reduced to 0.50 % m/m by 2020. For NOx , the allowed emission rate
depends on the rated rotational speed of the engine crankshaft (engine power and fuel
efficiency) and is implemented in three different levels (Tiers): Tier | (globally) for ships keel laid
between 2000 and 2010, Tier Il (globally) for ships keel laid from 2011 onwards, and Tier Il
(locally in ECAs) for ships keel laid from 2016 onwards, with the last one not yet implemented in
the North and Baltic seas, but shifted to 2021 (IMO, 2017). In order to monitor the effectiveness
of these measures as well as the overall impact of ship emissions on air quality, measurements
of air pollution from ships are required. These measurements have been introduced in
Germany with the project MeSmarT-I in 2013. MeSmarT-Il is the follow-up developing new
methods to monitor and quantify shipping emissions as well as to develop an effective
operational method to support the prosecution of violations according MARPOL VI. This report
summarizes the findings of this project.
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WORK PACKAGE 1 - OPEN PATH DOAS SYSTEM
MAIN AUTHORS: KAl KRAUSE, STEFAN SCHMITT, FOLKARD WITTROCK

SUITABILITY STUDY OF OPEN PATH-DIFFERENTIAL ABSORPTION SPECTROSCOPY FOR
MEASUREMENTS OF SO2 AND NO2 IN SHIP EMISSION PLUMES

MOTIVATION

Within MeSMarT, ship emissions have been monitored since 2013 by using in situ and passive
remote sensing instruments. While in situ measurements rely on favorable wind conditions to
identify emission peaks from ships (Kattner et al. (2015)), passive remote sensing instruments
(MAX-DOAS) have a limited sensitivity to SO2 in particular in wintertime, since the absorption of
SO2 takes place in the UV, where only a few scattered photons are available in particular for
high solar zenith angles (see e.g. report on MeSmarT-l). Moreover, passive remote sensing
instruments cannot measure during night and twilight, because of the missing light source
(sun).

Similar to MAX-DOAS, the long path or open path DOAS (LP- or OP-DOAS) technique exploits
the unique spectral absorption of molecules to refrieve their volume mixing ratios in the
atmosphere. Practically, this is accomplished by coupling the light of an artificial light source,
here a laser driven xenon arc lamp, into a telescope and sending it through the atmosphere
on a mirror. The mirror, a so-called retro reflector, reflects it back to the telescope where it gets
analyzed by a spectrometer. By knowing the spectrum of the used lamp, the spectral analysis
of the reflected light yields absorption features of trace gases and therefore averaged mixing
ratios along the measurement path. Thus, like for other DOAS techniques a wide range of
frace gases like NO2, Oz, SO2 and HCHO can be detected simultaneously.

The OP-DOAS technique represents a promising complement to the MeSmarT project. By using
an artificial light source which provides high intensities in the UV, SO2 can be measured with
high precision and time resolution. Due to the measurement geometry of open path DOAS,
emission peaks can be directly assigned to specific ships. In confrast fo MAX-DOAS, measure-
ments are also provided during nighttime.

CAMPAIGN DESCRIPTION

Within a six-week measurement campaign in July and August 2016, ship emissions were
measured in Wedel, Hamburg using the OP-DOAS technique. For the campaign a scientific
instrument was set up by the IUP Heidelberg. In total, signatures of more than 5000 passing
ships were measured during this time. A software algorithm was developed to merge the OP-
DOAS data with AIS data to assign measured NO2 and SO2 peaks to individual ships. The
measurements serve as a feasibility study of the OP-DOAS technique to monitor emission
plumes of individual ships.

INSTRUMENT AND RETRIEVAL DESCRIPTION
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A detailed description of the IUP Heidelberg OP-DOAS instrument and the general trace gas
retrieval is given in the report by Stefan Schmitt (2017). Briefly the OP-DOAS instrument which
was used for the measurements is based on optfical fibers, described by Merten (2008). The
telescope unit consists of a single spherical mirror and a fused silica Y-fiber bundle. The main
hardware components are listed in table 1. The light of a laser-driven xenon arc lamp is
focused on a single fused silica optical fiber. This 200 um fiber is part of a multifiber bundle
consisting of six addifional single fibers with 200 um diameter arranged in a circular way
around the center fiber in which the light of the lamp is coupled in. The seven-fibered end is
positioned near the focal point of the telescope mirror. The mirror parallelizes the light and
sends it through the atmosphere to a retro reflector array. The light is reflected back to the
telescopes mirror and focused on the circle of six 200 um fibers, which are coupled to a big
800 um fiber bringing the light info the spectrometer for spectral analysis.

The OP-DOAS data was acquired using the sofftware COS developed at the Institute for
Environmental Physics, Heidelberg. One measurement sequence consists of 1 lamp reference
spectrum followed by 4 blocks of 32 atmospheric spectra and one atmospheric background
spectrum each. Prior to each run the exposure time for each single spectrum was adapted to
a fixed saturation to account for changing meteorological conditions. The time resolution was
around 1 second. Between the measurement sequences the software checks, whether
sufficient intensity is received. At insufficient infensity the alignment of the telescope is
optimized with respect to received intensity using stepper motors.

The OP-DOAS instrument was positioned close to the other equipment (Figure 1-2). All
components of the instrument were placed inside a sea container. The height of the telescope
was approximately 7 meters above water level. The retro reflector of the OP- DOAS instrument
was mounted at a light house in LUhe at the southern coastline of the river at an alfitude of
approximately 35 m above water level. The distance between instrument and reflector was
measured with GPS to be 2.87 km leading to a total absorption path of 5.74 km (Figure 1-1).
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Figure 1-1: Geometry of the OP-DOAS measurement setup at Wedel. The red dots represent the light path across the
Elbe river. Telescope and mirror are positioned at the northern and southern end of the light path, respectively. Basemap
taken from arcGIS (courtesy by Esri).
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Figure 1-2: Left: View from retro reflector on the light house towards the measurement site in Wedel. Middle: Light house
at Lihe with mounted retro reflector. Right: The container which inhibited the OP-DOAS instrument next to the weather

station and the in situ instruments.

The OP-DOAS data was analyzed using the software DOASIS developed at the Institute or
Environmental Physics Heidelberg by Kraus (2006). The wavelength calibration was done using
a spectrum of a mercury lamp which were recorded at the beginning and at the end of the
measurement period. Additionally, the calibrated mercury lamp spectrum was fine-tuned by
performing a Fraunhofer calibration on a recorded atmospheric background spectrum using a
convoluted high-resolution solar spectrum by Chance and Kurucz (2010). To adapt high
spectral resolution of the reference absorption cross sections to the resolution of the OP-DOAS
spectrometer, a convolution with the mercury peaks af 296.7 nm and 334.5 nm is performed
for the SO2 and NOz retrieval, respectively. The measured atmospheric and lamp spectra were
corrected with their corresponding background spectra. Since the background spectra were
recorded with the same conditions as the atmospheric spectra (same exposure time and
number of scans), the background correction also corrects for detector offset and dark
current signal. Optical densities were calculated using the atmospheric spectra and the single
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lamp spectrum from each measurement sequence. After applying a high pass filter to both
the optical density and the convoluted absorption cross sections, the DOAS fit is applied. Two
different fit windows are used to retfrieve SO2 and NO2 with wavelength ranges optimized with
respect to the corresponding absorption strength. Assuming that the DOAS fit respects all
necessary fit constituents, the RMS signal is dominated mainly by photon and instrument noise.
Filtering the data with respect to intensity, results in a RMS cutoff of about 1.2e-3 for the SO-
retrieval and 9e-4 for the NO2 refrieval. The detection limit for SO2 and NOz is defined as twice
the DOAS fit error (2 o). Applying the RMS filtering described above yields a median detection
limit of 77 pptv and 427 pptv for SO2 and NO2, respectively.

To identify frace gas peaks in the OP-DOAS data and to assign those peaks to single ships, OP-
DOAS and AlS data are processed using a software written in Python. The software was used o
re-sample the OP-DOAS to constant tfime resolution of one second, which was achieved by
interpolation (Phython/Pandas "interpolate” function). Further, the AIS data was reduced by
filtering with respect to distance between ships and OP-DOAS instrument and finally binned o
a single data point for each ship. After filtering the OP-DOAS data with respect to changing
light intensity e.g. due to bad viewing conditions to exclude bad data points, the algorithm
identifies and assigns frace gas peaks to single ships.

Read LP-DOAS and binned Identify large ships
AlS data blocking light path

¥

Filter LP-DOAS data with
respect to intensity

!

Identify trace gas peaks H Assign tra;iiizs peaksto

Figure 1-3: Scheme of the filter operations applied on the data set to assign trace gas peaks to ship emission plumes.

Depending on their course and speed, ships send AlS information in short intervals of a few
seconds. Thus, a single ship is described by multiple data points while approaching and
passing the measurement path of the OP-DOAS instrument. To obtain the exact fime the ship
passes the light path and to assign potential increases in observed frace gas concenfrations to
a specific ship, the AIS data has been processed. First, all data with speed equal zero is
removed from the data set to exclude moored or stationary ships. Further, the distance
between ships and the light path of the OP-DOAS instrument is calculated using the ship
coordinates from the AIS data. The position of the light path is approximated by a set of
coordinates in intervals of 0.001 degrees between the positions of the telescope and the retro
reflector. The distance between ship and light path is then defined by the minimum of the
distances between the ship and all points representing the light path. In the next step all AIS
data points with a distance to the light path larger than 100 m are removed. With an average
ship speed between 3 and 10 m/s, ships are near the light path for 20 to 60 seconds. Since AlS
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data is sent with in periods of 2 to 10 seconds, a single ship passing the light path is represented
by multiple AIS data points. To correlate single ship passing events with the OP-DOAS data, the
AlIS data is binned with respect to the ship name to obtain only one single data point per
passing ship. Therefore, the fimestamps and coordinates from the AIS data points from a single
ship passing the OP-DOAS instrument are averaged. To exclude averaging over regularly
passing ships (e.g. ferries which pass multiple times a day) the time window for binning AlIS
data is restricted to 15 minutes.

To identify the trace gas peaks, a smoothed copy of the trace gas data is created using a
running mean with a window size of 300 seconds. It is crucial that the window size is chosen in
a way that diurnal variations of ambient pollution and meteorological induced variations (in
the range of hours to minutes) are sfill resolved and noft lost during the smoothing. Further, the
smoothing window must be large compared to fast variations caused by ship emissions, which
are usually in the order of a few seconds. All frace gas concentration data whose difference
between original time series and smoothed fime series is smaller than the corresponding
detection limit (which is defined as two fimes the DOAS fit error) was defined as "tfrace gas
background". It represents the ambient frace gas abundance which is influenced by old,
diluted ship plumes or emissions from motor traffic near the riverside or industry and has a
smooth femporal behavior. To close the gaps caused by the threshold criteria, the
background data is linearly interpolated. All data with a difference to the background larger
than the corresponding detection limit are defined as tfrace gas peaks. Finally, the absolute
strength of the trace gas peaks is calculated by subtracting the interpolated background from
the peak values.

Big ship passing measurement path

time

Trace gas

time

Figure 1-4: Example of a big ship passing and blocking the light path (blue crosses) leading to a drop in intensity (gray
curve). Since the measurement path is below the exhaust, emission plumes may be detected with a temporal offset
and temporally smoothed (red curve) compared to smaller ships.

Due to the relatively low height of the light path (approximately 10 m above the water surface
at the position of the main shipping channel), large ships block the light path resulting in sharp
and strong decreases in relative intensity. Usually the exhaust pipes are positioned on top of
ships. Besides the impact of wind direction and wind speed, the position of the exhaust pipe
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may lead to different tfrace gas signatures for small and large ships. Therefore, plumes of large
ships may be observed with temporally smoothed slopes and with a time delay with respect to
the time they cross the measurement path. This time-delay is assumed to be influenced by
furbulence caused by the ship itself as well as wind direction and speed. By knowing if a ship
blocks the light path, the algorithm to assign trace gas peaks to single ships can be optimized
by adjusting the size and the offset of a valid fime window close to a ship pass. To identify ships
blocking the light path, the time series of the OP-DOAS measurement intensity is compared
with a temporally smoothed copy of itself. The intensity drops were identified and assigned to
large ships passing the measurement path by correlation with AIS data. The allowed fime
window, in which intensity dips were assigned to a ship is calculated for each individual ship by
dividing its length in meter by its speed (equal to the time the ship passes the light path). The
absolute temporal position of the time window is defined by the averaged AlS time stamp. For
example, for a ship of 300 m length and a speed of 5 m/s, the time window yields é0s.

The assignment of trace gas peaks to ships is similar to the assignment of infensity dips.
However, the allowed time window is dynamic and depends on the ship length, its speed and
whether it blocks the light path or not. For small ships (length below 100 m) the allowed forward
fime window is one minute. For ships with lengths above 100 m, peaks with in the following 2
minutes are valid. Ships with lengths above 100 m and widths above 30 m (large tanker and
cargo ships) have a forward time window of 15 minutes since plumes are most likely emitted
above the instrument and may be detected after a large delay (as discussed above). The
backward time window for all ships is 1 minute to cover the case of heavy tailwind were the
plume might be detected shortly before the ship passes the OP-DOAS instrument. Since
exhaust pipes are usually at the back end of the ship and to respect the length and ship
movement, a dynamic delay of the forward time window is applied. This delay is calculated
by division of the half ship length by its speed. Further, if a ship is identified to block the light
path, the forward time window is delayed by an additional minute.
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Figure 1-5: Exemplary time series of NO2 mixing ratios measured by the OP-DOAS instrument. Raw data is represented
by the gray line, while the black and red lines represent NO2 background and peak values after applying the peak
identification algorithm. The vertical blue lines are ships passing the measurement path of the OP-DOAS instrument.
NO: peaks (without background correction) assigned to ships are represented by black dots drawn on the respecting
ship line. Additionally, sunrise and sunset are marked by yellow bars representing an solar azimuth angle (SZA) of 90°.

EXEMPLARY RESULTS FROM THE CAMPAIGN

Here only a few findings from the six weeks campaign are reported, most of them taken over
from the detailed study in Schmitt et al., 2020.

During the time period between July éth and August 17th 2016, the OP-DOAS instrument
acquired atmospheric absorption spectra from which mixing ratios of SO2, NO2, Os, HCHO, and
HONO where retrieved by spectral analysis based on the method of Differential Optical
Absorption Spectroscopy (DOAS, Platt et al. (1979)). Figure 1-6 shows histograms of mixing
ratios (averaged along the measurement path) and corresponding detection limits of the
different tfrace gas species as well as root mean square (RMS) values of the residual spectra
from the DOAS analysis representing the overall analysis quality. Observed NO2 mixing rafios
ranged from several ppbv to maximum values of up to 20 ppbv (maximum values caused by
ship emissions) with an average of 4.2 ppbv and an average detection limit of 0.44 ppbv
(variance o = 65 pptv). Considering SO2, mixing ratios of up to 20 ppbv (also caused by ship
emissions) where observed with an average value of 400 pptv and an average detection limit
of 80 pptv (variance ¢ = 0.2 pptv). Mixing ratios of Oz ranged from below the detection limit to
up to 100 ppbv with an average value of 32 ppbv at average detection limit of 4.9 ppbv (o =
0.9 ppbv). Further, the OP-DOAS spectra were analysed for absorption features of HCHO and
HONO. While HCHO mixing ratios ranged from below the detection limit (average 1.4 ppbv, o
=70 pptv) to approximately 8 ppbv, no significant mixing ratios of HONO could be observed
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(detection limit of 230 pptv, o = 18 pptv). Furthermore, there was no identification of ship
emission signatures in the time series of HCHO data. Consequently, a correlation of HCHO and
mm NO; H SO, m O

emissions from ship fraffic cannot be draw given the sensitivity of the instrument used in this
study.
H [ NO; det. lim. [ SO, det. lim. 1 Osdet. lim.
0 5 10 15 20 0 5 10 15 20 20 40 60 80 100

Mixing ratio [ppbv] Mixing ratio [ppbv] Mixing ratio [ppbv]
10°
10°
10*
10°
10°
10’
10°
0

Figure 1-6: Histograms of measured trace gas mixing ratios (given in units of parts per billion (ppbv, 10-?), except for
HONO, given in units of parts per trillion (pptv, 10-12), corresponding detection limits and RMS values of the residual
spectra from the OP-DOAS analysis for two different fit ranges obtained during six weeks of continuous ship plume
measurements along a total absorption path of 5.74 km (2.87 km one way) and a time resolution between 1to 3
seconds. Note that the ordinate scale is logarithmic for the sake of readability.
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The robustness of the measurement technique as well as the performance of the algorithm
which identifies and assigns tfrace gas peaks can be quantified by a separate analysis of the
data of ships which pass the insfrument multiple fimes a day like passenger ferries, law
enforcement vessels and dredging vessels which fransport sediments out of the harbour basin
regularly. Therefore, the seven ships with the highest number of passes were used as so-called
benchmark ships. The yield (probability) of whether a CO- (for the case of in situ) or NO2 (OP-
DOAS) peak is assigned to a ship is calculated by dividing the total number of detected peaks
for each ship with the total number of passes for each ship. The resulting peak yields for the
benchmark ships show that for the in situ instrument, plumes of smaller ships with lengths of up
to 50 m are detected with a yield between zero and 7 % while the OP-DOAS detects plumes
with a probability between 27 % and 36 %. For larger ships (length above 50 % to 150 m) the in
sifu yield is between 27 % and 30 % and for OP-DOAS 55 % and 69 %. The higher yield for larger
ships is most likely caused by larger engines and thus stronger emission signatures leading to a
higher detection probability even for plumes at advanced dilution. Detection yields for all ship
types of all ships passing the instruments during the measurement period are shown in Figure
1-7. 1t should be noted that in addition to the dependence on meteorological fransport, the in
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situ technigque peak yield might also be limited by well-advanced plume dilution at the point
of detection leading to less significant peak signals and thus, a less number of successful peak
fo ship assignments even during suitable wind directions.
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Figure 1-7: Detection yields for different ship types and for all ships combined (first row) for the complete dataset
acquired during six weeks of plume monitoring by OP-DOAS (black) and in situ (white). Note that the total number of
ship types varies from one to several hundreds.

CONCLUSIONS

NO2 and SO2 contents of ship emission plumes of more than 5000 passing ships have been
measured with OP-DOAS across the river Elbe. An algorithm was developed to combine AIS
data and OP-DOAS data. Thus, sharp NO2 peaks were used as a proxy for air masses
containing ship emissions and to assign these emissions to single ships. High SO2 to NO2 ratios
between 1 and 6.7 have been observed for single ships while median values for the most
common ship types Cargo, Tanker and passenger lie between 0.13, 0.15 and 0.08 respectively.
With respect to in situ instruments and passive remote sensing fechniques, the OP-DOAS
technique represents a promising tool for the monitoring of ship emissions. However, since it
relies on two components, the telescope on one end of the light path and the retro reflector
on the other end, its application demands appropriate infrastructure to ensure an optimal
position of the measurement path. On the other hand, the assignment of frace gas peaks to
single ships does not rely on calculation of trajectories or favorable wind conditions since trace
gas emissions are detected close to the ship exhausts. Thus, the impact of meteorology on the
OP-DOAS measurements is negligible and therefore the detection probability for ship plumes is
much higher than for all other methods. The major limitation for the OP-DOAS was found to be
due to the high traffic density and, thus, the difficulty to unambiguously assign recorded
plumes to particular vessels, rather than to the sensitivity to the emission strength.

Since the OP-DOAS-instrument used in this suitability study is difficult to operate, quite
expensive and space-consuming, parameters for a new system have been defined. The
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realization of the hardware of this OP-DOAS setup dedicated to monitor shipping emission was
carried out by the company Airyx GmbH. The new setup, retrieval methods and first results of
this system will be described in the next sections.

THE NEW AIRYX OPEN PATH DOAS SYSTEM FOR MONITORING SHIPPING EMISSIONS

TECHNICAL DESCRIPTION OF THE NEWLY DEVELOPED OPEN PATH DOAS

The airyx Open Path DOAS is a newly developed Open Path DOAS system which has been
specifically designed to detect tfrace gases emitted by ships based on the experiences from
the measurement campaign described in the last section, with a special focus on NO2, SOz,
O3, HCHO and HONO. The system comprises a telescope unit, which is connected to a
spectrometer and an artificial light source via optical fibres, and an array of retro reflectors. A
schematic representation of the whole setup is shown in Figure 1-8.

Reflector array Tol
elescope

R

Front post —» lz:::‘

Atmosphere 7 x 200 um Mirror

800 um

200 um

Cross section of front post Light source Spectrometer
and CCD

Figure 1-8: Schematic representation of the airyx Open Path DOAS system. The system itself consists of a telescope, a
y-shaped fibre bundle, a light source, a spectrometer, and a reflector array. The emitting fibre is shown in red, while
the receiving fibres are shown in black.

The artificial light source is a commercially available Laser-Driven Light Source (Energetiq EQ99)
which supplies energy to a xenon plasma with an infra-red Iaser, which results in a high
brightness across the whole generated spectrum (280 -500 nm) with a high spatial and power
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stability. The light source is coupled to an optical fibre with a diameter of 200 um which leads
to the telescope.

The telescope is a fully enclosed box (see Figure 1-9), which is fixed in position and contains a
small heater and a drying agent to prevent condensation of water vapor inside the telescope.
Light is only able to enter the telescope through a fused silica window. The telescope itself
consists of a spherical mirror with a diameter of 20 cm width a focal length of 80 cm. Close to
the focal point there is a smaller angled mirror, which reflects the light coming from the light
source onto the main mirror. The position of the smaller mirror can be adjusted so that the
telescope can be aimed directly at the retro reflectors while the telescope box itself stays in a
fixed position. Additionally, there is a video camera, which allows to survey the light path
during the measurements.

The light, which enters the telescope, is fransmitted to the spectrometer by six 200 um opfical
fibres, which are coupled fo the telescope in such a way that they surround the emitting fibre
in circular manner. These six opftical fibres are coupled to a single 800 um optical fibre, which is
used for mode mixing and thus increases the quality of the derived spectra. The optical fibre is
also connected to the spectrometer. The spectrometer is an Avantes UV-VIS spectrometer
covering the wavelength-interval from 280 to 445 nm with an average resolution of 0.76 nm
(FWHM of the slit function). The spectrometer is equipped with a two-dimensional 2048x64 pixel
Hamamatsu back thinned CCD, where the 2048 pixels are used for the wavelength axis. The
whole spectrometer can be temperature regulated to a certain degree to decouple the
spectrometer temperature from temperature changes in the ambient air and thus increases
the quality of the measured spectra.
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Figure 1-9: Picture of the telescope of the airyx Open Path DOAS system.

COMPARISON BETWEEN HEIDELBERG OPEN PATH DOAS AND AIRYX OPEN PATH
DOAS

The Heidelberg Open Path DOAS used in the suitability study has been used for several months
as a reference system to evaluate the performance of the airyx Open Path DOAS. Both
generally use the same measurement principle but there are some differences in the actual
hardware used. First of all the airyx system uses a smaller telescope which in general results in
less light received. Furthermore, the airyx system has a smaller spectrometer and CCD and
covers a larger wavelength range than the Heidelberg reference system. Therefore, both
systems use slightly different wavelength regions to calculate the DOAS fit for the specific frace
gases. The hardware components of both systems are shown in table 1.
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Table 1: Hardware components of the airyx and the Heidelberg Open Path DOAS systems.

Component Heidelberg campaign Airyx instrument
instrument

Light source Energetiq EQ99 Energetiq EQ99

Optical fibres 200 um, 800 um 200 um, 800 um

Telescope Mirror Diameter 0.3 m, focal Diameter 0.2 m, focal
length 1.5 m length, 0.8 m

Spectrometer Acton Spectra 300i Avantes UV-Vis

CCD 2048x512 pixel Roper 2048x 64 pixel Homamatsu
scientific back-illum. back thinned

Measured 280 - 362 nm 280 — 445 nm

wavelengths

A first comparison between both systems for a single day is shown in Figure 1-10. In general,
both system match quite well both in SO2 and NO2. The general shape of the trace gas time
series is the same for both systems and even the finer peak structures are similar. The negative
values in the NO2 time series of the airyx system are caused by spectra with a low intensity (e.g.
fimes where ships blocked the light path across the river) which were not automatically filtered
out before the DOAS fit and are not caused by the instrument itself.
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Figure 1-10: Comparison of derived SO2 and NO2 mixing ratios for both systems for a single day. Left Column shows
the results of the Heidelberg Open Path DOAS, right column the respective results of the airyx system.

The noise level for SO2 is bigger than for NO2, due to several reasons. First of all the airyx system
uses a smaller telescope and therefore catches less light compared to the Heidelberg
instrument. This leads to a smaller signal to noise ratio especially within the UV wavelength
regions which are used to fit SO2. Second, the airyx system uses a fully enclosed telescope with
a fused silica window while the Heidelberg telescope is not fully enclosed. The fused silica
window further decreases the amount of light that ultimately reaches the spectrometer and
thus also decreases the signal-to-noise rafio. The third influence is the way the telescope of the
airyx instfrument is currently mounted, which leads to stray light that is reflected onto the opfical
fibres leading towards the spectrometer. The intensity of this stray light can reach up to 12% of
the total received intensity in the UV wavelengths, depending on the lighting conditions. The
stray light increases the errors for the derived tfrace gas concenftrations, especially when the fits
are applied in the UV. For example, the errors in SO2 are in the range of 0.05 to 0.1 ppb, which
is approximately 40% larger than for the Heidelberg instrument.

For NO2 there are less deviations in the results between both instruments. First of all the NOx fit
for the airyx system uses a completely different fitting window which is in the visible wavelength
region of the spectrum, where more light is available, which enhances the signal-to-noise-ratio
and also reduces possible stray light within the telescope. Furthermore, NO2 has stronger
absorption features in the visible wavelengths than in the UV, which also results in lower
detection limits of NO2 compared to the Heidelberg instrument.
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Errors can be further decreased by temporal averaging of the individual spectra before the
DOAS fit is applied, which ultimately results in lower errors and decreases the detection limit. An
example for tfemporal averaging is shown in Figure 1-11, where 12 spectra were averaged
before the DOAS fit has been applied. Due to the loss of temporal resolution, the peaks within

the time series caused by small emission events such as passing ships are also reduced, but sfill
recognizable.

A regression analysis has been carried out for data collected between 16t November 2018
and 29" January 2019 and the resulting scatter plots can be seen in Figure 1-12. For the
regression, the DOAS fit has been applied to single spectra, so there was no temporal
averaging. The figure shows a good match between both instruments and the R2 of the linear
regressions is 0.97 for SO2 and 0.96 for NO2, respectively. The slope of the fitting line is not
exactly one but relatively close in both cases. Deviations can be explained by a small
miscalibration within the telescope unit which has been solved in the meantime. Standard
error of slope and offset are several magnitudes smaller than the estimated value itself and are
therefore not shown for both cases. The scatter plot of NO2 shows several single data points
where the airyx instrument detected very small NO2 mixing ratios, while the reference system
did not. This is caused by the already mentioned spectra with low intensity that have not been
filtered out properly.
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Figure 1-12: Scatter plots of derived SO2 and NO2 between both instruments. Red line shows the result of the linear
regression, equation number of measurements and R? are shown in the figure.

Detection limits are fied to the respective measurement error of the trace gas and can be
estimated by multiplying the measurement error with a constant (Stutz and Platt, 1996). The
resulting detection limits of the airyx DOAS instrument are then on the order of 0.5 ppb for SO2
and 0.3 ppb for NO2, respectively. These detection limits are expected to decrease once the
mounting position of the telescope has been changed to eliminate the stray light within the
telescope.

In conclusion the airyx Open Path DOAS is comparable to the Heidelberg Open Path DOAS
instrument and both systems show results of similar quality. Differences are small and can be
explained by the differences in the hardware used. The quality of the derived frace gas fime
series of the airyx system can be further increased once the telescope position has been
adjusted to fix the current stray light issues. At the same time the airyx system is much smaller
and therefore easier to set up and easier to maintain.

RESULTS: S§O2/NO2 RATIOS

To monitor the influence of ship emissions, individual plumes of ships have to be analyzed. The
first step of this analysis is to combine the trace gas fime series with the information about the
ships that pass the measurement site. The ship positions and information about them is taken
from AIS data. First of all a high pass filtered time series has been calculated for each trace gas
using a running median window with a window size of 5 minutes. This high pass filtered time
series represents the background concentratfion which sfill includes differences due to
meteorological factors but excludes the small peaks caused by emissions from passing ships.
This high pass filtered time series has been subtracted from the original time series, resulting in a
time series that in average is close to zero but contains a lot of small peaks. If those peaks




MeSmarT-Il - Final report

exceed a set threshold, for example two times the measurement error, then the peak is
classified as a valid peak caused by some sort of emission within or close to the light path. The
next step checks for each peak whether there was a ship close or within the light path. This
check includes all ships within a certain fime frame, usually roughly one or two minutes. If there
are several ships, the ship with an AlS signal closest in time to the peak and closest in space to
the light path is chosen as the pollution source. If there are several ships within a similar fime
frame, the peak is excluded and is not evaluated further, because it may be actually caused
by the combined emissions of several ships. This analysis is then carried out for all relevant frace
gases.

Even though the analysis is carried out for all frace gases which are all measured at the same
fime and by the same instrument, there are differences for each trace gas. The peak in NOz is
found for every ship that passes the measurement site, however sometimes SO2 peaks are too
low to be detected. An observed delay from the NO2 peak and SOz is caused by conversion
of NO to NOz2 (see below) within the atmosphere, so that the NO2 peak might be measured
after the SO2 peak. When there is no peak in SO2 but one in NO2 the fuel sulfur content might
be too small to cause a significant increase in SOz within the plume.

It has to be kept in mind that this kind of analysis implies that each plumes crosses through the
light path and causes a signal, which is larger than the deviations caused by other factors, so it
can be distinguished from the background values. For smaller ships, this requires the plume to
rise from the water surface upwards through the light path, while for larger ones, where the
emission takes place above light path, a downward mixing is required, for example caused by
turbulence generated by the movement of the ship itself.

Width and height of the measured peaks are dependent on several factors and it is therefore
challenging to derive the absolute amounts of each emitted species. First of all, the width and
height are dependent on the viewing geometry; largest peaks are found if plume and light
path are alongside each other and smallest are found when the peak is orthogonal to the
light path. Furthermore, for NO2 the height is also dependent on the age of the plume, since
mainly NO is released during the combustion process and is then converted to NOz2 via
reaction with ozone within the atmosphere. The light path of the Open DOAS instruments also
include larger volumes of air, which are not part of the plume itself, which also lowers the peak
intensity. Using additional assumptions, the emission rates for the emitted gases can be
determined which is explained in the next section.

To get a first impression about the emissions of a single ship the calculation of SO2/NO2 ratios is
useful. In first order the assumption is valid, that the amount of nitrogen oxides produced by
burning shipping fuel is more or less constant independent of the type of fuel. Therefore, the
amount of SOz determines the value of this ratio. Fuels with larger sulfur content should lead to
larger SO2 emissions and thus increase the ratio. However, it is still not possible to derive the
sulfur content of the shipping fuel in absolute units.

This kind of analysis has been carried out for all days where there were frace gas tfime series
measured by one of the Open Path DOAS systems and AIS data about the passing ships. In
fotal roughly 10.000 ships have been detected over a time frame of 147 days by each system.
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The respective SO2/NO2 ratios have been calculated by calculation of the peak integrals for
each trace gas. Peaks have been assigned for each frace gas individually. If there was no SO2
peak, the width of the respective NO2 peak has been used for the calculation of the SO2
integral within this limits. The resulting SO2/NO2 ratios are shown in Figure 1-13 and are classified
by ship length. The histogram shows a normal distribution of SO2/NO2 ratios with a median of
about 0.045. Negative values are caused by low SO2 peak values. These low SOz values are
usually close to the detfection limit and result in negative values if the respective background
values have been subtracted.
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Figure 1-13: Histogram of SO2/NO: ratios from data derived from the Open Path DOAS instrument. Data from 27th April
2018 to 29th January 2019 has been processed. Total number of detected ships was 10047. Data has been classified
according to the length of the according ship.

CALCULATION OF ABSOLUTE EMISSION FACTORS FOR SO2 AND NO2 FROM OPEN
PATH DOAS OBSERVATIONS

In principle the information of the horizontal plume extent caused by shipping emissions can
be utilized to calculate absolute emission factors for single ships passing the measurement site.
In the following, we briefly describe a method for the estimation of emission source strengths
using a simple Gaussian plume dispersion model.

The Gaussian dispersion model developed by Sutton and Simpson (1932) describes the
concentration C(x,y,z) of a substance being emitted by a point source into the atmosphere at
a constant emission rate Q with x representing the distance from the emitting source along the
ground, while y and z represent horizontal and vertical distance from the center line
perpendicular to the wind direction (Figure 1-14).
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Figure 1-14: lllustration of the Gaussian plume dispersion model.

Since a ship is a moving point source, apparent wind speed and direction have to be
calculated according to L&6v et al., 2013. Vertical and horizontal dispersion parameters are
depending on the atmospheric stability. This is estimated by using local meteorological
observations. Since the OP-DOAS is measuring in a fixed geometry through the plume, the
measured concenfration can be simply used as a proportionality factor to a modeled
concentration with a randomly chosen source strength to calculate the actual source strength
or absolute emission rate. Due to the fact, that several simplifications have to be made, the
error for a single measurement (ship) is quite large. Nevertheless, by applying this method to
many ships valuable information on the emission patterns e.g. depending on ship size, speed,
current and others can be derived.

Figure 1-18 illustrates the OP-DOAS light path through a modeled ship plume. For clarification,
the plume is shown in slides for every five meters in alfifude.




MeSmarT-Il - Final report

0.025

0.020

0.015

50; concentratian in g/m*

0.010

0.005

Figure 1-15: lllustration of the OP-DOAS light path (red line, from Wedel to the right towards the light house Lihe to the
left) going through a modeled ship plume. Only very close to the chimney very high values can be found.

The following Figure 1-16 shows the calculated NOx emission ratios for the local ferry “Dat Ole
Land 2" passing on a regular basis. The ship was constructed in 2012 with an engine power of
twice 331 kW. Assuming a typical fuel rate of 0,25l1/kWh and an emission behavior according o
the BinSchAbgasV, ships of this type should emit less than 8.7 g/kWh of NOx plus HC. This can
be transferred to an absolute emission rate of 1.6 g/s for this ship. OP-DOAS observations show
slightly higher values but sfill in a reasonable range. Slightly smaller values downstream the Elbe
river (West direction) are also expected due to a lower load of the engine (please note, that
the actual flow is modulated by the tide). Since the OP-DOAS cannot measure NO, the NOx
value has been converted from the NO2 applying the method by Kurtenbach et al., 2016 to

calculate the NO/NOx-ratio. A conversion factor of 0,083 has been derived from local in situ
data.
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Figure 1-16: Calculated absolute emission rates for NOx for the local ferry "Dat Ole Land 2". E means East direction
(upstream), W West direction, downsiream. Each dot represents a single measurement, the box the range between the
9th and 91t percentile of the data.

Figure 1-17 and Figure 1-18 show the results for all observed ships depending on the ship size for
SO2 and NOz2 respectively. In general, the results show the expected behavior with increasing
emission rates for bigger ships (engines). A more detailed study is in preparation (Krause et al.,
2020).
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Figure 1-17: Absolute SO2 emission rates depending on ship size. Similar to Figure 1-16 the dots represent single
measurements and the box the range between the 9th and 91t percentile of the data. The indicated value is the
median.
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Figure 1-18: Absolute NOx emission rates depending on ship size. Similar to Figure 1-16 the dots represent single
measurements and the box the range between the 9 and 91t percentile of the data. The indicated value is the
median.

Under favorable conditions the described method (Gaussian plume dispersion) can be used in
a similar way for in situ measurements. This has been carried out using in situ data collected
within the CLINSH (Clean Inland Shipping) project focusing on inland ships. First results are
promising. The adaptation to data collected by the BSH in Bremerhaven and Kiel is therefore
highly recommended.

WORK PACKAGE 1 SUMMARY

The results obtained in this work package have shown that the OP-DOAS technique has a high
potential for near real-time monitoring of ship emission in harbor areas or across a river or
channel. This method provides enhanced monitoring coverage and statistics of emission
signatures compared to currently deployed in situ measurement stations which rely on
meteorological transport of emission plumes or passive remote sensing with data coverage
only during daytime and challenging monitoring conditions. The described system has a high
automation level along with low maintenance.

However, to obtain reliable quantitative data for the fuel sulphur content emissions, the
measurement of COz is mandatory. Recent work by Griffith et al. (2018) showed first
measurements of CO2 using the long path technique in combination with a Fourier Transform
Infrared spectrometer. We therefore propose a combination of UV-vis and IR long path
measurements to achieve quantitative remote sensing emission measurements. The detection
of NO to obtain on a direct way NOx-emissions is desirable. However, the detection of NO
(absorbing in the deep UV around 220 nm, Keller-Rudek et al. (2013), Lugue and Crosley
(1999)) along measurement paths of several hundred meters is quite challenging due to
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limited radiance of available light sources and large light losses caused by scaftering along
the measurement path.
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WORK PACKAGE 2 - IN SITU MEASUREMENTS AND PASSIVE REMOTE SENSING

IN SITU OBSERVATIONS

For a detailed description of the instruments and the retrieval methods used to obtain and
interpret in situ data within this project we refer to the MeSmarT-I report and in particular to the
PhD thesis by Lisa Kattner (2019). The latter one includes also a very comprehensive picture of
the quality control measures to ensure the correct implementation of in situ instruments for
compliance monitoring.

QUALITY CONTROL

It can be summarized, that a combination of different quality control measures offers the best
assurance of the correct function of the instruments and a reliable data output. Regular zero
and span gas measurements provided by permeation tubes are an easy applicable way of
function control for the instruments and can help to determine possible drifts and malfunctions.
They need to be monitored regularly over longer time spans. If drifts or offsets are observed,
fransfer standard measurements help to verify differences and provide the necessary
validation for the calibration of instruments. For devices such as the CO2 instrument, where no
other function control is available, the measurements of transfer standards are especially
important. Other publications report linearity problems with similar insfruments (Beecken, 2015),
which need to be calibrated regularly. General inspections of the instruments with transfer
standards are recommended at least twice a year, or even more often if the instruments have
been set up or modified recently. Temporal parallel measurement of comparable systems is
highly recommended, not only fo compare measurement values, but to test the
reproducibility of the whole data acquisition and analysis process. If possible, inter-comparison
campaigns of two or more measurement systems should be carried out regularly, ideally also
including one scientific frace-level system as a reference.

As part of MeSmarT-Il a trace-level system for SO2 has been implemented in the mobile lab of
the IUP Bremen. The Thermo Scientific™ Model 43i-TLE Enhanced Trace Level SO2 Analyzer
utilizes pulsed fluorescence technology to measure the amount of sulfur dioxide in the air
down to 50 ppt (300 s averaging fime). The standard setup has been slightly modified (higher
pump throughput) to ensure a response time down to 30 s (80 s standard). A detailed
description of the instrument and results from the evaluation campaign in Bremerhaven is
given in Ochtmann, 2018. Figure 2-1 is showing one example for the comparison between the
Airpointer system (which is the commonly used one within the BSH monitoring network) and the
frace level system. The latter one exhibits a noise level around 10 times lower than the
standard system which has a direct impact on the quality of retrieved FSC values (see Kattner,
2020).
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Figure 2-1: Comparison between standard in situ (Airpointer) and trace level system measurements of SO in
Bremerhaven. The general agreement is in average quite well. However, deviations in the calculated SFC were up to
30%. Obviously, the trace level system has a much lower zero noise (down to 50 ppt for 60 s averaging time).

ANALYSIS OF NOx EMISSIONS

Similar to the calculation of the fuel sulfur content described e.g. in Kattner et al, 2015, NOx
emission factors can be calculated for the plumes that have been measured and allocated to
individual ships. Although there was not yet a NOx regulation in force for sea going ships in the
North Sea and Baltic Sea ECA during the period of the MeSmarT-Il project, it is possible to
check for the potential compliance with future NOx regulations, which will enter into force in
2021. For inland ships, regulations concerning allowed NOx emissions are already active.

While the calculation of NOx emission factors is quite simple, the comparison to MARPOL NOx
limits is not straight-forward. The curves of NOx emission limits for MARPOL Tiers | - lll levels are
shown in Figure 2-2. The limits are given as load-based emission factors, which relate the
amount of emitted NOx to the generated crank shaft power, instead of the amount of fuel
used.



MeSmarT-Il - Final report

18
16
14
12
10

TOTAL WEIGHTED CYCLE EMISSION
LIMIT (g/kWh)

o N & O

L L L L

0 500 1000 1500 2000
ENGINE'S RATED SPEED (rpm)

Figure 2-2: NOx emission limits according to the year of ship construction: Tier | between 2000 and 2010, Tier Il from
2010 and 2016 and Tier Il from 2016 onwards.

This makes it difficult to compare instantaneous emission measurements to the limits and
determine compliance with the regulations. To obtain values comparable to the limits, a
specific fuel oil consumption (SFOC) factor would be needed, which is not available without
knowledge about engine type and load for each ship of interest. Ship speed, as it is
fransmitted with the AIS signal, is not an useful indicator for engine load, especially for
condition e.g. close to the pilot station Wedel at the Elbe river, which has a strong fidal current,
which the ships either have to go against with higher engine work or go along with less work.

However, if the MARPOL limits are converted to an interval with the unit g/kg fuel with
reasonable average SFOC and load values, it is possible to compare them in a qualitative way
fo the measured values. A broad range of 500 - 1500 rpm for the engines rated speed is used
for the interval and converted to g/kWh according to the MARPOL NOXx limit calculations.

Following the specification notes of ship engine manufacturers, typical SFOC values range
between 160 to 180 g/kWh, for a variety of engine types and different operational conditions.
With these values, the upper and lower limits of the different Tier regulations can be
summarized as follows:

e Tierl (keeled on or after January 1st, 2000): 57.8 - 81.3 g/kg fuel

e Tierll (keeled on or after January 1st, 2011): 45.5 - 65.6 g/kg fuel

e Tier lll (ships on or after January 1st, 2016): 11.6 - 16.3 g/kg fuel
(see )

These values are depicted in the following Figure 2-3. It shows that about 80% of the ships are
within the upper limit of Tier | regulations for ships built after the year 2000. About 60% are within
the upper limit of Tier Il regulations. Although TIER Ill regulations are not yet in force in the North
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and Baltic Sea ECA, many engine manufacturers promote their products as complying with
these new limits for the US market or for ships to be deployed in the US ECA. However, less than
10% of the ships comply with the upper Tier lll imit. A shift to smaller NOx emission factors is
expected in the future with the new Tier lll regulations enter into force in the North and Baltic
seain 2021.
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Figure 2-3: NOx emissions calculated from the NOx/CO2 emission ratio for all sites of the BSH monitoring network
(created by A. Weigelt, BSH) including ~30.000 single measurements.

PASSIVE REMOTE SENSING

MAX-DOAS NEUWERK: MEASUREMENT GEOMETRY AND ACQUIRED DATABASE

The quantity refrieved from MAX-DOAS measurements is the so-called slant column density
(SCD), the concenfration of an absorber integrated along the atmospheric light path. Figure
2-4 show how to measure the NO2 and SO2 absorption inside the ship plumes emitted on the
shipping lane, the instrument is pointing towards the horizon (in 0.5° elevation). Taking a close-
in-fime zenith-sky measurement as a reference in a first assumption cancels out the absorption
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higher up in the atmosphere and only the absorption along the horizontal part of the effective
light path is retrieved (see Figure 2-4), yielding the differential slant column density (DSCD).

Zenith
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Upper atmosphere
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Figure 2-4. Measurement geometry for MAX-DOAS measurements on Neuwerk with schematic light paths for off-axis
(1) and zenith sky reference measurements (2) for an exemplary solar zenith angle (SZA) of 55°. (Seyler et al., 2017)

The MAX-DOAS instrument, was installed on the radar tower of Neuwerk, 6-7 km south of the
main shipping lane from the German Bight into the Elbe river (see Figure 2-5a). To sample a
larger section of the shipping lane, the MAX-DOAS was measuring in five different azimuthal
viewing directions: 310°, 335°, 5°, 35° and 65° with respect to north (see Figure 2-5b).

Scharhoernd

Neuwerk‘ ‘b a

53.9°N

«— less Ship traffic density more —

Figure 2-5. (a) Ship traffic density map calculated from all received AIS messages (2013-2016) showing the main
shipping lane from the North Sea into the Elbe river close to the measurement site on the radar tower on the island
Neuwerk (red dot). Wind measurements (HPA) are available on Neuwerk as well as the neighbouring island Scharhérn
(green dots). (b) The five azimuthal viewing directions of the MAX-DOAS instrument (310°, 335°, 5°, 35°, 65°, with
respect to north) towards the main shipping lane, passing the island in the north at a distance of 6-7 km. (Seyler et al.,
2019)
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An overview of the measurement data collected on Neuwerk from July 2013 until July 2016 by
the various instfruments is given in Figure 2-6, showing also the data availability.
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Figure 2-4. Data availability in the analyzed measurement period between July 2013 and July 2014. From March 2014
on (hatched), there were instrumental problems with the in situ SO2 instrument resulting in a strong oscillation of
1 0.5 ppb superimposing the data. (Seyler et al., 2017)

For further information on the MAX-DOAS instrument on Neuwerk and the Neuwerk site see
Seyler et al. (2017). Therein, a detailed description of the measurement geometry and principle
as well as data analysis can be found.

MAX-DOAS NEUWERK: SO2/NO2 RATIOS IN SHIP PLUMES

This section is based on Seyler et al. (2017).

It is difficult to derive the absolute amounts (e.g. in mass units) of NOx and SOz in the plumes
with MAX-DOAS, as the width and height of the measured peaks does not only depend on the
emitted amount of pollutants, but also strongly on the geometry. The highest values are
measured alongside the plume, and much lower values when the plume is oriented
orthogonally to the line-of-sight of the MAX-DOAS. Because of NO to NO titration also the time
span between emission and measurement influence the amount of measured NOa. To
determine in-plume mixing ratios and emission factors for the emitted gases, additional
information on the length of the light path inside the plume is be needed, which auxiliary
measurements can provide (see next section). Although the emission factors cannot be
measured by MAX-DOAS directly, the NO2 and SOz signals yield the ratio of both. These SO2 to
NO:2 ratios can be compared to other studies as well as measurements on other sites or with
different instruments, bearing in mind possible deviations due fo NO to NO: titration.

By comparing SO2 to NO2 ratios from different ships it is possible fo roughly distinguish whether a
ship is using high sulfur content or low sulfur content fuel (giving a high or low SO2 to NOz ratio).
Beecken and Mellgvist from Chalmers University (Sweden) use this relationship for airborne
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DOAS measurements of ship exhaust plumes on an operational basis in the CompMon project
(Mellgvist et al., 2017). Following the ships and measuring across the stack gas plume, they can
discriminate between low (0.1%) and high (1%) fuel sulfur content ships with a probability of 80-
-90%. A more detailed analysis is then performed with in situ (sniffer) instrumentation inside the
plume (Van Roy and Scheldeman, 2016).

From the spectra measured by the MAX-DOAS UV instrument both NO2 and SO2 columns can
be refrieved at once. To separate ship related signals from smooth background pollution, first
a running median filter was applied to the time series of SO2 and NO2 measurements with a
large kernel size (e.g. over 21 points). If too many broad peaks are contained in the time series
this is not sufficient and the resulting median might be systematically higher than the actual
baseline. In this case, on the values in the lower 50% quantile again a running median with a
smaller kernel size (e.g. 5) was applied, giving a good approximation of the real baseline. The
adjustment of the kernel sizes is done manually. In the next step, this baseline is subtracted from
the raw signal. A simple peak detection algorithm was used to identify the peaks in the
baseline-corrected NO2 signal, which allows to identify most peaks in the time series.
Problematic are broad peaks or overlapping peaks from multiple plumes at once. Then the
corresponding peaks in the SOz signal were assigned. This accounts for cases when no SO2
enhancement is measured. The final selection of the peaks to be included in the statistics is
done manually, filtering out for example all the cases when peaks are too close together to be
separated and again fine-tuning the baseline detection algorithm parameters if necessary. To
achieve a better signal-to-noise ratio, the integrals over both the NO2 and SOz peak are
calculated and the ratio of both values is computed in the last step. The differences in the
resulting SO2 to NO2 ratios by taking the peak heights or peak areas are small, though.

Figure 2-7 shows NO2 and SO2 measurements for an example day in summer 2014, before the
stricter fuel sulfur content limits were infroduced. Both the NO2 and SOz signal show sharp
peaks, originating from ship plumes. Most of the peaks are of similar shape in NO2 as well as
SOz signal. The measured SO2 to NOz2 ratios on this day in this direction range from 0.17 to 0.41.
The SO2 to NO2 ratio can vary strongly for different ships. For example, the plume of the ship
passing the line-of-sight around 12:00 UTC has a high NO2 content, but low SO2, whereas the
opposite is frue for the ship passing at 12:30 UTC, indicating that the second ship was using fuel
with a considerably higher sulfur content than the first one.
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Figure 2-7. Example measurements and calculated $O2-to-NO: ratios in ship plumes on 23 July 2014, before the
change in fuel sulfur emission limits. Panel (a) shows the UV NO, DSCD raw data for 0.5° elevation and -25° azimuth and
the determined baseline. Panel (b) shows the baseline-corrected NO. data for which the automatically identified
peaks are highlighted with red friangles. Numbers close to the peaks denote the peak integrals in 10'¢ molecules/cm?
(marked in yellow) and the $O2-to-NO: ratios (marked in blue). Panels (c) and (d) show the corresponding plots for the
$O2 measurements. (Seyler et al., 2017)

Figure 2-8 shows one example day in summer 2015, after the establishment of stricter sulfur
limits. For better comparison to Figure 2-7, the y-axis limits are the same. High NO2 peaks also
occur on this day. The SOz signal, however, shows no clearly distinguishable peaks anymore, a
result of much less sulfur in the fuel. As a consequence, measured SOz to NO2 ratios are much
smaller on this day and range from 0 to 0.09. There might be some small peaks in the SO2
signal, but with a very low signal to noise ratio. It cannot be determined if these are real
enhancements or just noise fluctuations. The two peaks at 10:40 and 14:00 UTC, slightly above
noise level buft still very small, might be real SOz signals from ships with a higher than average
fuel sulfur content.
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Figure 2-8. As Figure 2-7 but for an example day (3 July 2015) after the introduction of stricter fuel sulfur content limits.
Measurements at 0.5° elevation and 65° azimuth are shown. Peak integrals are given in 10'¢ molecules/cm2. (Seyler et
al., 2017)

For a statistically meaningful comparison of both tfime periods, two representative samples of
over 1050 ship emission peaks each have been selected by hand for days with good
measurement conditions, which were identified by using the solar radiation measurement
data of our weather station: one sample for 2013 and 2014 representing the state before
infroduction of stricter fuel sulfur content limits, the second one for 2015 and 2016, representing
the situation afterwards. It cannot be ruled out that a certain fraction of ships were measured
repeatedly on different days. It is also highly probable that the plumes of some ships were
measured multiple fimes at different locations in the different MAX-DOAS azimuth directions
while the ship was passing Neuwerk.

The distributions of in-plume SO2 to NO2 ratios derived from the peak integrals for the two
samples is shown in Figure 2-9. It can be seen that SO2 fo NOz2 ratios were considerably higher in
2013 and 2014, with a mean of 0.30, a standard deviation of 0.13 and a median value of 0.28.
In 2015 and 2016, after the change in fuel sulfur content limits, the SO2 to NO2 ratios became
much lower with a mean of 0.007, a standard deviation of 0.089 and a median value of 0.013,
showing a drastic reduction, which is stafistically highly significant.
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Figure 2-9. Histogram showing the distribution SO,-to-NO- ratios in two samples (N=1055 for each) of ship emission
plumes measured at 0.5° elevation and all azimuth angles for the time before (blue) and after (green) the change in
fuel sulfur content regulation on 1 January 2015. (Seyler et al., 2017)

The overall average SO2 to NO2 ratios for all measurements for the days from which the peaks
have been selected gives a mean value of 0.10 and a median of 0.17 for the time before
2015. As expected, these values are significantly lower than the in-plume SO2 to NO2 rafios as
they include both plumes and background pollution, which contains much less sulfur.

It is also interesting to compare our results from 2013 and 2014 with those from other studies,
bearing in mind possible systematic deviations due to different measurement geometries,
techniques and sites and therefore different NO to NO: fitration in the plumes.

McLaren et al. (2012) measured NO2 to SO2 emission ratios in marine vessel plumes in the Strait
of Georgia in summer 2005. In a sample of 17 analyzed plumes, a median molar NO2 to SO2
ratio of 2.86 was found. Translated intfo a SO2 to NO2 ratio this yields a value of 0.35 which is,
considering the small sample size, in good agreement with our findings for the time before
2015.

Another study was carried out by Diesch et al. (2013) measuring gaseous and particulate
emissions from various marine vessel types and a total of 139 ships on the banks of the river
Elbe in 2011. SO2 to NO2 emission ratios can also be derived from their reported NO2 and SO2
emission factors: For small ships (< 5000 tons) a rafio 0.13 and an average fuel sulfur content
(FSC) of 0.22%%0.21 % was found, for medium size ships (5000--30000 tons) a ratio of 0.24 and a
FSC of 0.46%+0.40% and for large ships (> 30000 tons) a rafio of 0.28 and a FSC of
0.55%+0.20%. Especially the values for medium size and large ships fit quite well to our results,
while plumes from very small vessels (if measurable at all) have often not been taken into
account for the statistic because of the low signal-to-noise ratio.
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The strict reduction after 2015 is in good agreement with other studies, for example the results
of Kattner et al. (2015) and Yang et al. (2016).

MAX-DOAS NEUWERK: ONION PEELING MAX-DOAS APPROACH

This section is based on Seyler et al. (2019).

O4 SCALING METHOD

The trace gas columns measured by a MAX-DOAS instrument can be converted to path
averaged volume mixing ratios (VMRs) by using the O4 scaling approach, which uses the
oxygen collision complex O4 as a tracer for the horizontal light path length. O absorbs in similar
wavelength ranges as NO2z in the UV and visible and is refrieved as an essential additional
absorber in the NO2 DOAS fit. As its near surface concentration is known, dividing the
measured O DSCD by its number density yield the effective horizontal light path length:

_ SCDO4, horiz — SCD04, zenith DSCDO4
No

L

with no4 = (noz)z
4 04

Typical light path lengths under clear sky conditions are 10 km in the UV and 15 km in the visible
spectral range (Seyler et al., 2017). Dividing the NO2 DSCD by L gives the path averaged

concentration (number density) of NOa2. Diving by the number density of air yields the path
averaged volume mixing ratio of NO2:

SCDNOZ,horiz - SCDNOZ,zenith _ DSCDNOZ

VMR =
NO2 L-ngi L-ngir

ONION PEELING APPROACH

The wavelength dependence of Rayleigh scattering leads to the fact that the effective light
path length in the atmosphere depends systematically on wavelength. Utilizing this,
simulfaneous measurements in the UV and visible spectral range can be used to separate NO2
absorptions in different air masses at different horizontal distances to the instrument, making it
possible to estimate the distance to the plumes.

The aforementioned Os scaling method provides two path-averaged VMRs for each two-
channel measurement; one for the shorter UV and one for the longer visible effective
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horizontal light path, which are shown in Figure 2-12 as a purple and green line, respectively. A
third VMR can be calculated from the difference of the two DSCDs and path lengths

DSCDy;s — DSCDyy _ ADSCD
(Lvis - LUV) " Mair AL - ng, '

VMR@aL =

yielding the average VMR along the path difference AL, which is shown as an orange line in
Figure 2-12b.

A condensed overview of the complete approach is given in the flow charts in Figure 2-10 and
Figure 2-11. More detailed information on the approach, including underlying assumptions and
uncertainties, can be found in Seyler et al. (2019).

Measurements: AIS

DOAS fit: | NO, DSCD 0, DSCD NO, DSCD | | O, DSCD

&L
<

&

.
Path UV Path vis

N

Subtracting: ADSCD APath

Figure 2-10. First steps of the onion peeling MAX-DOAS approach: One NO, DSCD and one O4 DSCD is retrieved from
the spectra measured in the UV and visible spectral range each. The O4 DSCDs retrieved in the respective wavelength
windows are used as a tracer for the light path lengths in UV and visible (so-called Os scaling method). APath, in the
following called AL, is the horizontal path difference. Subtracting the usually lower UV NO2 DSCD (shorter light path)
from the visible NO, DSCD delivers the column difference ADSCD. This horizontal column difference represents the NO2
column along the path difference AL.
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Intermediate results from last step : 3 NO, DSCDs on 3 horiz. light path segments

NO, DSCD UV | | NO, DSCD vis | | ADSCD Path UV | | Path vis APath
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plumes from wind (weather) and AlS data

Figure 2-11. Final steps of the onion peeling MAX-DOAS approach: The intermediate results from Figure 2-10 are the
NO2 DSCDs along the UV and visible path as well as ADSCD along the path difference. Knowing the NO2 column along
a horizontal path, the average concentration or volume mixing ratio (VMR) along the path can be calculated. This is
performed for UV, visible and the path difference AL, yielding three horizontal path-averaged NO2 VMRs for the three
different horizontal path segments.

PLUME LIGHT PATH GEOMETRY

Figure 2-12b shows the aforementioned horizontal light path segments as colored lines for
typical path length values: in green the visible path, in purple the UV path and in orange the
path difference AL. As can be seen from the map, the path segments probe different regions
over and around the shipping lane. For example, the path difference AL (orange line) in the 5°
azimuth direction probes an air mass in the north of the shipping lane. For southerly winds, one
would not expect any NO2 emitted from ships on the shipping lane in this air mass. Whereas the
UV pathin the 310° azimuth direction, for example, only probes air in the south of the shipping
lane.
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Figure 2-12. (a) as in Figure 2-5, but (b) showing the effective horizontal light paths in UV (purple line) and visible
spectral range (green line) for the five azimuthal viewing directions of the MAX-DOAS instrument for typical light path
lengths of 9km (UV) and 13km (vis), respectively. The difference between both paths, AL, is highlighted by the orange
line. (Seyler et al., 2019)

As each ship represents a moving point source for NOx emissions, the NOz2 field over the
shipping lane and the whole region is strongly inhomogeneous and the NOz2 is usually not
distributed evenly along the light paths. Figure 2-13 sketches the plume light path geometry
and the expected NO2 signal for three different scenarios: In case (a) the plume is close to the
instrument and completely covered by both UV and visible path. Although both paths cover
the same amount of NO2, the retfrieved path-averaged VMR is higher for the UV signal
because of the higher relative contribution of the fraction of the light which probes the NO-
plume. As there is no NO2 on the path difference AL, no NO2 enhancement is measured there,
meaning the NO2 VMR@AL is zero or stays on background level. As can be seen form the map
in Figure 2-12b, this might occur for northerly wind directions.

Case (b) shows a contrary situation: The plume is far away from the instrument and only
covered by the visible path (and therefore also AL). As a result, the UV instrument measures no
NO2 enhancement while the visible channel shows enhanced NO». The path averaged VMR
retrieved for AL is even higher, because AL is only a small fraction of the complete visible path
and therefore represents a shorter averaging length. As the map in Figure 2-12b shows, this
might occur for southerly wind directions.

In case (c) the plume is close to the effective last scattering point in the UV, from which the
light is scattered into the telescope of the MAX-DOAS. All three path segments measure
enhanced NO2, the relative peak heights depend on the situation.
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This means that by comparing the NOz2 signal along the UV path (probing a region close to the
instrument) and along AL (probing a region further away from the instrument), a rough
estimate of the plume position and distance to the site can be obtained.

For the MAX-DOAS measurement geometry presented here, the measured frace gas columns
and therefore also path-averaged VMRs depend not only on the emitted amount of NO2, but
also on the angle of intersection between the line of sight of the instrument and the plume. The
measured NOz signal is larger, when measuring alongside the plume (more absorbing NO2
molecules on the fixed path length) and much smaller, when the plume runs orthogonal to the
line of sight (only a small fraction of the path contains NO2 from the plume). As already
mentioned above, NO to NO: titration and therefore the tfime span between emission and
measurement plays also arole.

(@) vis 20N - No NO, in AL

* Higher peak in UV
VMR than in vis

* No NO, in UV path

Q uv * Higher average VMR
AL in AL than in vis path

* NO, in UV path, vis
path and AL

* Relative peak heights
depend on situation

Figure 2-13. Plume-light-path geometry and the resulting path-averaged NO2 VMRs for three possible cases: when the
plume is close to the instrument and completely covered by the UV path (a), when the plume is further away from the
instrument than the UV scattering point and is only covered by the visible path (and AL) (b) and when the plume is
located around the UV scattering point (c). (Seyler et al., 2019)

PLUME TRAJECTORIES

Simple plume frajectories have been calculated as forward trajectories on a 10s time grid. The
plumes consist of point shaped plume air parcels. Each time step each plume parcel is moved
from its old position to a new position, calculated from wind speed and (horizontal) wind
direction. Each ship emits a new plume air parcel at each time step at its respective position.
Plume broadening and dilution over time as well as plume rise are neglected and the
frajectories are calculated in a two dimensional space without height information. The width of
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the plumes shown in the maps is not to scale and follows the simple relationship bigger ship —
broader plume. The gray shading of the plumes (Figure 2-14) denotes the plume age.

NORTHERLY WIND SITUATIONS

As can be seen from Figure 2-12, northerly winds blow the ship plumes towards Neuwerk and
the measurement site on the radar tower. As the wind is coming from the open North Seq, the
ships on the shipping lane should be the only important NOx emitters in such a case. NO2
concentrations are expected to be low in the north of the shipping lane and enhanced in the
region south of the shipping lane, towards the island.

Figure 2-14 shows a 12-minute sequence of consecutive MAX-DOAS measurements for such a
case on 26 May 2014 starting at 12:46 UTC (14:46 local time), plotted as colored lines on a
sequence of maps. Shown are the length and location of the UV path and AL as colored lines,
with color representing the respective path averaged NO2 VMR. In situ (Airpointer) NO2 VMRs
are shown as colored dots at the measurement site. Shown are also ship positions and course,
taken from AIS data, plume trajectories and wind speed and direction.

The sequence shows two ships (magenta friangles) on the shipping lane, moving in opposite
directions. The larger ship (351 m) moves westward, the smaller ship (151 m) moves eastward.
The fact that the trajectories of the plumes of the two ships run in such different directions, is
due to the different movement directions of the ships and the curved course of the shipping
lane around the island. For two stationary point sources, like moored or anchoring ships, the
plumes would run in parallel.

Panels 1 and 5 show low values on all path segments and also for the in situ measurements
indicating that the ambient background NO2 is homogeneously well-mixed in the boundary
layer.

Panels 2 to 4 and Panels é to 10 show enhanced NO2 along the UV path close to the site, likely
due to the big ship's plume, and low NO2 VMRs along AL further away from the island. In situ
values stay low at first, but begin fo rise as the plume reaches the radar tower. Starting with
Panel 9 the in situ values are getting much higher than the long path-averaged MAX-DOAS
VMRSs, because the Airpointer instrument measures the NO2 VMR directly inside the plume. This
is notf represented in the figure, as the color scale is saturated.

Panels 11 to 14 show low MAX-DOAS NO2 VMRs on both path segments, as the plume moved
out of the line of sight of the instrument, while the in situ measured VMR is still quite high.

Comparing Panel 6 and Panel 3 demonstrates the aforementioned dependence of the MAX-
DOAS VMR on the angle of intersect between plume and line of sight of the instrument.

Figure 2-15 shows the measurements from Panel 6 to 10 in a condensed form, with ship and
plume positions for the time of Panel 10. It highlights the strong horizontal gradient between
enhanced NO2 values close to the site and low values further away, right as expected for such
a northerly wind situation.
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Figure 2-14. Sequence of maps showing 15 consecutive measurements in 0.5° elevation on 26 May 2014, starting at
12:46 UTC (14:46 local time): The extent of the UV path and AL and corresponding path-averaged NO2 VMRs are shown
as colored lines. In situ NO2 VMRs are shown as a colored dot at the location of the measurement site. Magenta
triangles show the ship position and course (sharp tip), with larger triangles for larger ships. Grey point clouds show
forward frajectories of the emission plumes calculated from wind speed and direction for the moving ship. Wind
direction and speed is shown with meteorological wind barbs. (Seyler et al., 2019)
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Figure 2-15. As Panel 10 of Figure 2-14, but including the four previous MAX-DOAS measurements, being measured
between 30 seconds and 3 minutes before the current observation. Please keep in mind that ship and plume position
were different for the additionally shown earlier measurements. (Seyler et al., 2019)

SOUTHERLY WIND SITUATIONS

A reverse situation occurs for southerly winds, which blow the ship plumes to the north of the
shipping lane, further away from the measurement site. NO2 values south of the shipping lane,
close to the instruments, should be lower than in the north of the shipping lane. How low,
depends on the ambient background pollution from land-based sources, which is present on
this site for such wind directions.

Figure 2-16 shows the MAX-DOAS and in situ NO2 measurements as well as ship positions and

plume trajectories on 13 August 2014 at 12:47 UTC (14:47 local time), in a similar way to Figure
2-15. Not only the current MAX-DOAS measurement, but also the 4 previous measurements in
the other azimuthal viewing directions are shown, taken between 30 seconds and 4 minutes

before.

The map shows three ships on the shipping lane, two big ships (336m and 365m) and one
smaller ship (100 m). As all ships move in the same, eastward, direction, the plume trajectories
run almost parallel. The additional broad plume in the west of Scharhdrn originates from the
two coal-fired power plants in Wilhelmshaven, approximately 50 km southwest of Neuwerk,
which crosses the measurement region for this prevailing wind direction. Taking info account
the 10 m above ground layer (agl) wind speed of (7.5 1.0)m/s, the plume age is
approximately 110 minutes, even less taking info account that wind speed increases with
height.

As can be seen from the map, enhanced NO2 VMRs are measured along AL, far away from
the instfrument, northward of the shipping lane, where the plumes of the two big ships are
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located. The slightly enhanced NO:2 values along AL in the northwestward viewing directions
indicate that the plume of the Wilhelmshaven power plants can sfill be measured in this
distance from the plants and has an influence on the air quality in this region for such wind
conditions. Low NO2 VMRs are measured along the UV path, close to the site, representing
ambient background NOz levels. In this situation, the Airpointer in situ instrument measured
constantly low NO2 values, agreeing very well with ambient NO2 VMRs from the MAX-DOAS
retrieved south of the shipping lane along the UV path. Under such southerly wind conditions
the Airpointer cannot detect ship emission plumes at this site, because the plumes are blown
away fo the north of the shipping lane.

This demonstrates that with MAX-DOAS it is well feasible to detect ship emission plumes under
conditions unfavorable for in situ measurements.
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Figure 2-16. Map showing the MAX-DOAS measurements in 0.5° elevation on 13 August 2014 at 12:47 UTC (14:47 local
time). The extent of the UV path and AL and corresponding path-averaged NO2 VMRs are plotted as colored lines. The
four previous MAX-DOAS observations, being measured between 30 seconds and 3.5 minutes before, are also
included. In situ (Airpointer) NO2 VMRs are shown as a colored dot at the location of the instrument. Magenta triangles
show the ship position and course, with larger triangles for larger ships. Gray stripes show forward trajectories of the
emission plumes calculated from wind speed and direction for the moving ship. The broader plume in the eastern part
of the map originates from the Wilhelmshaven power plants. Please keep in mind that ship and plume position were
different for the past measurements. Wind direction and speed is shown with a meteorological wind barb. (Seyler et al.,
2019)

COMPARISON TO AIRBORNE IMAGING DOAS MEASUREMENTS

The plume position derived from the onion peeling MAX-DOAS can be validated with a
comparison to air-borne imaging DOAS measurements, which map the NO: field of the plume
from above. As the spatial resolution of satellite instruments is not sufficient to resolve individual
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ship plumes, airborne imaging DOAS measurements as a middle ground between satellite and
ground-based measurements are the ideal method to compare to, at least on a campaign
base, since they can deliver high resolution NO2 maps of the plumes. Such measurement have
been performed with the AirMAP instfrument onboard a Cessna from the FU Berlin during the
NOSE (Nord-Ost-See-Experiment) campaign on 21 August 2013. The AirMAP measurements
provide the vertical NO2 column below the airplane, as it is sketched in Figure 2-17 comparing
the different measurement geometries.

AIRMAP on-board
Cessna airplane

MAX-
DOAS
on %
radar
tower

_— el

Figure 2-17. Sketch of the different measurement geometries of ground-based MAX-DOAS and airborne imaging DOAS
instrument when measuring a ship plume. The MAX-DOAS instrument measures (slightly slanted) horizontal transects of
the plume. The AirMAP instrument, measuring in nadir direction downward from the aircraft, observes vertical transects
of the plume. Distances, heights and sizes are not to scale.

Two example results are shown in Figure 2-18 a and b.
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Figure 2-18. Map showing the MAX-DOAS path averaged VMRs (colored lines) and AirMAP vertical columns of NO:
(broad image stripe beneath) on 21 August 2013 around 9:53 UTC (11:53 local time) (a) and 9:43 UTC (11:43 local time)
(b). Magenta triangles show current ship positions and course. Grey stripes show forward trajectories of the ship
emission plumes calculated from wind speed and direction for the MAX-DOAS measurement time. The time difference
between AirMAP and MAX-DOAS measurements and therefore the time difference between AirMAP and plume
locations is indicated in the map at specific parts of the flight frack. Wind direction and speed is shown with a
meteorological wind barb. (Seyler et al., 2019)

As can be seen from the figures, ArMAP measured enhanced NO2 values at the projected
location of the plumes, confirming the approximate plume position derived from the onion
peeling MAX-DOAS.

The good agreement of ArMAP measured and MAX-DOAS derived plume positions shows that
MAX-DOAS measurements can be used to detect and derive the approximate position of the
emission plumes. The very good agreement of plume frajectories calculated from wind and
AlIS data with the AIrMAP measurements shows that the simple forward frajectories already
provide a good accuracy to model the two-dimensional NOz2 field over the shipping lane.

For a more detailed analysis of the MAX-DOAS and AirMAP comparison including the retrieved
in-plume NO2 VMRs see Seyler et al. (2019).
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MAX-DOAS WEDEL

A detailed descriptfion of the MAX-DOAS used in Wedel can be found in Seyler, 2014. Since
May 2013 the instrument is measuring NO2 and SO- at this site. The same instrument has been
used in particular within MeSmarT-I during several ship cruises (see report on MeSmarT-l) which
leads to several data gaps in the time series. However, in total on 1387 from 2373 days the
MAX-DOAS was fully operational in Wedel. The plan is fo confinue this time series for the next
years in order to monitor possible tfrends e.g. due to future regulation activities on shipping
emissions. These activities are then carried out by the IUP Bremen with financial support of
related projects like CLINSH and with logistical support of the BSH and the WSA Hamburg.

One of the main objectives of MeSmarT was to find out whether the MAX-DOAS observations
could be used to support compliance monitoring of single ships. As pointed out in the
description for the MAX-DOAS measurements from Neuwerk, in principle the SO2/NO2 ratio
holds information on the Sulphur content. Beside all the difficulties and assumptions needed to
conclude from the ratios on possible violations of SFC regulations for single ships already
described above, the situation in Wedel is even more challenging.

These difficulties are described best by discussing the following two figures.
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Figure 2-19: Snapshots from three different ships taken at various azimuth and elevation angles with the video camera
included in the MAX-DOAS telescope in Wedel.
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Figure 2-19 shows some images tfaken from the video camera included in the MAX-DOAS
telescope in Wedel. These pictures illustrate how close the ships are passing the instrument. It
also demonstrates that the line of sight (LOS) for large ships in the lowermost elevation angles is
covered by the hull and superstructures of the ships and therefore the light path is blocked
and significantly shortened. Exhausted ship plumes are also clearly visible in the images, which
means that with this short distance the MAX- DOAS instrument measures frequently through the
recently emitted plumes when most of the emitted NOx is still not fitrated to NO. Therefore, one
can expect a huge range of SO2/NO2 values from the same plume depending on the exact
light-path. A detailed statistical analysis has been carried out, taking info account
meteorological parameters like wind speed and direction, solar intensity, temperature, but
none of them could be used to get a reliable and clear correlation of calculated ratios to the
SFC.
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Figure 2-20: Comparison of measurements for NO: (left panels) and SO: (right panels) from in situ, LP-DOAS and MAX-
DOAS instruments in Wedel.

Figure 2-20 illustrates another reason that for the station Wedel a simple ratio of SO2/NO-
cannot be used to get an indication for the Sulphur content in fuel. While the SO2
measurements agree quite well between the different instruments, the NO2 values of the MAX-
DOAS show smoother peaks but a much higher variability in the baseline. This is due o the fact
that in this case the in comparison to the OP-DOAS much longer light-path of the MAX-DOAS is
affected by other NOx sources nearby (local traffic, industry,...).

SATELLITE-DOAS

UV-visible satellite instruments in low earth orbits can provide global observations of a number
of trace gases including key species for tropospheric pollution from ships: nifrogen dioxide,
sulphur dioxide and formaldehyde. They also can provide measurements of aerosol opftical
depth, which is linked to the atmospheric abundance of aerosols and their optical properties.
Satellite observations are therefore at least in principle interesting tools for monitoring of ship
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emissions in areas where there are no or not enough ground-based measurements available
such as remote oceanic regions.

POTENTIAL AND LIMITATIONS OF SATELLITE OBSERVATIONS

The measurement principle of UV-visible satellite observations is the same as for other passive
remote sensing methods such as MAX-DOAS: Scattered sunlight is used as the light source,
frace gas specific absorption structures are used for the identification and quantification of
absorption, and the length of the light path needs to be corrected by using radiative transfer
modelling. Compared to the MAX-DOAS measurements used for quantification of ship
emissions in this project, there are however three significant differences in satellite data: a
shorter measurement time, a different observation geometry, and a larger measurement
volume.

Because of the rapid movement of a satellite, the measurement time of a space-borne
instrument needs to be short in order to limit the amount of averaging along track. Typical
integration times are 1 second, which limits the signal to noise ratio of an individual satellite
observation in spite of the high throughput and quantum efficiency of the instruments. Thus,
averaging over larger areas or longer time periods is needed to detect small signals. As low
earth orbit satellites provide only one measurement of a certain location per day (at least for
low and mid-latitudes), averaging reduces time resolution quickly to monthly or seasonal
values.
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Figure 2-21: Left: Sketch of satellite viewing geometry. Right: Example for sensitivity of satellite observations of NO2 and
SO: as a function of altitude. The sensitivity in the lowest 200 m is in case of SO: less than 25%!

Satellite measurements of tropospheric composition are performed in nadir viewing geometry,
and with this set-up, the geometric light path through a ship plume is relatively short even
under ideal conditions where all light is reflected at the surface. In practice, the ocean surface
is very dark, absorbing most of the photons, and light detected by a satellite is to a large
fraction scaftered on air molecules, partly above the ship plume. This leads to a reduction in
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the sensitivity of the measurement fowards the surface as shown in Figure 2-21. The effect is
stronger towards the UV as Rayleigh scattering increases, resulting in low sensitivity of satellite
observations of SO2 close to the surface. The sensitivity further decreases in the presence of
aerosols and clouds, the latter effectively blocking any view on pollution below them from the
satellite view.

Because of the observation geometry from space, and with the need for global coverage, the
foot print of satellite observations on the Earth’s surface is large compared to ground-based
measurements. Pixel sizes are of the order of 40 x 80 km? for the GOME2 instruments and

3.5 x 7 km2 for the most recent TROPOMI instrument on Sentinel 5 precursor (S5P). When trying
tfo measure local emissions such as from a ship, the size of the averaging volume leads to a
large reduction in signal. As an estimate for the order of magnitude, an idealised ship plume
extending for 7 km in the across-track direction of the satellite pixel and having an average
width of 200 m fills only 6% of an S5P pixel. In combination with the dilution of the signal in the
widening plume, this currently prevents the detection of individual ship plumes from satellite
data.

As result of the viewing geometry, satellite measurements integrate over the signal from the full
atmosphere. It is therefore noft straight forward to separate signals from the stratosphere, the
background troposphere, transport from land-based sources and ships. One approach to
separate the signals is to apply spatial high-pass filtering. With this method, shipping signals can
be extracted where ships fravel along narrow, well defined routes. However, the cut-off
selected for the filtering impacts on the magnitude of the shipping signal retrieved. As a result,
such maps are well suited for the detection of shipping signals but less so for the quantification
of emissions.

SUMMARY OF SATELLITE MEASUREMENTS OF SHIP EMISSIONS IN THE LITERATURE

The first satellite detection of NO2 from ships was reported for the region between India and
Indonesia in GOME data (Beirle et al., 2004) and for the Red Sea in SCIAMACHY data (Richter
et al., 2004). Also for the Indian Ocean, formaldehyde (HCHO) could be detected over
shipping lanes in GOME data (Marbach et al., 2009). Combining GOME and SCIAMACHY
data, alink could be established between changes in shipping fransport volume and NO2
levels over shipping lanes (de Ruyter and de Wildt, 2012). An increase in shipping NO2 had
earlier already been reported for the Indian Ocean region using GOME, SCIAMACHY and
GOME-2 data (Franke et al., 2009). In GOME2 observations, additional NO2 shipping signals in
the Mediterranean, around the Iberian Peninsula and around the African continent could be
identified (Richter et al., 2011). The OMI instrument provides data with much better spatial
resolution than that obtained by GOME, SCIAMACHY and GOME2. In OMI data, NOx ship
emissions along the coast of China could be determined (Mijling et al., 2012), ship emissions in
European Waters were quantified (Vinken et al., 2014), ship emission in the Baltic Sea were
detected (lalongo eA det al, 2014) and a link was drawn between slow steaming of ships in
the Mediterranean and the amount of NOx emitted (Boersma et al., 2015). In long-term
averages of OMI data, even indication for enhancements in SOz signals in the Strait of
Gibraltar and in the Red Sea could be found where also NO2 is enhanced (Theys et al., 2015).
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Figure 2-22: Adapted from Theys et al., 2014. OMI multiannual-averaged (2005 to 2009) slant columns of SO2 (black)
and tropospheric NO2 (red) along ship fracks ((left)strait of Gibraltar and (right) Red Sea). The slant columns are shown
as a function of the equivalent coordinate (distance in degree from the shipping lane), and first-order polynomial fits
are subtracted from the averages. The error bars represent the errors on the mean SCDs, i.e., the standard deviation
divided by the square root of the number of observations. Note that the error bars for the low wind speed values are
not shown for better readability.

THE TROPOMI INSTRUMENT ON SENTINEL-5 PRECURSOR

In October 2017, the European Sentinel 5 precursor satellite was launched with its only payload
TROPOMI on board. The TROPOMI instrument (Veefkind et al., 2012) is in many respects similar
to the OMI instrument. It is a nadir viewing imaging grating spectrometer with a wide swath
(2600 km) and an early afternoon orbit, resulting in near global coverage every day. The
instrument covers the UV and visible spectral ranges up to 490 nm for Oz, SO2, NO2, HCHO, H20,
BrO and other trace gases and addition small channels in the NIR and SWIR for clouds, CO and
CHyg retrievals. The main advantages of the TROPOMI instrument are its very good signal to
noise ratio and the small ground pixel size, which for NO2, HCHO, and SOz is 3.5 x 7 km2, much
smaller than for any other passive UV-vis insfrument. In August 2019, the ground-pixel size was
further decreased to 3.5 x 5.5 km2. Data from TROPOMI is freely available via the Copernicus
Open Access Hub ( ).

SOME TROPOMI NO2 RESULTS

The standard IUP-UB DOAS NO:2 retrieval was applied to 7 months of TROPOMI nadir
observations. The resulting data were filtered for clear-sky scenes applying a cloud threshold of
20%. In order to account for the light path length, a simple air mass factor was applied
assuming a surface reflectance of 5% and a well-mixed boundary layer of 600 m depth
containing all the NO2. On the resulting average NO2 map, the continental regions were
masked out and a high pass filter with a 1° threshold was applied to extract the shipping signal.
The resulting map for Europe is shown in Figure 2-22. The shipping lane through the
Mediterranean, passing the Strait of Gibraltar and around the Iberian Peninsula fowards the


https://scihub.copernicus.eu/
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English Channel can clearly be seen. There are also smaller signals through the Baltic Sea and
the Black Sea. All these shipping lanes have already been detected in earlier measurements
from SCIAMACHY, GOME2 and OMI, but not in this clarity and not using only little more than
half a year of data.
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Figure 2-23: High pass filtered 7 month average of tropospheric NO2 columns from TROPOMI over Europe. Only clear-
sky observations were used and a spatial filter of 1° was applied.

Using a lower threshold of 0.3° for the spatial filter, additional shipping lanes become visible in
the Mediterranean as shown in Figure 2-23. However, this reduces the magnitude of the signall
and increases noise levels. NO2 from ferries to Corsica and Sardinia as well as from ships
servicing harbours in Italy and heading to and from the Bosporus can be identified. This level of
detail is unprecedented in satellite data.
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Figure 2-24: High pass filtered 7 month average of tropospheric NO2 columns from TROPOMI over the Mediterranean.
Only clear-sky observations were used and a spatial filter of 0.3° was applied, revealing additional ship tracks when
compared to Figure 2-22.

As briefly discussed above, the sensitivity of satellite observations is imited by the degree to
which light from the boundary layer is scattered back to the satellite. It is also limited by dilution
in the relatively large measurement volume. In order to investigate options to improve the
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signal by selection of advantageous measurement situations, a sensitivity study was performed
on the shipping lane between the southern fip of India and Indonesia, the strongest shipping
signal worldwide. Four different data sets were created and are compared in Figure 2-24: an
analysis using all data (red), a data set using only clear-sky observations (blue), a data set
limited fo measurements having a sun-glint geometry where much more light is reflected from
the surface than normally (green) and finally a data set including only measurements at
relatively low wind speeds (< 7m/s in ECMWEF surface wind speed; brown). The results show that
in all cases a clear NO2 enhancement can be detected in the shipping lane. The small
negative overshooting fo the sides of the shipping lane is a result of the spatial filtering. The
difference between using all data and only cloud free data is surprisingly small, a result already
found in data of other satellite instruments. This is probably caused by vertical mixing of NO2
intfo and above clouds where it is highly visible for satellite instruments. Limiting the analysis to
situations where sun-glint increases the sensitivity to NOz2 close to the ocean surface, leads to a
higher signal as expected. At the same time, the noise increases due to the reduced number
of measurements confributing fo the average. Selecting for calm wind situations further
increases the signal, but also results in even larger noise levels.

The methods tested for improving detection sensitivity thus have proven to be all effective as
expected. However, the increase in noise limits the usability for smaller signals where more
averaging is needed. Also, neither the sun glint geometry nor calm wind situations are often
found in Northern European waters and therefore this approach cannot be extended to the
German Bay or the Baltic Sea.
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Figure 2-25: Change in shipping signal for the region between India and Indonesia (left) when using all data (red), only
clear-sky data (blue), only data with sun-glint geometry (green) and using only data under calm wind conditions
(brown) (right).

SUMMARY OF SATELLITE MEASUREMENTS

In summary, satellite measurements show shipping signals in maps of NO2, HCHO and to some
degree also SOa. The signal is best for NO2, where many shipping lanes can be identified in
monthly and annual averages. The new TROPOMI instrument with its much improved spatial
resolution can detect additional shipping lanes and needs much less averaging than previous
satellite data sets, resulting in impressive maps of ship emissions of NOx. However, fundamental
limitations such as the low temporal sampling (once per day), relatively low sensitivity towards
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pollution close to the surface and the large ground pixel size limit the usability of satellite data
for quantitative emission confrol.
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WORK PACKAGE 3 - NETWORK FOR COMPLIANCE MONITORING

TRANSFORMATION TO OPERATIONAL FSC MONITORING STATIONS

A major aspect of the MeSMarT-l project was the assessment of measurement techniques with
respect to establish a permanent monitoring station for the operational FSC compliance
monitoring. This could be realized based on the work within MeSMarT-Il and was mainly carried
out as part of the PhD thesis by Lisa Kattner (2019).

In Germany, the BSH is the responsible authority for all matters in the maritime sector, including
the implementation of IMO regulations and legal prosecution of minor offences like violations
according MARPOL Annex VI (limitation of FSC). Therefore, the development of a monitoring
station for FSC was part of the joint research projects MeSMarT-l and MeSMarT-Il.

With their ability to directly assess the FSC by measuring SO2 and COzin a plume, in situ
instruments are usually the most suitable measurement option. However, it is crucial fo have a
location for the measurement station, which is located downwind the shipping lane in a
distance shorter than 1 km to the ships of interest. A low background pollution is important for
the correct analysis of peaks and to separate ship plumes from background variability and
other combustion sources. With this study, both the suitability of the in situ instruments and the
measurement site of Wedel could be thoroughly proved. The next step to a permanent
monitoring station was the automation of the analysis, the allocation of measured plumes and
the reporting of possible non-compliant ships.

AUTOMATION OF NON-COMPLIANT SHIP IDENTIFICATION

The automation of the analysis has been developed for the usage of the BSH alongside with
the data accumulation for MeSMarT. In February 2017 the software was completely fransferred
fo the BSH for their own further use and further development (e.g. adaptation to new sites).

From the Horiba instrument at the measurement station in Wedel, a file with all the
measurement data is generated every hour. It is fransferred automatically via internet
connection to a BSH server. The MATLAB analysis code continuously checks the availability of a
new file via the timer function by comparing the existing files with an internally generated list of
already analyzed files. If a new file is available, it is analyzed together with the two previous
files for peaks as described in detail in Kattner (2019). Using the two previous files generates an
overlap, which is important to avoid the cut off of peaks at the end of afile. If a peak is found,
its time stamp is compared to previously found peaks to avoid double analysis within that
overlap time. The FSC is calculated for each peak form the measured SO2 to CO2 mixing rafio.
If an exceedance is found and the ship allocation was successful, an automatically generated
E-mail is sent fo the responsible BSH scientist for a manual check of both the FSC and the ship
assigning. This ensures an additional step of quality control, before the E-mail is forwarded to
the responsible authorities (Port State Control and waterways police). In the next step the
authorities use this information as initial suspicion (clear ground) for further inspection related to
a minor offence or a criminal act of the responsible ship. The time it takes for the hourly
analysis, the subsequent manual check and the nofification of the police is typically between
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two and 20 hours. This is usually enough time for the police to be able to access and check the
ship during its berth duration of 24 to 72 hours, but it is not always enough time to acquire a
sample of the same fuel which was used while passing the measurement station. This could
result in false positive nofifications, since the legal prosecution can only take place based on
exceedances in fuel samples.

The procedure described with notification of the waterways police is of course only feasible for
ships entering Hamburg harbor. If a ship is measured with an exceeding FSC while leaving
Hamburg harbor, the responsible authority of the destination harbor is informed, if this
destination is within the European SECA.

NEW MEASUREMENT SITES

Based on the successful operation of the measurement station in Wedel and supported by the
experience and practical knowledge acquired during the MeSMarT projects, two additional
ship emission monitoring stations have been set up by the BSH. The identification of possible
measurement locations was supported by preceding test measurements with a laboratory van
of the University of Bremen (see next section).
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Figure 3-1: German ship emission monitoring network operated by BSH. While red triangles show locations of existing
land based measurement sites, the yellow triangle and blue circles indicate potential locations of new measurement
stations.

In June 2017, a station in Bremerhaven, the second largest harbor of Germany, was set up at
the northernmost edge of the container terminal, where all ships entering the harbor and the
Weser river in general are passing by. The implementation of this site was supported with
parallel measurements of the IUP Bremen mobile lab (detailed report in Ochtmann, 2017, in
german). The third German measurement station was set up in May 2018, in a military area at
the east coast of the Kiel Fjord. The station is located about 4 km north of the entrance to the
Kiel Canal, which is one of the world's busiest canals. With favorable wind conditions all ships
entering or leaving the Kiel Canal and the harbor of Kiel can be measured.

In 2020, the new BSH research vessel "Atair" will also be equipped with a measurement station
fo be able to perform compliance monitoring in the open North Sea and Baltic Sea. Prior to
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that, a short term campaign in the German Baltic Sea was carried out on board a vessel of the
German coast guard. These measurements are based on the experiences gained during the
ship cruises of the MeSMarT projects.

Since the transition of the measurement station in Wedel to a permanent monitoring station
operated by the BSH, the on-going measurements showed a decreasing number of FSC
exceedances. Figure 3-2 shows the distribution of measured FSC and the fraction of probably
non-compliant ships unftil 2019, provided by courtesy of the BSH. The pink trend line in the back-
ground shows the clear reduction of exceedance measurements until a compliance rate of
about 99% is reached in 2017.

The measurement stations in Bremerhaven and Kiel show a similar frend in the data. While
Bremerhaven has a very low number of possible non-compliant cases from the beginning, the
non-compliance rate in Kiel decrease significantly after the installation of the monitoring
station. This frend was already visible in 2018. An explanation can be the improved
acceptance of the FSC regulation and the awareness of the shipping industry of the
monitoring stations and the increased possibility of an inspection.
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Figure 3-2: Distribution of calculated FSC and trends for all German permanent ship emission monitoring sites (by
courtesy of A. Weigelt, BSH)

A similar trend has been observed and published in a report about compliance measurements
in Gothenburg, Sweden, and on the Oresund Bridge, Denmark, (Mellgvist et al., 2017).
Although the explanation in this report for the frend is an assumed technical effect of the
measurement system, it could also be caused by the deterrence effect of remote compliance

monitoring.

It can be concluded that the initial compliance with the MARPOL VI regulations was already
high since the beginning. The last few percent of non-compliance can be prevented by
establishing a more dense monitoring system in combination with a good cooperation with the
executive authorities and distribute this information to the shipping industry. The high
compliance rates enable modelling studies to correctly assess the reduction of SO2 pollution in
ECAs and provide a promising outlook on the implementation of future sulfur regulations as
well as new regulation on NOx emissions.
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SITE ASSESSMENT

One important task within MeSMarT-Il was the assessment of potential new monitoring sites in
particular in the area of the Baltic Sea. These sites should fill the gap in the monitoring network
of the BSH. Due to the prevailing wind direction in this region (Southwest) only locations east of
main shipping lanes are of interest. Since authorities in other countries reported higher non-
compliance rates for ships in the open sea, one idea was to find a monitoring location close to
the Kadettrinne where the ship density is very high and all ships coming from or going to the
Eastern part of the Baltic Sea including big harbors like Stockholm, Helsinki, Tallinn and St.
Petersburg are passing.

Figure 3-3: Ship density map taken from marinetraffic.com for the Baltic Sea covering the area from Kiel to
Swineminde (data from 2017). Sites, where test measurements have been carried out in June 2019, are indicated with
yellow dots.

In June 2019 three sites at the coast of the Baltic Sea have been examined with the IUP
Bremen mobile lab (see Figure 3-3 and 3-4). The truck is equipped with both, in situ and passive
remote sensing fechniques. High capacity batteries and an emergency generator enable
measurements without external power for atf least 24 hours.

Unfortunately for the sites Graal-MUritz and DarBer Ort only background values for both SO2
(<1 ppbv) and NOz2 (< 3 ppbv) were found, even meteorological conditions were quite
favorable with wind blowing from Southwest with 3 to 5 m/s. According to recorded AIS data
the distance to passing ships was about 18 km in case of DarBer Ort and 11 km in case of
Graal-MUritz, causing a very high dilution of possible ship plumes. According to Seyler et al.
(2019) the maximum horizontal effective path length for MAX-DOAS observations is 15 km in
the UV and 25 km in the visible, with typical values around 9 and 13 km respectively. This
means that only under very good viewing conditions measurements from shipping emissions at
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Graal-MUritz and DarBer Ort are possible, which was not the case on these days. In summary,
we cannot recommend the two sites for FSC monitoring. However, MAX-DOAS observations in
particular at DarBer Ort could help to monitor the general impact of new regulations on future
reduction of NOxon background concenftrations, similar to what was found in Neuwerk for
sulfur (see e.g. the MeSMarT-I report and Seyler et al., 2017)

In contrast, the site Hohe DUne was found to be a useful location for the monitoring of ship
emissions. Maximum values of about 10 ppbv for SO2 and 50 ppbv for NO were measured in
diluted ship plumes. In total 51 peaks of single ships could be analyzed, two of them possibly
non-compliant (Figure 3-5).

Figure 3-4: Picture of the IUP Bremen mobile lab in Hohe Dine close to the harbor Warnemiinde/Rostock.
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Figure 3-5: Distribution of FSC derived from ship plume measurements at the potential site Hohe Diine on June 19 to
June 21.
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SUMMARY AND OUTLOOK

WORK

WORK

WORK

PACKAGE 1

In July and August 2016 a measurement campaign (suitability study) has been carried
out with an scientific open-path DOAS instrument from the IUP Heidelberg.

In total more than 5000 peaks related to ship emissions were clearly identified,
providing an enhanced monitoring coverage compared fo in situ and passive remote
sensing observations.

Based on the experience of the campaign, a robust and easy to handle OP-DOAS
system was developed and installed in November 2018.

Absolute emission factors for SO2 and NOx have been derived, providing valuable input
for air quality models.

The lack of direct CO2 measurements prevents the calculation of FSC with the OP-
DOAS method. This should be solved with upcoming techniques using FTIR
spectrometer.

The OP-DOAS techniqgue is a promising fool for monitoring ship emissions but it is limited
to harbour orriver areas.

PACKAGE 2

A frace-level SOz system has been implemented in the IUP Bremen mobile lab,
providing an additional tool for the quality assurance of FSC monitoring.

In preparation of future regulations, NOx emission factors have been retrieved from in
situ data. Currently (2019) less than 10% of the ships comply with Tier-lll limits.
SO2/NO2-ratios have been calculated from passive remote sensing (MAX-DOAS) data
in Neuwerk and Wedel, showing a clear reduction after implementation of the new
SECA limit in 2015. However, the ratio cannot be used for compliance monitoring of
single ships.

An onion-peeling MAX-DOAS approach has been developed to study horizontal
inhomogeneities in the NOz2 distribution above shipping lanes.

New satellite instruments (TROPOMI onboard S5p) with its much improved spatial
resolution can detect additional shipping lanes and needs much less averaging than
previous satellite data sefs, resulting in impressive maps of ship emissions of NO2
However, fundamental limitations such as the low temporal sampling (once per day),
relatively low sensitivity fowards pollution close to the surface and the large ground
pixel size (3.5 x 5.5 km?2) limit the usability of satellite data for quantitative emission
control.

PACKAGE 3

The FSC analysis, the identification, and notification of possible non-compliant ships has
been automated.

The setup of the monitoring site in Bremerhaven was supported and an assessment of
potential new sites at the coast of the Baltic Sea was carried out. Hohe DUne was
found to a very promising site for compliance monitoring.
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In summary, the MeSMarT-ll project has shown that remote sensing fechniques can
complement but not supersede in situ measurements. The passive remote sensing is due to its
high sensitivity and robustness an ideal tool for observations of long-term frends as shown in
Seyler et al., 2017 and for monitoring horizontal distributions of trace gases (Seyler et al., 2019).
The open path DOAS technique impresses with its high monitoring coverage and again a very
high sensitivity (Schmitt et al. and Krause et al., 2020). However, the lack of direct CO2
measurements prevents the direct calculation of the FSC and therefore compliance
monitoring without any additional information. For the OP-DOAS this might be solved in the
future by the means of observations in the infrared.
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ACRONYMS AND ABBREVIATIONS

AIrMAP
AlS

BSH

CCD

DOAS

ECA

FOV

HPA

iDOAS

IMO

IUP Bremen
IUP Heidelbg.
LOS
LP-DOAS
MAX-DOAS
MeSmarT
MARPOL
MLH

NECA

NME

NO«

NOX

NO3z~

Airborne imaging DOAS instrument for Measurements of Atmospheric Pollution
Automatic Information System (automatic tracking system for ships)

Bundesamt fUr Seeschifffahrt und Hydrographie, Federal Maritime and
Hydrographic Agency, Germany

charge coupled device

Differential Optical Absorption Spectroscopy

Emission Control Area

field of view

Hamburg Port Authority, Germany

imaging DOAS

International Maritime Organisation

Institute of Environmental Physics, University of Bremen, Bremen, Germany
Institute of Environmental Physics, University of Heidelberg, Heidelberg, Germany
Line of Sight (during spectroscopic measurement)

Long-Path DOAS - active remote sensing system (similar to OP-DOAS)

Multi-Axis DOAS

Measurements of shipping emissions in the marine troposphere

International Convention for the Prevention of Marine Pollution from Ships (1973)
mixing layer height (MLH)

Nifrogen Emission Control Area

normalized mean error

Nitrogen Oxides (NO and NO2)

Oxidised Nitrogen compounds (NO, NO2, NOs, N2Os, HNOs3, and particle bound
Nifrate)

Nitrate
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OP-DOAS

OSPAR

SCD

SECA
SFC

SZA

VC, VCD
VMR

WSA

Long-Path DOAS - active remote sensing system (similar to LP-DOAS)

Oslo and Paris Convention for the Protection of the Marine Environment of
the North-East Atlantic (1992)

Slant Column Denisities (integrated number density of a tfrace gas along the light
path)

Sulfur Emission Control Area

Sulfur fuel content

Solar zenith angle

tropospheric vertical column density

Volume mixing ratio (volume ratio of trace gas to air)

Water and Shipping Authority, Germany
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