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Abstract: Ship emissions are a major cause of global air pollution, and in particular, emissions
from the combustion of bunker fuels, such as heavy fuel oil (HFO), show strong impacts on the
environment and human health. Therefore, sophisticated measurement techniques are needed for
monitoring. We present here an approach to remotely investigating ship exhaust plumes through
onboard measurements from a research vessel in the Baltic Sea. The ship exhaust plumes were
detected from a distance of ~5 km by rapid changes in particle number concentration and a variation
in the ambient particle size distribution utilizing a condensation particle counter (CPC) and a scanning
mobility particle sizer (SMPS) instrument. Ambient single particles in the size range of 0.2–2.5 µm
were qualitatively characterized with respect to their chemical signature by single-particle mass
spectrometry (SPMS). In particular, the high sensitivity of the measurement method for transition
metals in particulate matter (PM) was used to distinguish between the different marine fuels. Despite
the high complexity of the ambient aerosol and the adverse conditions at sea, the exhaust plumes of
several ships could be analyzed by means of the online instrumentation.

Keywords: single-particle mass spectrometry; shipping emissions; sulfur emission control areas;
sulfur cap; remote detection monitoring; marine fuel type determination through airborne particles

1. Introduction

Ship emissions from global maritime cargo and passenger transport contribute sig-
nificantly to global air pollution. Contrary to European and U.S. trends of overall air
pollution reduction, shipping is subject to much lower rates of change and continues to
emit high loads of PM2.5, sulfur, carbonaceous aerosols, and metals [1–7]. These pollutants
are particularly known for their severe effects on the climate and human health. Between
60,000 and 400,000 premature deaths from respiratory diseases and lung cancer each year
are attributed to ship emissions, as are 14 million cases of childhood asthma [8]. Coun-
termeasures to date have included a global reduction of the permitted sulfur content in
ship fuel to 0.5% fuel mass and to 0.1% in sulfur emission control areas (SECA). SECAs
have been established in several coastal regions and ports worldwide, such as the entire
North American coastal region, the North Sea, the Baltic Sea, and all European Union (EU)
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ports, to reduce air pollution from ship emissions [9]. Most vessels operating in SECAs
use compliant low-sulfur fuels such as marine gas oil (MGO), but desulfurized hybrid
blends of low-grade fuel are also in use [10]. In order to enable the use of lower-priced
bunker fuel such as heavy fuel oil (HFO) in SECAs, exhaust gas scrubbers are installed in
the downstream gas line, which significantly reduce SO2 emissions [5,11,12]. This exhaust
gas treatment can also reduce the overall pollutant emissions of the gas and particle phases,
which can have a positive effect on human health and the environment [12–14]. However,
the reduction of the particle phase is often limited [5,11,12,15], so strong health and envi-
ronmental effects are expected to remain, especially through the allowed use of low-grade
bunker fuels when scrubbers are installed [16–18]. Previous studies have shown that the
type of fuel has a major impact on the physical and chemical properties of emissions [19–22]
and on their health effects [23,24]. Severe acute biological effects have also been shown for
cleaner low-sulfur fuels such as MGO without filter technology; nevertheless, enhanced
long-term effects could be demonstrated with the combustion of HFO [24].

Currently, numerous ships in SECAs around the world are taking advantage of the possi-
bility of using low-cost bunker fuels in combination with SO2 scrubbers. The low effectiveness
of scrubbers in terms of the particulate phase, their significant acute biological effects, and their
long-term effects show the need for further research and regulation in this area.

Compliance monitoring is therefore important, but this requires the large-scale use
of sophisticated measurement technology. Routine monitoring sites usually rely on gas
phase measurements of carbon dioxide (CO2) and sulfur dioxide (SO2) in plumes from
passing ships at bridges or port entrances [25,26]. Since these control points are well known,
random onboard controls with sampling are conducted [10], as are occasional airspace
monitoring by unmanned aerial vehicles at short distances [27] and surveillance flights
at longer distances [28]. Particles often reveal very specific and source-related physical
and chemical properties and are often transported by the wind over long distances. This
enables the analysis of particulate matter (PM) from a distance of several hundred meters
to several kilometers on board control vessels [29–32], but also from land-based measuring
stations downwind of shipping lanes, measuring ambient air while recording the ship
transponder data (automatic identification system, AIS) [33]. Measurements of PM from
ship exhaust have even been successfully performed over distances up to 38 km [6,34,35].
These measurements of particle number concentrations and size distribution changes
require clean air conditions; if not, they are reliant on individual marker substances.

Especially in densely populated coastal regions with highly complex aerosols, mea-
surement techniques rely on specific marker substances for source apportionment, which
are combinations of the transition metals V, Fe, and Ni for ship emissions [36,37]. Single-
particle mass spectrometry (SPMS) is capable of detecting these metals in real time [38,39]
and has been used in several studies in ports and other land-based monitoring stations to
document air pollution from ships [40–42]. It has demonstrated the ability to distinguish
between distillate fuel combustion and bunker fuel operation [43–46].

In this study, we apply SPMS to detect individual ship exhaust plumes from several
kilometers away in combination with number-based measurement techniques such as
condensation particle counters (CPC) and scanning mobility particle sizers (SMPS) on board
the research vessel (RV) Elisabeth Mann Borgese in Lübeck Bay, Baltic Sea. Measurement
systems such as SMPS and CPC provide a reliable standard measurement technique for
determining the size-related number concentration in ambient air. Therefore, the systems
are suitable for ambient air monitoring and rapid detection of ship exhaust plumes. The
integration of such number-based measurements and SPMS, which is able to perform real-
time chemical characterization of individual particles, can offer a powerful combination
for stationary and marine onboard measurements. This powerful combination of highly
sensitive measurement instruments has not been used before for flexible marine onboard
measurements of ship exhaust plumes, which is a major advantage over land-based and
well-known measurement sites.
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2. Materials and Methods
2.1. Single-Particle Mass Spectrometer

The SPMS instrument used in this project was manufactured by Photonion GmbH,
Schwerin, Germany, and its detailed functionality has been described in several publi-
cations [47,48]. Briefly, the device is a bipolar time-of-flight mass spectrometer with an
aerodynamic lens and an optical sizing unit, which is similar in basic concept to the
ATOF-MS [49]. For velocimetric particle sizing, two 75 mW continuous wave lasers with a
wavelength of 532 nm, ellipsoidal mirrors, and photomultipliers are employed. To obtain a
considerably more compact design, the mass spectrometer was manufactured in Z-TOF
geometry, which was introduced by Pratt et al. (2009) [50]. The instrument was equipped
with a KrF excimer laser for ionization of the single particles (λ = 248.3 nm, PhotonEx,
Photonion GmbH, Schwerin, Germany). As discussed in previous publications, this wave-
length is very well suited for resonance-enhanced laser desorption/ionization (LDI) of iron
and other transition metals [51], which is advantageous for the analysis of ship exhaust
particles in ambient air. As already described by Passig et al. (2021), the optical setup was
optimized to achieve a hit rate of about 50% (# mass spectra/sized particles) [46]. The
lens (f = 200 mm) is brought to an off-focus position of 7 mm relative to the particle beam,
resulting in a spot size of 150 × 300 µm and an intensity of 5 GW cm−2 at 6 mJ pulse
energy [46,52].

2.2. Measurement Site and Aerosol Sampling

The measurements were carried out on board the German RV Elisabeth Mann Borgese
in the Bay of Lübeck, about 10 km northeast of Travemünde, with the vessel anchored at
the given position during the entire measurement period (54◦01′31′′ N, 011◦04′10′′ E). At
this location, the incoming and outgoing ship traffic from Lübeck/Travemünde could be
detected and analyzed from a distance of 2–5 km at westerly winds (Figure 1). The ambient
air for ship emission analysis was sampled at around 20 m (height) above sea level upwind
of the research vessel’s stack to avoid contamination from its own exhaust gas. Because
of the large distance to the ships, particle enrichment technology was required for SPMS.
For this purpose, an aerosol concentrator was used (model 4240, MSP Corp., Shoreview,
MN, USA) [53], which concentrates particles from a 300 L min−1 intake air stream into a
1 L min−1 carrier gas stream. The particles then passed through an aerosol dryer (model
MD-700-12S-1, Perma Pure LLC, Lakewood, NJ, USA) and were finally concentrated by an
additional virtual impactor stage at the inlet of the SPMS to 0.1 L min−1 [54]. The initial
concentrator was designed for particles above 1 µm, so the concentration factor for a 0.5 µm
particle size is estimated to be 10:1 and drops rapidly for smaller particle sizes, as shown in
previous studies [51,55]. For this reason and the detection limitation of SPMS for particles
smaller than ~150 nm [49,56], the focus of SPMS data evaluation is placed here on particles
in a size range of 0.25–2.5 µm rather than on the ultrafine size mode.

A second sampling line, which was not connected to the concentrator, was utilized to
operate a condensation particle counter (CPC), a scanning mobility particle sizer (SMPS,
both model 5420, Grimm Aerosol Technik GmbH & Co. KG, Ainring, Germany), and
a miniature scanning electrical mobility sizer (mSEMS) with an advanced mixing-based
condensation particle counter (aMCPC, Brechtel Manufacturing Inc., Hayward, CA, USA).
The CPC was utilized for plume detection with a flow rate of 0.3 L min−1 and provided
absolute number concentration data of ambient aerosol at a one-second resolution. The
SMPS was operated at the same flow rate with a soft X-ray neutralizer, 3 L min−1 sheath
flow, 130 voltage steps, and an up and down scan in a size range of 10–1000 nm. The
mSEMS and aMCPC were equipped with an omnidirectional inlet (model 801567, TSI Inc.,
Shoreview, MN, USA) and operated at 0.27 L min−1 sample flow, 2 L min−1 sheath air flow,
120 size bins, and 63 s up and down scan in a size range of 5–300 nm.
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Figure 1. The map section of the region for overview illustrates the position of the research vessel
in the Bay of Lübeck (Baltic Sea), wind direction, as well as the course of the shipping route to
Lübeck/Travemünde.

2.3. Meteorological Data

Data on wind direction, wind speed, temperature, air pressure, and humidity could
be determined by the measuring station on board (Table A1). The air trajectories were
calculated with the interactive HYSPLIT web tool of the National Oceanic and Atmo-
spheric Administration model GDAS with a 0.25◦ resolution (https://www.ready.noaa.
gov/HYSPLIT.php, last accessed on 24 February 2023) [57].

2.4. Data Analysis

To identify the plumes emitted by the transiting ships, a condensation particle counter
(CPC) was applied to determine the total number concentration, a scanning mobility
particle sizer (SMPS), and mSEMS and aMCPC were used for the size distribution and
particle mass concentration. If there was a significant change from the background at the
same time in particle number, particle mass, and size distribution, ion marker screening
was performed in the single-particle mass spectra during these time periods.

Raw time-of-flight mass spectrometer data were converted to nominal resolution mass
spectra based on peak area using custom software on the Matlab platform (MathWorks Inc.,
Natick, MA, USA). Through ion marker screening, by using markers for ship emissions
from LDI SPMS known from previous studies [40,43–46,58], it was possible to identify the
ship exhaust plumes from single-particle data. The ion markers used to detect ship particles
in the single particle mass spectra were 40Ca+, 51V+, 54/56Fe+, 58/60Ni+, and 67VO+ in the
positive ion mass spectrum and 12nCn

− (numbers 1–9 were used for n), 97HSO4
−, and

80SO3
− in the negative ion spectrum. The notation used here gives the nominal mass-to-

charge ratio of the element or molecule under consideration, the element symbol or formula,
and the charge. Since several carbon clusters can usually be observed in the spectrum of
soot-containing particles, a general notation has been chosen here. Particles with a ratio
of V/(V + Fe) > 0.1 and a signal >0.3 for 97HSO4

− and the simultaneous presence of a
carbon cluster and the above-mentioned metal ion signals represent particles from bunker
fuel combustion. Particles with a ratio of V/(V + Fe) < 0.1, 40Ca+ > 0.1, a signal <0.1 for
97HSO4

−, and the simultaneous presence of carbon cluster ion signals represent particles
from distillate fuel combustion.

To provide an overview of the particle types found in the ambient air, all particles
were classified using the adaptive resonance theory neural network (ART-2a) [59], which

https://www.ready.noaa.gov/HYSPLIT.php
https://www.ready.noaa.gov/HYSPLIT.php


Atmosphere 2023, 14, 849 5 of 15

is from the open-source toolkit FATES (Flexible Analysis Toolkit for the Exploration of
SPMS data) [60]. The following parameters were used for the analysis: a learning rate of
0.05, a vigilance factor of 0.8, and 20 iterations. SPMS, in general, provides a number of
individual particles with specific chemical signatures but not the mass concentration of
these components.

3. Results
3.1. Temporal Profile of Airborne Particles

The observations took place in early autumn with mean wind speeds of 10.8 m s−1

(5–6 Bft, max. wind speed: 22.2 m s−1; min. wind speed: 6.9 m s−1) from westerly direc-
tions 270◦ ± 30◦ and 2–5 km downwind the main shipping route to Travemünde harbor
(back trajectories are given in Figure A1). The mean PM1 mass measured on board was
0.24 µg m−3 and reached peak values of about 1.5 µg m−3 during the single pollution events
caused by transiting ships (Lübeck City measuring station St. Jürgen, 15 September 2022,
mean daily PM10 value 8.13 µg m−3, https://www.schleswig-holstein.de/DE/fachinhalte/
L/luftqualitaet/Messstationen/LuebeckStJuergen.html, last accessed on 26 February 2023).
The progression of particle counter measurements for 09/15/2022 from 10:00 AM over 14 h
is shown in Figure 2. Figure 2a depicts the absolute number concentration of particles in
the ambient air at the measurement site in P ml−1, and in Figure 2b the mass concentration
in µg m−3 is given (calculated particle mass from SMPS data with a relative density of one).
Several major individual events can be highlighted during the course of the day, five of
which could be identified as passing ships in conjunction with the data from SMPS, mSEMS
and aMCPC, and single-particle MS.
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Figure 2. (a) Total number concentration of airborne particles from CPC with a resolution of 1 s
shows several tagged single events throughout the measurement day, which were evaluated for this
publication and are related to ship passages. (b) Mass concentration of airborne particles measured
by SMPS in a size range of 10–1000 nm. Calculated particle mass from SMPS data with a relative
density of 1.0. (c) Average anion mass spectra (neg. LDI) and cation mass spectra (pos. LDI) from
the single pollution event II, showing ion signatures of residual fuel emission particles and a mean
aerodynamic diameter of ~520 nm.
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3.2. Chemical Profile of Ship Emission Particles

During the research cruise onboard the RV Elisabeth Mann Borgese on 15 September
2022, 53,597 particles could be sized and chemically analyzed by single-particle mass
spectrometry in a timeframe from 11:00 a.m. to 11:00 p.m. (UTC+2). Transient increases in
the particle number data from the CPC, SMPS, and mSEMS in the relevant size range of
30–150 nm indicated the presence of ship exhaust plumes. Within these events, the single-
particle mass spectra were visually inspected, and particles originating from ship emissions
were identified and analyzed. The average mass spectrum of single particles from bunker
fuel emissions is given in Figure 2c (pollution event II), whereas the relative peak intensities
do not represent the mass concentration of these species. In previous studies of ship
emissions, vanadium ion signatures strongly dominated over Fe and Ni [43,44], resulting
in vanadium often being used as the singular marker in single-particle mass spectrometry
(SPMS) [45]. Due to the resonant ionization of iron by the KrF excimer laser [51] and the
resulting significantly higher signal yield of particle-bound Fe, the selection criterion can
be extended to V–Fe–Ni [46]. In addition to the signals and ion patterns of the transition
metals V, Fe, and Ni, particles with strong signals for Ca, which originate from the additives
of the lubrication oil, are also found in ship exhaust plumes [61,62]. Due to the higher sulfur
content in the bunker fuel, intense signals for 97HSO4

− and 80SO3
− can be detected in the

anion mass spectra. In addition, frequently occurring signal patterns for EC (elemental
carbon clusters; 12nCn) and OC (organic carbon) in combination with the other marker ions
mentioned above can enable the evaluation and detection of ship emission particles.

In the observation period, five individual pollution events could be associated with
ship passages and identified. The ion pattern screening for particles from ship exhaust
plumes was successful in finding and assigning a total of 226 particles in the five sections
marked in Figure 2a,b, corresponding to a mean hit rate (ship particles/# mass spectra) of
about 13%. All events are marked and color-coded in Figure 2 (I–V). In (c), the normalized
spectrum of a typical single-particle mass spectrum from the ship exhaust of bunker fuels
such as heavy fuel oil (HFO) is shown. The combination of 40Ca+, 51V+, 54/56Fe+, and
58/60Ni+ in the positive spectrum and 97HSO4

−, 80SO3
−, and 12nCn

− carbon clusters in the
negative spectrum shows all characteristic marker signatures for SPMS of ship exhaust
particles from HFO. The mean aerodynamic diameter of the particles from this single
pollution event is about 520 nm.

The general composition of the whole dataset is shown by a cluster analysis using the
ART-2a algorithm; the results can be seen in Figure 3. The analysis revealed 936 particle
clusters, with the first 260 containing >86% of all particles included in the cluster analysis.
Similar clusters were inspected based on the ion signal pattern and manually grouped into
seven particle classes. The seven clusters are, in descending percent frequency throughout
the data set, sea salt (25%), KCN (23%), KCN sulfate (17%), OCEC nitrate (15%), unclassified
(14%), ECOC (4%), and VFeNi (1%). Marine particles from bunker fuel (VFeNi) account for
only about 1% of the signals, with the total share of combustion particles containing soot
(ECOC and VFeNi) being about 5%. The high proportion of sea salt particles in the data set
can be explained by the measurement location and the partly strong wind. Particles of the
classes KCN, KCN sulfate, and OCEC nitrate represent 55% of all analyzed particles and
can be attributed to various natural and anthropogenic sources such as biomass combustion
and daytime photochemical formation of SOA (secondary organic aerosol). The partially
high intensities of the signals for sulfate and nitrate show a high proportion of secondary
material. An overview of the seven main particle classes of the cluster analysis with their
respective principal components is given in Figure A2.
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Figure 3. Percentage distribution of particle classes according to the cluster analysis shown in Figure A2
for onboard measurements on 15 September 2022. The particle classes sea salt, K-CN, KCN sulfate,
and unclassified particles already contain about 79% of all clustered particles, and only about 5% of
all clustered particles can be attributed to fossil fuel combustion. About 1% of the particles showed a
V–Fe–Ni-rich signature and can be directly attributed to ship emissions from residual fuel combustion.

4. Discussion
4.1. Ship Plume Detection

The fast mSEMS and aMCPC systems were applied to evaluate the size distribution of
the detected ship exhaust particles. The size distributions of individual ship exhaust plumes
are depicted in Figure 4a as a function of time from mSEMS and aMCPC measurements. In
addition to a continuously high concentration of particles in the range of 5–20 nm, which
indicates natural sources such as new particle formation (NPF) [63–65], single pollution
events in the range of 30–150 nm with an average duration of 250 s can be detected. This
is consistent with both laboratory experiments on ship emissions [5] and ambient air
measurements [30,33].

4.2. Ship Particle Characterization

The seaport of Lübeck-Travemünde is one of the major German Baltic Sea ports, with
an annual capacity of over 400,000 passengers and several million tons of goods handled.
The entire Baltic Sea area is a SECA with a 0.1% limit for sulfur in fuel mass, and the
compliance level is considered very high with >95% [10], so a violation here will rarely
be detected within a one-day measurement. Many of the cargo and passenger vessels
operating in the Baltic Sea are equipped with sulfur scrubbers [66], which remove SO2
from the exhaust gas with high efficiency [5,12,15] and allow the use of cheap bunker fuels.
However, studies reveal that the impact of sulfur scrubbers on particulate emissions is
rather moderate [5,12,15]. The exact mode of operation is described elsewhere in more
detail [5,15]. In general, scrubbers run in an open- or closed-loop process. They scrub
SO2 with significant efficiency, as well as part of the PM from the ship’s exhaust, utilizing
large quantities of seawater, which in the closed-loop process must later be disposed of
as wastewater. Several ships equipped with such a sulfur scrubber system operate in the
ferry port of Lübeck-Travemünde. These ships operate on different routes to Sweden and
Finland, with several passages per day.
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distribution of mSEMS and aMCPC of each ship exhaust plume over time and in a size range of
5–300 nm. Section (b) provides SPMS data on the duration of the plume, the fraction of ship exhaust
particles out of the total number of particles measured, the mean aerodynamic diameter of ship
exhaust particles measured in the SPMS, the peak ratio of V and Fe, as well as the relative intensity of
97HSO4

− ions to distinguish between distillate and residual fuel. Section (c) depicts the average mass
spectra of positive and negative ions from SPMS of identified ship particles from each pollution event.
Key ions for the evaluation of ship particles in ambient air are marked (40Ca+, 51V+, 54/56Fe+, 67VO+,
46NO2

−, 62NO3
−, 80SO3

−, and 97HSO4
−). While the ion patterns suggest that pollution events I–IV

originated from bunker fuel combustion, the particles from event V are more likely to have originated
from distillate fuel combustion.

In SPMS measurements of airborne particles, the signals of transition metal cations
were found to be significantly more stable and reliable marker signals than the ion patterns
of EC, OC, and alkali cations, which occur more frequently and in many different particle
classes [58,67]. Vanadium has been used as a marker ion in many previous SPMS studies
and is well-established. For the detection and differentiation of different marine fuels,
the ratio of V and Fe can be used as a first approximation (Figure 4b, peak ratio) [46,68].
In addition to the transition metal ions, 40Ca+ ions could also be detected in all particle
classes of ship exhaust plumes, which have already been characterized as residues of
additives from lubrication oil in several studies [69,70] and could also be detected in
PM from ship emissions [20,71]. Besides the ion patterns of the alkali and transition
metals, significant differences in the sulfate signatures can also be detected. Ion profiles
for sulfate can be indicative of secondary and aged particles. Freshly emitted particles
from bunker ship fuel such as HFO contain significantly higher amounts of sulfur than
distillate fuel such as MGO and can be detected via gas–particle conversion of SO2 through
SPMS measurements [43,44,72]. As a first-level discriminator, the ratio between V and
Fe in relation to the peak intensity of 97HSO4

− can be used in the ion marker screening
(Figure 4b). On a second level, the ion signal patterns of the carbon clusters 40Ca+ and
56CaO+ can be considered for evaluation. Based on these results, the individual pollution
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events I–IV can be assigned to the combustion of bunker fuel by passing ships, whereas the
ion patterns of event V originate more likely from distillate fuel combustion.

However, the mean particle sizes show a large agreement between events (400–520 nm,
Figure 4). One explanation for this is due to the design of the instrument and the detection
of the particles in the inlet system based on Mie scattering. When using the 532 nm
scattering wavelength, the Mie scattering drops drastically when approaching the Rayleigh
limit around 150 nm [73]. In addition to the instrumental influences of the optical particle
detection and the concentrator unit, particles in the accumulation mode are often dominant
in ambient air in the absence of local emissions. Particles are rapidly accumulating due to
secondary material or condensation [74].

Ambient air measurements using SPMS can result in a variety of ion patterns de-
pending on the nature of the airborne particles [38,55,75–77]. Figure 3 illustrates the most
important particle classes in relation to their abundance in the detected data set, and
Figure A2 depicts the nominal mass spectra of the corresponding cluster centers. In the
prevailing weather conditions with strong wind and resulting swell, most of the particles
detected are sea salt and other partly organic and partly inorganic particles. Besides some
aged aerosol, only about 1% of the particles can be directly attributed to ship emissions
from bunker fuel combustion due to their V–Fe–Ni-enriched signature. However, the
use of the single-particle technique enables the detection of particles from ship emissions,
although they represent only a minimal fraction of the total number of particles.

5. Conclusions

This study enabled us to demonstrate marine-based detection and chemical analysis
of ship emission particles aboard a research vessel from a distance of ~5 km. Thereby, the
combination of fast CPC, SMPS, and mSEMS and aMCPC, as well as single-particle MS, in
combination with weather data, highlighted the strengths and fast detection capabilities
of airborne ship emission particles. It was shown that PM emissions from ships using
HFO and sulfur scrubbers can still be detected and evaluated by their metal and sulfur
signatures. This indicates that emissions of health-relevant transition metals and sulfur in
PM are not efficiently removed by the scrubbers, and other exhaust gas cleaning equipment
is needed to treat ship exhaust gas. In order to perform the detection and analysis of
ship exhaust plumes with higher accuracy and in an automated way in land-based or
marine-based monitoring stations in the future, SPMS monitoring stations should be able
to perform the source attribution autonomously using local weather data, online available
ship transponder data, and plume dispersion models [78,79]. To overcome the main
disadvantage of the wind dependency of the measuring station, a stationary and a mobile
unit (land- or marine-based) could be used.
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Table A1. Presents hourly averaged meteorological data from onboard measurements of the RV 
Elisabeth Mann Borgese measured on 15 September 2022, at the above-mentioned coordinates 
(Figure 1, Section 2.2.). 

Time Wind Direction Wind Speed [m/s] Air Pressure [hPa] Temperature [°C] Humidity [%] 
11:00 259° ± 5° 10.1 ± 1.5 1001 ± 0.1 15.8 ± 0.2 65.7 ± 2.1 
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13:00 264.7° ± 5.3° 9.1 ± 1.5 1001.4 ± 0.2 15 ± 0.5 69 ± 1.7 
14:00 274.5° ± 12.8° 11.3 ± 1.5 1001 ± 0.1 15.9 ± 0.3 65.2 ± 3.5 
15:00 271.6° ± 12.7° 11.4 ± 1.7 1001 ± 0.1 15.8 ± 0.3 63.9 ± 2.8 
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17:00 282.7° ± 8.3° 10.9 ± 1.6 1001.2 ± 0.1 15.3 ± 0.1 63.4 ± 3 
18:00 280.4° ± 6.2° 11.2 ± 1.4 1001.4 ± 0.2 14.9 ± 0.2 61 ± 2.5 
19:00 271.4° ± 9.3° 10.8 ± 1.3 1001.8 ± 0.1 14.3 ± 0.3 66.7 ± 3 
20:00 267.3° ± 5.5° 10.7 ± 1.1 1001.9 ± 0.1 13.8 ± 0.2 71.8 ± 1.9 
21:00 262.1° ± 6.4° 11 ± 1.2 1002 ± 0.1 13.4 ± 0.2 75.4 ± 1.7 
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