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Abstract 81 

 82 

The 72-foot sailing yacht Eugen Seibold is a new research platform for contamination-free 83 

sampling of the water column and atmosphere for biological, chemical, and physical properties, 84 

and the exchange processes between the two realms. Ultimate goal of the project is a better 85 

understanding of the modern and past ocean and climate. Operations started in 2019 in the 86 

Northeast Atlantic, and will focus on the Tropical Eastern Pacific (TEP) from 2023 until 2025. 87 

Laboratories for air and seawater analyses are equipped with down-sized and automated state-88 

of-the-art technology for a comprehensive description of the marine carbon system including 89 

CO2 concentration in the air and sea surface, pH, macro- and micro-nutrient concentration (e.g., 90 

Fe, Cd), trace metals, and calcareous plankton. Air samples are obtained from ca. 13 m above 91 

sea surface and analyzed for particles (incl. black carbon and aerosols) and greenhouse gases. 92 

Plankton nets and seawater probes are deployed over the custom-made A-frame at the stern of 93 

the boat. Near Real-Time Transfer (NRT) of underway data via satellite connection allows 94 

dynamic expedition planning to maximize gain of information. Data and samples are analyzed 95 

in collaboration with the international expert research community. Quality controlled data are 96 

published for open access. The entire suite of data facilitates refined proxy calibration of 97 

paleoceanographic and paleoclimate archives at high temporal and spatial resolution in relation 98 

to seawater and atmospheric parameters. 99 

 100 

 101 

Plain language summary 102 

 103 

The new research sailing yacht Eugen Seibold enables clean, contamination-free sampling of 104 

air and seawater to better understand the interactions between ocean and climate. For example, 105 

the oceans remove increasingly less carbon dioxide (CO2) from the atmosphere the more 106 

saturated they are with CO2 (ocean acidification). However, a detailed systematic understanding 107 

of air-sea exchange processes remains to be developed. We analyze air and seawater as well as 108 

the exchange of greenhouse gases and other substances such as aerosols and soot (black carbon) 109 

between air and seawater at high resolution using modern materials and technologies. Scaled-110 

down, energy-efficient, and automated probes developed over the past decade are being used 111 

to measure around 50 different characteristics of the marine environment. The work deck at the 112 

stern of the boat allows the use of custom-made water samplers and plankton nets to study the 113 

ocean to below 1000 m depth. In addition, the new data enables a better understanding of past 114 
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ocean archives, such as the marine plankton accumulated in seafloor sediments, to reconstruct 115 

past climate changes. From 2019 to 2022, the S/Y Eugen Seibold sailed in the eastern North 116 

Atlantic and will operate in the tropical eastern Pacific until 2025. 117 

 118 

 119 

1 Background & Summary 120 

 121 

The open ocean has been sampled since the mid 19th century onwards with an international fleet 122 

of ships (e.g., Thomson and Murray, 1884). Since the early 20th century, diesel-powered vessels 123 

have been employed to sample the physical, chemical, and biological state and composition of 124 

the oceans for a better hydrological, ecological, climatological, and paleoceanographic 125 

understanding of the Earth system. Expeditions have been funded by national agencies, and 126 

advance planning of typically two to three years have been required to establish a logistic and 127 

financial basis. From the early 2000s, sailing yachts such as the Sorcerer II (Gross, 2007) have 128 

been employed for targeted sampling of plankton and other properties of the surface water 129 

column, and allow dynamic short-to-mid-term planning at much smaller budgets than needed 130 

for the larger vessels coordinated by the governmental panels. As a results, projects such as 131 

Tara Oceans (e.g., Pesant et al., 2015) have provided previously inaccessible insights into the 132 

ecology and carbon turnover of the surface ocean, with a global focus on metagenomics and 133 

plankton biodiversity (de Vargas et al., 2015; Biard et al., 2016; Guidi et al., 2016). 134 

 135 

The S/Y Eugen Seibold, call sign CRA7241, is the latest addition to the international fleet of 136 

small research vessels designed for targeted sampling of the blue ocean for a better 137 

understanding of the ocean environment including the overlying atmosphere, air-sea exchange 138 

processes at the regional to global scale, and multi-parameter calibration of marine planktic 139 

archives and paleo-proxies. It is meant to foster the scientific understanding of the modern 140 

oceans, and to improve reconstruction of oceanographic and climatic conditions over past 141 

climate cycles. The S/Y Eugen Seibold project is part of the EU funded AtlantECO 142 

(atlanteco.eu) and the German DAM-Underway-Research Data (allianz-meeresforschung.de), 143 

which provide frameworks of resources to support a global understanding of the changing 144 

oceans. 145 

 146 

The sailing vessel provides clean conditions for continuous collective contamination-free (C3s) 147 

sampling of both atmosphere and ocean, with a maximum autonomy of combustion-free 148 
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“clean” sailing of 14 hours provided by a 65 kWh battery (Table 1). The scientific infrastructure 149 

includes trace metal clean polytetrafluoroethylene (PTFE) inlets for sampling the atmosphere 150 

and ocean, laboratories, and probes for in-situ sampling of the surface water column (Table 2). 151 

The full navigational and scientific setup was tested, and the first deep water site was sampled 152 

on April 10, 2019. Following adjustments for the compatibility of the many different probes for 153 

air and water analyses (Table 2), such as alternating CO2 measurements from air and surface 154 

ocean, a North-to-South transect was sampled in the eastern North Atlantic in 2020 and 2021 155 

(Table 3).  156 

 157 

The S/Y Eugen Seibold expeditions along the 20-West-Transect comprise 15 targeted scientific 158 

campaigns in 2020 and 2021 (Table 3), plus six educational cruises with students from 159 

European (mostly Swiss and German) and West African (WASCAL-CV, Mindelo, São 160 

Vicente, Cabo Verde) universities. The transect spans the eastern North Atlantic (Figure 1) and 161 

provides an integrated high-resolution multi- and cross-disciplinary approach to the climate 162 

biogeochemistry of the modern ocean and overlying atmosphere, for a better understanding of 163 

air-sea exchange processes that affect climate at the regional to global scale. 164 

 165 

In the following, we provide a technological and conceptual overview of the research platform 166 

and the scientific perspectives of the project. First data from the campaigns to the Northeast 167 

Atlantic are presented and discussed for the scientific significance, and the further perspective 168 

of this project and similar projects in development for better understanding of 169 

 170 

• the physical, chemical, and biological properties of the surface ocean and lower 171 

atmosphere at a high temporal (second scale) and spatial (meter scale), and  172 

• the exchange processes between the two realms, which affect the regional and global 173 

climate, including 174 

• a comprehensive description of the marine carbon system including CO2 concentration 175 

in the air and sea surface. 176 

• Subsequently, we aim for an improved calibration of paleoclimate proxies and archives 177 

in relation to seawater and atmospheric parameters. 178 

• Ultimately, the new findings may be fed into numerical models to better predict future 179 

changes of the complex ocean and climate systems. 180 

 181 



 6 

This article acts as an introduction to the JGR-Atmospheres and Earth and Space Science 182 

special section titled Probing the open ocean with the research sailing yacht Eugen Seibold for 183 

climate geochemistry. The respective analytical methodologies, sampling techniques, and data 184 

processing and management will be detailed in the topical papers emerging from the S/Y Eugen 185 

Seibold project. 186 

 187 

 188 

Figure 1. The S/Y Eugen Seibold under sails off Lanzarote Island. Air is sampled from ca. 13 189 

m above sea surface at the top of the black tube behind the beam. Devices for sampling of the 190 

water column are deployed from the A-frame at the stern (see also Figure 3). Photo, D. Jack, 191 

MPIC. 192 

  193 
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Table 1. Technical data and dimensions of the S/Y Eugen Seibold. *Maximum payload 194 

includes persons, materials, and liquids such as water and fuel. Supply voltages are 12 Vdc 195 

and 330 Vdc.  196 

 197 
  198 

Dimensions and Occupation
Length over all L MAX 23.87 m
Length of hull L H 21.86 m
Length of water line L WL 20.84 m
Width over all B MAX 6.00 m
Draft of hull t c 1.00 m
Draft, maximum t MAX 3.22 m
Height over water line H MAX 30.00 m
Maximum payload* mmtl 6734 kg
Displacement, empty mlc 40020 kg
Displacement, max mldc 46476 kg
Accommodation number 8 berth
Maximum occupation number 12 persons

Power Supply and Autonomy
Main engine mechanical power output Pflywheel 155 kW
Main engine electrical power output Palternators 15 kVA
Diesel genset electrical power output Pgenset 12 kVA
Wind generator electrical power output Pwind 0.7 kW
Main battery capacity Ebattery 65 kWh
Maximum emission-free operation (no air-conditioning) tzero-emission 14 hours
Maximum emission-free operation (with air-conditioning in mid-latitudes) tzero-emission-A/C 7 hours
Total power delivery at 230 Vac P230V 16 kVA
230 Vac power available for scientific instruments P230V-science 4 kVA
Total power delivery at 24 Vdc P24V 11 kW
24 Vdc power available for scientific instruments P24V-science 2 kW

Sails
Main sail sail area 125 m2

Jib sail area 102 m2

Storm jib sail area 20 m2

Try sail sail area 30 m2

Reacher sail area 215 m2

Table 1. Technical data and dimensions of the S/Y Eugen Seibold . Maximum payload includes persons, materials, 
and liquids such as water and fuel. Supply voltages available on request are 12 Vdc and 330 Vdc.
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Table 2. Laboratories, sensors, and sampling devices for analyzing the atmosphere and ocean. 199 

For the positions of laboratories and devices see Figure 3. MPIC indicates own developments 200 

at the Max Planck Institute for Chemistry. 1Petäjä et al. (2006), 2Knutson et al. (1975), 3Franco 201 

et al. (2022), 4Schwarz et al. (2022), 5Könemann et al. (2019). 202 

 203 
204 

Wet Laboratory Probes Brand Purposes and Parameters
Flow Cytometer CytoSense cell counts of bacterioplankton, phytoplankton, and zooplankton
FastOcean FRRF and Act2 Chelsea Technologies active chl-a fluorescence and derived parameters
Filtration Racks MPIC various filtration racks for seawater analyses
Milli DI and Simplicity Milli-Q deionized and ultraclean water for processing of samples
Freezers and Fridges various brands freezing (-20 °C) and cooling (+4 °C to +8 °C) of samples
FerryBox    SubCtech analyses of seawater from 3.2 m water depth (keel)
Thermosalinograph, SBE45 Sea-Bird Scientific water temperature and salinity in sampling chamber
In-situ Thermometer at the Hull SoundNine Inc. water temperature at the hull
Oxygen Optode 4835 Aanderaa dissolved oxygen, oxygen air saturation, water temperature 
ECO Triplet Fluorometer WET Labs, Inc. chlorophyll, phycocyanin, CDOM
EnviroFlu Sensor TriOS GmbH Polycyclic Aromatic Hydrocarbons (PAH)
OPUS and UV Spectral Sensor TriOS GmbH NO2, NO3, DOCeq, SAC254, 10 mm path length
Turbidity Probe Seapoint Sensors Inc. seawater turbidity
Glass Membrane p H Probe Xylem Analytics seawater p H
MK2 pCO2 Analyzer with LI840x LI-COR CO2 partial pressure in seawater and air

LISST 200X Sequoia Scientific particle size distribution in seawater 

Semi-Dry Laboratory
Delta Ray™ Spectrometer Thermo Scientific δ13C and δ18O of CO2, CO2 concentration in surface seawater
MiniRUEDI Mass Spectrometer Gasometrix oxygen (O2), nitrogen (N2), and argon (Ar) dissolved in seawater
Clean Bubble MPIC clean bench for contamination-free handing of water samples 
Deep Freezer Sterling Ultracold deep freezing (-80 °C) of samples, 25 liters capacity

Air Laboratory
Low Volume Filter Sampler, DPA14 Digitel AG air samples on 47 mm filters
Flow Sensor Sensirion  AG digital mass flow meter, measures air flow of Low Volume Sampler
Aethalometer, AE, Model AE33 Aerosol d.o.o. aerosol absorption coeff. at  wavelengths between 370 nm and 950 nm
Aerodynamic Particle Sizer, APS TSI Inc. aerosol particle number size distributions from 0.5 µm to 20 µm

Condensation Particle Counter, CPC1 TSI Inc. total number concentration of aerosol particles >5 nm in diameter

Data Logger MSR
monitoring T, humidity, air pressure and acceleration in the aerosol inlet 
line to the AE33, SP2, CPC, SMPS, and SIBS

Spectral Intensity Bioaerosol Sensor, SIBS5 DMT spectrally resolved fluorescence of single particles in real time

Scanning Mobility Particle Sizer™, SMPS2,3 TSI Inc. aerosol particle number size distributions from 0.01 µm to 0.45 µm

Single Particle Soot Photometer, SP24 Droplet Measurement 
Technologies (DMT)

mass conc., core diam., and coating thickness of refractory black carbon 
(rBC) particles

Captair Flowcap 700 Laminar Flow Cabinet Cole-Parmer Ltd. clean bench for contamination-free handing of samples 

Deployables
Rosette Water Sampler SlimLine Hydro-Bios  5 x 5 liter Niskin bottles for seawater samples
CTD48M Sea & Sun Technology 4 sensors, incl. temperature (T), salinity (S), 6000 m max. water depth
CTD75M Sea & Sun Technology 8 sensors, T, S, diss. O2, chl-a fluores., p H, turbidity, PAR, 500 m max.
SV48M Sea & Sun Technology temperature in the water column attached to deployables
RBR Duet DT Logger Nautilus temperature in the water column attached to deployables
GoFlo Bottles General Oceanics 3 x 5 liter trace metal clean seawater samples 
Large Volume Pump WTS-6-1-142LV McLane in situ  seawater filtration over 142-mm filters for various analysis
Multi Net midi Ti Hydro-Bios , MPIC mesoplankton including foraminifers, pteropods, copepods, >100 µm
Bongo Net Hydro-Bios  mesoplankton including foraminifers, pteropods, copepods, >100 µm
Apstein Net Hydro-Bios  phytoplankton, >20 µm
Sediment Trap Hydro-Bios, MPIC sinking particles in the water column

Top of Wheel House
Bioaerosol Sampler, Coriolis® Micro Bertin Technol. SAS biological air sampler with cyclone technology, high air flow (300 lpm)

Mast
Top Box LI-COR, SubCtech, MPIC Photosynthetic Active Radiation (PAR)
Anemometer Raymarine wind speed

Table 2. Laboratories, sensors, and sampling devices for analysing the atmosphere and ocean. For the positions of
laboratories and devices see Figure 2. MPIC indicates own developments at the Max Planck Institute for Chemistry.
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Table 3. Scientific expeditions of S/Y Eugen Seibold in 2020 and 2021. 7-digit campaign labels 205 

give Eugen Seibold (ES) Year Year (e.g., 20) Cruise (C) Digit1 Digit2 (D1D2) reading 206 

ESyyCD1D2. On expeditions without sampling of the deep water column at a central sampling 207 

site (CSS), underway samples from 3 m water depth (ocean) and 13 m altitude (air) were 208 

obtained. Negative latitudes and longitudes indicate southern and western hemispheres, 209 

respectively. Latitudes and longitudes give the targeted sampling sites, and actual samples were 210 

obtained adrift at some distance. PT is Portugal, ES is Spain, CV is Cape Verde Islands, GIN 211 

Seas is Greenland, Iceland, and Norwegian Seas (GINS), ESTOC* is near the European Station 212 

for Time-Series in the Ocean Canary Islands (ESTOC), CVOO is Cape Verde Ocean 213 

Observatory, UW is underway. For metadata on the expeditions see 214 

https://www.pangaea.de/expeditions/bybasis/Eugen%20Seibold (e.g., Walter et al., 2023). 215 

Master track available from doi:10.1594/PANGAEA.960382. 216 

 217 

 218 
 219 

 220 

Sampling is conveyed according to the Code of Conduct for Responsible Marine Research in 221 

the Deep Seas and High Seas of the OSPAR Maritime Area, and according to the Nagoya 222 

Protocol, i.e., the UN convention on Access to Genetic Resources and the Fair and Equitable 223 

Sharing of Benefits Arising from their Utilization to the Convention on Biological Diversity. 224 

 225 

Cruise 
Number

Year 
(UTC)

Month 
(UTC)

Start Day 
End Day 
(UTC)

Start Time 
End Time 

(UTC)

Start Port                                
End Port CSS

Latitude 
Longitude 

CSS

Water 
Depth 

CSS (m)
Abbreviation CSS

UW 
samples 

(#)

Samples 
at Station 

(#)

Air 
Samples 

(#)

ES20C02 2020 6 23-26 02:00 18:00 Bremerhaven, Germany 
Torshavn, Faroe Islands

- - - - 49 0 0

ES20C03 2020 7 2-3 06:00 21:00 Torshavn, Faroe Islands 
Seydisfjordur, Iceland

- - - - 21 0 0

ES20C04 2020 7 10-15 11:00 08:00  Seydisfjordur, Iceland 
Vestmannaeyjar, Iceland

17 67.0000         
-6.0000

3150 67N 6W                        
GIN Seas

79 172 13

ES20C05 2020 7 20-24 07:00 20:00  Vestmannaeyjar, Iceland      
Galway, Ireland

18  57.0000         
-20.0000

1070 57N 20W                 
Rockall Trough

105 138 20

ES20C06 2020 8 7-14 07:00 13:00 Galway, Ireland                  
Ponta Delgada, São Miguel, PT

19  47.0000         
-20.0000

4630 47N 20W               
BIOTRANS

173 152 27

ES20C07 2020 8 21-24 14:00 18:00 Ponta Delgada, São Miguel, PT 20  37.0000         
-21.0000

4860 37N 21W                  
Azores Front

86 152 17

ES20C08 2020 9 17-22 12:00 09:00 Ponta Delgada, São Miguel, PT 
Quinta do Lorde, Madeira, PT

21  33.0000         
-22.0000

5250 33N 22W                
Madeira Basin

121 159 19

ES20C09 2020 11 7-9 08:30 23:00 Funchal, Madeira, PT          
Marina Rubicon, Lanzarote, ES

22  29.5000         
-15.0000

3560 ESTOC* 46 159 6

ES21C03 2021 2 21-23 18:30 19:00 Las Palmas, Gran Canarioa, ES           
Marina Rubicon, Lanzarote, ES

25  29.5000         
-15.0000

3560 ESTOC* 15 140 19

ES21C06 2021 4 12-20 06:00 13:30 Marina Rubicon, Lanzarote, ES 
Mindelo, São Vicente, CV

28  21.0000         
-21.0000

4140 21N 21W          
Mauretanian Upwelling

156 204 15

ES21C07 2021 5 1-2 14:00 20:00 Mindelo, São Vicente, CV 29  17.6000        
-24.3000

3610 CVOO 0 145 3

ES21C08 2021 5 10-22 17:30 15:00 Mindelo, São Vicente, CV 30    3.0000          
-22.0000

4410 3N 22W              
Equatorial Upwelling

342 204 40

ES21C11 2021 6 6-14 13:30 08:00 Mindelo, São Vicente, CV     Las 
Palmas, Gran Canaria, ES

- - - - 0 0 0

ES21C14 2021 9 8-10 15:00 03:00 Marina Rubicon, Lanzarote, ES 34  29.5000         
-15.0000

3560 ESTOC* 0 84 3

ES21C16 2021 9 24-26 18:30 23:00 Marina Rubicon, Lanzarote, ES 36  29.5000         
-15.0000

3560 ESTOC* 30 95 0

Table 3. Scientific expeditions of S/Y Eugen Seibold in 2020 and 2021. 7-digit campaign labels give Eugen Seibold (ES) Year Year (e.g., 20) Cruise (C) Digit1 Digit2 (D1D2) reading 
ESyyCD1D2. On expeditions without sampling of the deep water column at a central sampling site (CSS), underway samples from 3 m water depth (ocean) and 10 m altitude (air) were 
obtained. Negative latitudes and longitudes indicate southern and western hemispheres, respectively. Latitudes and longitudes give the targeted sampling sites, and actual samples 
were obtained adrift at some distance. PT is Portugal, ES is Spain, CV is Cape Verde Islands, GIN Seas is Greenland-Iceland-Norvegian Seas, ESTOC* is near the European Station for 
Time-Series in the Ocean Canary Islands (ESTOC), CVOO is Cape Verde Ocean Observatory, UW is underway.
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In the following, data and samples obtained in the eastern North Atlantic are presented as an 226 

example of a systematic synoptic understanding of physical, chemical, and biological variables 227 

of the ocean climate as a major driver of global climate change (e.g., Steffen et al., 2020), 228 

facilitated by the technological infrastructure of the S/Y Eugen Seibold. 229 

 230 

 231 

Figure 2. S/Y Eugen Seibold cruise track shown as sea surface temperature (SST, °C). S/Y Eugen 232 

Seibold expeditions ES20C02 to ES21C16, from Bremerhaven in June 2020 to the equatorial 233 

upwelling in April/May 2021 (Table 3). More than 1500 samples and several Terabytes of data 234 

at a one-second interval (meter scale) were obtained on more than 10,000 nautical miles (ca. 235 

19,000 km). The sampling stations at 57 °N, 47 °N, 33 °N, 29 °N, 21 °N, and 17 °N have been 236 

sampled as part of a long-term monitoring program on the changing ocean and climate (Table 237 

3, CSS). White circles show hydrocast stations. Metadata, environmental data, and sample lists 238 

have been recorded in the respective cruise reports available upon request. Metadata on the 239 

expeditions are available at https://www.pangaea.de/expeditions/bybasis/Eugen%20Seibold, 240 

including links to the master tracks, such the master track of the Expedition ES19C01 (Walter 241 

et al., 2023). The boxes correspond to the biogeographic provinces detailed by Longhurst 242 

(2007). Image produced using Ocean Data View (Schlitzer, 2022). 243 

 244 

 245 

2 Technological infrastructure 246 

 247 

The scientific and navigational technology of the S/Y Eugen Seibold has been designed to be as 248 

facile as possible for easy and safe operation and maintenance at sea, and at minimum volume, 249 

size, and weight (Table 1), allowing for an autonomy of up to 20 days. Energy production and 250 

propulsion are aimed at the ecologically and economically most efficient use of resources and 251 

minimum emissions facilitating contamination-free sampling of the atmosphere and ocean. At 252 

favourable conditions, S/Y Eugen Seibold can achieve a ratio of 3:1 emission-free to 253 

combustion-emission time. Any air or water emission activity, such as the operation of the 254 

combustion engines, cooking, or bilge water pumping is automatically detected and logged 255 

by software running on the main control computer of the vessel, facilitating a-posteriori 256 

analysis of the scientific data and identification of potential data artefacts. A pack of 65 kWh 257 

LiFePO4 batteries allows up to 14 hours of contamination free sampling, facilitated by a battery 258 
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monitoring system and automation of the various operations (Table 1). A total generated 259 

electrical power of 25 kW allows for battery recharging in 4 hours. 260 

 261 

 262 

2.1 Scientific infrastructure 263 

 264 

The layout of the S/Y Eugen Seibold is optimized for maximum laboratory and work space 265 

comprising about 50 % of the boat’s interior (Figure 3). The wet laboratory for seawater 266 

analyses at the starboard aft position of the boat is separated from the adjacent semi-dry 267 

laboratory, and a dry laboratory toward midship, respectively. The air-chemistry laboratory 268 

located at the rearward portside is hermetically separated from the other laboratories and the 269 

living quarters. Sea-going sampling and probing equipment is provided through a hatch (113.0 270 

cm * 110.5 cm) from the garage at the aft of the boat, and separated from the boat’s interior by 271 

a bulkhead (Figure 3). 272 

 273 

 274 

Figure 3. Layout of the S/Y Eugen Seibold. Line drawing of side view (upper right panel), and 275 

layout of laboratories, storage room, and living quarters of the boat (left panel). Meteorological 276 

station, satellite communication systems, PAR sensor, and air sampling devices are shown in 277 

red. Continuous sampling and analyses of seawater delivered from the keel inlet is shown in 278 

dark blue. Seawater sampling devices deployed over the A-frame at the stern of the boat are 279 

shown in light blue. Hatch of garage is shown in green. Scientific equipment is shown in orange. 280 

IT rack is shown in black. s.c. means single cabin, d.c. means double cabin, reg. is registration 281 

office. Dimensions (black numbers) are in centimeters. See Table 2 for explanation of the 282 

scientific probes. The S/Y Eugen Seibold has been assessed for safety according to the 283 

regulations of the ship's classification society, and is equipped with four life buoys, and two life 284 

rafts providing space for 12 people in total, i.e., the maximum accommodation on single day 285 

cruises. Eight berths allow overnight accommodation. Bulkheads at the bow and stern provide 286 

safety buffer for collision and damage of the hull. The safety equipment such as EPIRB and 287 

survival suits are serviced and maintained by qualified companies. Laboratories and work areas 288 

are designed and assessed according to European and German national work safety regulations 289 

(DGUV 2020).  290 

 291 

 292 
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2.2 Probing the ocean 293 

 294 

A pivoted hydraulic A-frame at the stern of the boat facilitates sampling of the water column, 295 

using a 6-mm Dyneema wire with a (theoretical) maximum length of 3000 m. The wire is 296 

operated with a scientific winch (CORMAC Q2 HS, MacArtney A/S, Esbjerg, Denmark). A 297 

custom-made heave compensation-system allows smooth operation of the winch and wire, and 298 

deployment of sampling devices at considerable swell and wave movement. The A-frame is 299 

designed for picking up sampling gear of up to 100 kg (net weight under air) from the hatch of 300 

the garage under the work deck (5 m * 2.5 m), and pivoting it outboard to be operated in the 301 

water column. Typically, the rosette water sampler, in-situ large volume pump, bongo net, and 302 

multinet (Table 2, Figure 4) are lowered at 20 m per minute, and heaved at 30 m per minute, to 303 

allow for a straight line at each point of time. Flow meters and PT (pressure, temperature) 304 

probes are used to quantify water volumes sampled with the plankton nets, and provide 305 

information on sampling depths, respectively. Seawater and freshwater are provided at the work 306 

deck for rinsing and cleaning of the nets and other sampling gear. 307 

 308 

 309 

Figure 4. Work deck of the S/Y Eugen Seibold. Deployment of the multinet (100-µm plankton 310 

nets) from the work deck of the S/Y Eugen Seibold. The rosette water sampler with five 5-liter 311 

Niskin bottles is fixed at the starboard side of the work deck. The Apstein net for surface water 312 

phytoplankton sampling is fixed at the portside railing for drying. A-frame and winch are 313 

operated from the helmstand in the foreground. See Table 2 for the specifications of the devices. 314 

From the left to the right: Hedy Aardema, Hans Slagter, Jan Brüwer, Ralf Schiebel. Photo, M. 315 

Zahharov. 316 

 317 

 318 

Mesoplankton including foraminifers are collected with a suite of plankton nets (Table 2), 319 

hauled horizontally drifting at a speed of 1 knot (i.e., ca. 0.5 ms-1), or hauled vertically at a 320 

speed of 20-30 m per minute (i.e., ca. 0.3-0.5 ms-1) from the A-frame. Plankton nets with 321 

large apertures provide sufficient numbers of individuals (e.g., hundreds of foraminifers and 322 

pteropods) for assessment of the population dynamics and most chemical analyses. Towing 323 

strategies are adapted for varying types of samples to provide valuable ancillary data. The 324 

underway measurement and sampling program, for example, of water column depth 325 
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profiles that are conducted at the same site and time as the tows, provide a wide suite of 326 

samples and data for proxy calibration including analyses of stable isotopes and element 327 

ratios of planktic foraminifers (Bieler 2022; Fischer et al., 2024).  328 

 329 

Despite of being important constituents of marine ecosystems much remains to be 330 

discovered about the in-situ behaviour of zooplankton, and in particular, about their 331 

circadian clocks which are implicated in behaviours such as daily vertical migration (DVM) 332 

that influences macroscale ecological dynamics (Raghavan et al., 2023). The transcriptomes 333 

of 17 diverse marine zooplankton were sequenced, assembled de novo, and annotated. The 334 

transcriptomes were mined using a phylogenetics-based approach. Multiple sequences of 335 

interest are provided for multiple species identified simultaneously using de novo assembled 336 

transcriptomic data. OrthoFinder is being used with transcriptomic data to identify the 337 

orthologs of interest Raghavan et al., 2023). 338 

 339 

Water samples for characterization of the epipelagic and mesopelagic ocean are collected 340 

using the rosette water sampler equipped with five 5-liter Niskin bottles and a CTD48M or 341 

CTD75M (Table 2). Vertical profiles of temperature, salinity, dissolved O2, chlorophyll-a 342 

(chl-a) fluorescence, pH, and PAR (photosynthetically active radiation; with the CTD75M, 343 

upper 200 m max.) are routinely produced at station, together with discrete seawater 344 

samples for macronutrients, chl-a, photophysiology, microbial cell abundance, molecular 345 

biology (DNA), nitrogen isotopes (d15N), and biomarkers. In addition, Teflon-coated Go-Flo 346 

bottles (General Oceanics, Florida, US) are used for contamination free sampling of 347 

dissolved organic carbon (DOC) and trace metals (Table 2). In-situ seawater filtration for 348 

trace metals and other materials is performed in the water column using the large volume 349 

pump (Table 2) equipped with three 142-mm filter-holders at a flow rate of 4 L min-1. For 350 

contamination-free handling of wet and dry samples, a flexible clean bench (clean bubble) is 351 

available in the dry laboratory (Figure 3).  352 

 353 

Continuous surface ocean sampling is facilitated by a FerryBox (OceanPackTM, SubCtech, 354 

Kiel, Germany), which provides 5-7 L min-1 of seawater from the base of the keel (draft of 3.2 355 

m water depth) through two half-inch diameter PTFA tubes to the wet laboratory. Pristine 356 
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samples for flow cytometry and phytoplankton photophysiology with a Fast Repetition Rate 357 

fluorometer (FastOcean FRRf, Table 2), as well as discrete samples for various biogeochemical 358 

analyses are collected at the underpressure side of the system before a membrane pump (e.g., 359 

for nutrient analyses, DOC, chl-a, microbial cell abundance, DNA,  d15N, trace metals, and 360 

biomarkers). The FRRf has been replaced by a LabSTAF (Chelsea Technologies Group Ltd, 361 

Molesey, UK) in 2022 for enhanced sensitivity and accuracy of the measurements. 362 

 363 

A membrane pump delivers the seawater to the sampling chamber of the FerryBox, where the 364 

seawater is de-bubbled, and temperature, salinity, pH, fluorescence, dissolved oxygen, and 365 

turbidity are measured (Table 2). A peristaltic pump distributes the sampled water to probes for 366 

the quantification of UV spectral shape (DOCeq, NO3 and NO2; OPUS), pCO2 (non-dispersive 367 

infrared LI-840 analyzer, LI-COR), and size spectrum of suspended particles (LISST 200X) in 368 

the seawater (Table 2). For continuous analyses of the pico-, nano-, and microplankton (<1 mm 369 

in diameter, and imaging of the larger cells), seawater is delivered from the FerryBox (before 370 

the membrane pump) to the CytoSense (CytoBuoy b.v., Woerden, The Netherlands) flow 371 

cytometer (Table 2). For quantification of oxygen (O2), nitrogen (N2), and argon (Ar) 372 

concentrations, seawater is delivered to a gas exchange module, and the equilibrated gas phase 373 

is sampled by the miniRUEDI mass spectrometer (Brennwald et al., 2016) in the adjacent semi-374 

dry laboratory (Table 2).  375 

 376 

Oxygen (d18O) and carbon (d13C) isotopes of the DIC in seawater and calcareous plankton, 377 

including planktic foraminifer tests, are analyzed from discrete samples at the MPIC in Mainz 378 

(Vonhof et al., 2020). To provide high spatial and temporal resolution, DIC d13C data for the 379 

S/Y Eugen Seibold database, discrete seawater samples are stored in 4 mL glass bottles with 380 

a septum cap. Complementary d18O and d2H analyses are done on a separate 1.5 mL sample. 381 

Samples are taken in transit from the continuous surface sampling system (FerryBox), and 382 

with the Rosette water sampler from the water column when on station. The small total 383 

sample size allows for hundreds of samples to be collected and stored per cruise, providing 384 

the data density required for precise comparison with other shipboard data. Carbon isotope 385 

analysis is performed at the labs of the MPIC in Mainz using a Gasbench II preparation 386 

device coupled to a DeltaV mass spectrometer (Vonhof et al., 2020).  387 

 388 

 389 
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2.3 Probing the atmosphere 390 

 391 

Air for atmospheric observations is sampled behind the main sail, about 10 m above the work 392 

deck, which corresponds to a sampling height of about 13 m above water line. The inlet system 393 

consists of a flexible glass-epoxy tube with an outer diameter (O.D.) of 60 mm and an inner 394 

diameter (I.D.) of 56 mm (Prince Fibre Tech b.v., Dronten, The Netherlands), which guides an 395 

inner bundle of smaller inlet tubes of different materials and diameters. The inlet system has 396 

been designed and optimized to be resistant and stable under the harsh environmental conditions 397 

at sea, and shields the bundle of inlet tubes from heating through direct sunlight. The system 398 

allows for flexibility and modifications if changes in the instrument suite (Table 2) are 399 

implemented, to provide the smallest possible sampling losses in the aerosol observations 400 

according to von der Weiden et al. (2009). The inlet tube bundle consists of (i) four electrically 401 

conductive (i.e., carbon-primed) polyurethane tubes with 9.0 mm I.D. and 12.0 mm O.D. 402 

(Landefeld GmbH, Kassel, Germany) that together provide up to ~50 L min-1 of air for filter 403 

sampling, (ii) three electrically conductive polyurethane tubes with 3.9 mm I.D. and 6.0 mm 404 

O.D. that together provide up to ~18 L min-1 of air for the online aerosol instrumentation, (iii) 405 

a Synflex metalized tube with 4.0 mm I.D. and 6.0 mm O.D. (1300-M060E, G+S 406 

Schlauchtechnik GmbH, Hamburg, Germany) for greenhouse gas sampling, and (iv) a flexible 407 

perfluoroalkoxy alkanes (PFA) tube with 4.0 mm I.D. and 6.4 mm O.D. (PFA-T4-047-100, 408 

Swagelok, Frankfurt a.M., Germany) for reactive trace gas sampling. All tubes are connected 409 

to a modified version of a total suspended sigma 2 inlet head. The inner diameters of the aerosol 410 

inlet tubes and flow rates have been optimized to achieve low residence times of the sampled 411 

air, while maintaining laminar flow conditions (von der Weiden et al., 2009). The sampled air 412 

for the online aerosol instrumentation is dried to <30 % relative humidity (RH) with a 60 cm 413 

long monotube Nafion dryer (type MD-700-24S-3, Perma Pure, USA).  414 

 415 

The air chemistry laboratory hosts a 19-inch instrument rack, a laboratory bench for sample 416 

preparation, and a laminar flow cabinet for contamination-free handling of samples (Table 2). 417 

The suite of aerosol instrumentation can be flexibly changed and adapted according to the 418 

scientific focus of the expeditions (Table 2). A low volume sampler with up to 24 filter holders 419 

(47 mm diameter) enables manual or automated filter sampling at pre-set intervals upstream of 420 

a cartridge housing as well as sampling semivolatile compounds on polyurethane foam (PUF), 421 

for simultaneous collection of particles and apolar organic trace gases, at flow rates of up to 422 

50 L min-1 (Table 2). An Optical Particle Counter (OPC; Grimm Aerosol Technik, Ainring, 423 
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Germany, The Dust Decoder, Model 11-D) for enumeration of aerosol particle number size 424 

distributions from 0.25 µm to 32 µm was installed in the air laboratory in 2022. A Picarro 425 

(Model G2508) gas concentration analyzer for quantification of gas concentrations of nitrous 426 

oxide (N2O), methane (CH4), carbon dioxide (CO2), ammonia (NH3), and water (H2O), was 427 

installed in the air laboratory in 2022 (Busch and Busch, 1999). 428 

 429 

A Coriolis µ air sampler installed on top of the wheel-house approximately 3.5 m above water 430 

line uses cyclonic impingement to collect particles into a liquid of choice with a sample air flow 431 

of up to 300 L min-1 (Table 2). This technique is primarily used for the collection of bioaerosols 432 

for subsequent analysis as it has been shown to minimize the physical stress on the cells 433 

collected, enabling downstream analysis of intact cells, as well as culture-based approaches 434 

(Dybwad et al., 2014). 435 

 436 

Two aerosol microstations (MICE@Sea) equipped with optical particle counters, sensing in a 437 

range of 0.3 - 10 µm (5 bins), were installed in late 2022 on top of the wheel-house. Their 438 

performance and robustness in the marine environment are under evaluation in comparison to 439 

data from the other aerosol probes (Table 2). 440 

 441 

Black Carbon (BC, soot) particles are measured with a Single Particle Soot Photometer (SP2, 442 

Table 2) using laser-induced incandescence and scattering to determine the BC mass and 443 

mixing state of individual particles. As time resolution of SP2 data can be as high as 0.4 444 

micro-seconds, the BC data obtained can also be combined with the wind data to help 445 

analyze the potential influence/contamination of the exhaust air of the S/Y Eugen Seibold 446 

on the air samples (Table 2).  447 

 448 

 449 

2.4 BELUGA eddy tracker 450 

 451 

BELUGA Navigator provides guidance for an adaptive sampling approach on S/Y Eugen 452 

Seibold expeditions, being linked with near real-time (NRT) positions of the boat via satellite 453 

telemetry. Detection and tracking of mesoscale eddies in the Atlantic Ocean along route of the 454 

S/Y Eugen Seibold is performed by analyzing NRT sea level anomaly (SLA) satellite data 455 

distributed by AVISO (Archiving, Validation, and Interpretation of Satellite data). AVISO 456 
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maps are automatically fed into the web-based application BELUGA Navigator, which has been 457 

developed at GEOMAR Helmholtz Centre for Ocean Research Kiel (Figure 5).  458 

 459 

BELUGA Navigator is the front-end component of the BELUGA system, which evolved from 460 

the GEOMAR Navigator project (Leibold and Al Abri, 2019), providing a standardized 461 

infrastructure for the aggregation of data from various marine measurement platforms, other 462 

observations such as remote sensing, and model data (Leibold et al., 2023). Originating from 463 

autonomous marine vehicles, BELUGA also offers capabilities for positioning and 464 

communication in underwater and surface networks, and allows interconnection with external 465 

data sources. Data transmitted by measurement platforms (e.g., position of S/Y Eugen Seibold) 466 

via satellite or other data links are imported into a central data back-end operated by 467 

GEOMAR’s data management team. Integration of S/Y Eugen Seibold into BELUGA was 468 

realized by implementing a customized data importer to process vessel positions from a given 469 

internet resource (Figure 5). Detection of potential eddy positions derived from SLA data was 470 

automatically performed on a daily basis by applying a vector-geometry eddy detection 471 

algorithm (Nencioli et al., 2010). 472 

 473 

 474 

Figure 5. S/Y Eugen Seibold data flow. Raw data generated onboard include automated and 475 

manual logs produced on scientific events and other relevant activities such as emissions from 476 

the main engine or housekeeping (emission log). Some of the instruments send the data to a 477 

central Structured Query Language (SQL) database onboard the S/Y Eugen Seibold, while 478 

others create raw data files, which are collected on a Network-Attached Storage (NAS). Near 479 

real-time (NRT) data flows of the expeditions, summarize connections between different data 480 

sources and involved processing steps of fed in data for final visualization via the BELUGA 481 

Navigator. The BELUGA Navigator visualizes locations of potential mesoscale eddy candidates 482 

derived from satellite SLA data together with the cruise track of S/Y Eugen Seibold (Leibold et 483 

al., 2023; https://beluga.geomar.de/eugen-seibold). REST API is Representational State 484 

Transfer Application Programming Interface. 485 

 486 

 487 

  488 
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2.5 Meteorological data 489 

 490 

A European Common Automated Weather Station (EUCAWS) is installed on the A-frame at 491 

the stern of the S/Y Eugen Seibold by the German Weather Service (Deutscher Wetterdienst, 492 

DWD). Accordingly, the S/Y Eugen Seibold acts as a Voluntary Observing Ship (VOS) as part 493 

of the Global Ocean Observing System (GOOS), World Meteorological Organization (WMO), 494 

and Intergovernmental Oceanographic Commission (IOC). The weather data include data on 495 

air pressure, temperature, and relative humidity, with, for example, 6782 measurements from 496 

January 1 to December 31, 2021 (Der Wetterlotse, Maritime Meteo News, DWD). Navigational 497 

shipboard data are used for positioning of the weather data. Hourly weather reports are 498 

generated from the recorded data, and sent to DWD via an IRIDIUM Transceiver, and fed into 499 

the Global Telecommunication System (GTS) of the WMO, for instantaneous weather forecasts 500 

and alerts, and various climatological applications. All of the data from the weather station are 501 

included in the general onboard scientific data collection. 502 

 503 

 504 

2.6 Data storage and accessibility 505 

 506 

Most measurement devices on the S/Y Eugen Seibold send the data instantaneously via the 507 

communication standard of the National Marine Electronics Association (NMEA). 508 

The NMEA messages are captured by custom-made software and stored in the onboard 509 

database. The current timestamp of the database server, which is synchronized with the onboard 510 

GPS-based time server, is saved with each data record. The GPS timestamp is stored as 511 

Coordinated Universal Time (UTC), and serves as a time reference for each metadata and 512 

measurement data point. This is of particular importance for the measuring devices, which 513 

cannot directly communicate with the onboard GPS-based time server. Synchronized 514 

timestamps in all data records facilitate full comparability of the data, and provide reliability 515 

when analyzing data sets of varying temporal resolution. The database also allows quick and 516 

easy access to the data for immediate evaluation of the data while measuring, and facilitates 517 

quality control and adjustment of sampling and recording strategies.   518 

 519 

The onboard database server of the S/Y Eugen Seibold is capable of storing the data of the last 520 

three expeditions. The entire data set of all S/Y Eugen Seibold campaigns is stored on a central 521 

database server at the MPIC in Mainz. Data are transferred to Mainz online and via cartridges. 522 
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A central mass storage device is available onboard for instruments, which produce large 523 

volumes of data, such as the CytoSense flow cytometer (Table 2). 524 

 525 

 526 

3 Data records 527 

 528 

The Research Data Management (RDM) of the S/Y Eugen Seibold has been designed to be 529 

flexible with respect to changes of the workflow and onboard technical setup, including changes 530 

in the format, storage, and transfer mode of raw data. The aim is to facilitate consistent 531 

publication of the resulting quality-controlled data (Figure 5) for all campaigns over the 532 

multiple projects and sampling seasons. Data acquisition on board is organized according to the 533 

logistical and technical constraints such as IT hardware capacity, limited satellite data transfer 534 

rates, and pre-defined file formats of the scientific instruments, to meet the requirements of the 535 

scientific work flow.  536 

 537 

The published data are compliant with standards of the scientific community, to facilitate 538 

processing and exploitation of data to a maximum degree. Quality controlled data are published 539 

open access, some of them after a moratorium, according to the FAIR (Findable, Accessible, 540 

Interoperable, Reusable) principles (Wilkinson et al., 2016) at PANGAEA, www.pangaea.de 541 

(Felden et al., 2023).  542 

 543 

In collaboration with PANGAEA and the project DAM-Underway-Research Data of the 544 

German Marine Research Alliance (Deutsche Allianz Meeresforschung, DAM), a processing 545 

and publication workflow has been developed (Figure 5). Expedition overviews including basic 546 

metadata and validated master tracks for each cruise are available from 547 

https://www.pangaea.de/expeditions/bybasis/Eugen%20Seibold (e.g., Walter et al., 2023). The 548 

master tracks have time resolutions of 10 seconds, and provide references for analyses of the 549 

scientific data. 550 

 551 

A subset of data (e.g., temperature, wind speed, and sailing direction) are instantly sent with 552 

reduced time resolution as Near Real-Time Transfer (NRT) via satellite to HEREON 553 

(Geesthacht, Germany), from where they can be accessed as open access data via the portal 554 

surveydata.hereon.de (Figure 5). Another NRT branch to the Alfred Wegener Institute (AWI, 555 

Bremerhaven) allows access to additional parameters for scientists involved in the project, by 556 
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sending emails to ingest@marine-data.de (Figure 5). Both NRT branches are supported by the 557 

DAM-Underway-Research Data partners. In addition, daily data packages are sent to MPIC via 558 

File Transfer Protocol (FTP). 559 

 560 

With respect to the data volume, only a small fraction of the data is transferred at sea via satellite 561 

so far. When back in port, the MPIC instance of the SQL database is fed with new data from 562 

the onboard database, and the files of the NAS are transported via cartridge to the MPIC. At 563 

MPIC, the files are checked for duplicates and sorted into a structured project data folder on 564 

the MPIC file server. The project folder contains raw data (level ‘L_0’) and processed data 565 

(levels L_2, L_3, and L_4 for original resolution, averaged data, and merged data compilations, 566 

respectively). Intermediate steps (L_1) are kept if required. In addition, metadata, descriptions 567 

of the parameters, and further documentation are placed on the data server. The project folder 568 

also contains data from the laboratory analyses of discrete samples, in-progress summary tables 569 

for daily use, technical and organizational notes, supplementary data (e.g., from satellites, 570 

models), and other files of temporal relevance. In addition to the digital logs, log sheets are 571 

filled for each deployment of a sampling device, recording metadata such as type of device, 572 

position, date, and time, data on weather (e.g., wind and cloud cover) and sea state (e.g., swell 573 

and wave height), as well as information on the samples (sampling depths, volume of water 574 

filtered or sampled). 575 

 576 

Labels identify each campaign, station, cast, and event with a consistent syntax of the format: 577 

• Campaign labels: EsyyCcr, e.g., ES20C04: Eugen Seibold (ES), 2-digit year (e.g., 20), 2-578 

digit cruise (e.g., 04) 579 

• Station labels: EsyyCcr_sta with three digit station number, e.g., ES20C04_017 580 

• Cast labels: EsyyCcr_sta_ca with two digits, e.g., ES20C04_017_03 581 

• Water sample labels: EsyyCcr_sta_ca_sa_prop with two digit-bottle number and the sample 582 

type or property. For example, a water sample from the Cruise 04 in 2020, Station 017, Cast 583 

03 with the rosette water sampler, Niskin bottle 06, and sampled for nutrient analysis, would 584 

have the label ES20C04_017_03_06_nuts (i.e., nutrients). The prefix SYES (for S/Y Eugen 585 

Seibold) is added to each event label, for example, SYES_ES19C01, to guarantee unique 586 

labels within the PANGAEA repository. 587 

 588 

For sharing data with the scientific community and ensuring long-term accessibility, the 589 

processed data are published in an interoperable way as relational datasets in the open access 590 
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PANGAEA repository, where the data can be visualized in the web browser, or downloaded as 591 

tab-separated data files. PANGAEA offers web services and a data warehouse for searching and 592 

retrieving data, and data access by the programming languages Python and R. Metadata are 593 

essential for the reusability of the data. Each relational dataset in PANGAEA contains basic 594 

metadata such as information on authors, as well as title, abstract, and description of the 595 

individual parameters. Further details are given by links to standard operating procedures 596 

(SOPs), data processing reports (DPRs), and the code used for data processing. 597 

 598 

To enhance findability of the marine research data, the data portal marine-data.de has been 599 

established by DAM-Underway-Research Data. In this portal, a growing number of (German) 600 

research vessels including the S/Y Eugen Seibold have their own subpage, which serves as a 601 

starting point for browsing and searching data, showing a map with the ship track and available 602 

parameters, and providing the links to the corresponding datasets stored in PANGAEA (Felden 603 

et al., 2023). 604 

 605 

 606 

4 Data and samples obtained along the 20-West-Transect 607 

 608 

The S/Y Eugen Seibold expeditions sampled a meridional transect along 20 °W in the North 609 

Atlantic from 2019 to 2021, including eight marine provinces (Figure 2) of the subpolar to 610 

tropical NE Atlantic representative of most of the global marine biomes and climato-genomic 611 

provinces (Longhurst, 2007; Sutton et al., 2017; Reygondeau and Dunn, 2018; Frémont et al., 612 

2022). The water column was sampled to a maximum water depth of 700 m at nine stations 613 

(Figure 2). The so-called ESTOC* station at 29.5 °N 15 °W, near the European Station for 614 

Time-Series in the Ocean Canary Islands (ESTOC, 29 °N 15 °W), was sampled repeatedly 615 

(Table 3). In total, 1223 underway samples from 3 m water depth, and 182 air samples including 616 

aerosol samples (Table 2, Bioaerosol and Low Volume Filter Samplers), were collected (Table 617 

3). From the surface and subsurface water column, 1802 samples were obtained with the water 618 

sampler, large volume pump, and plankton nets (Table 2). The metadata on the campaigns, 619 

stations, casts, and events are available from PANGAEA at 620 

https://www.pangaea.de/expeditions/bybasis/Eugen%20Seibold (e.g., Walter et al., 2023). All 621 

data presented in this paper have been published in the Edmond Open Research Data 622 

Repository of the Max Planck Society (Schiebel, 2024). 623 

 624 
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Quality-controlled data from the lower atmosphere and surface ocean are presented to embrace 625 

the range of joint and multi-facetted scientific approaches combined within the S/Y Eugen 626 

Seibold project, and facilitate maximum scientific gain for an improved understanding of the 627 

climate related biogeochemical exchange processes between the atmosphere and ocean. Data 628 

on stable isotopes and cation-to-calcium ratios from ambient seawater and planktic archives 629 

(foraminifers) produced in conjunction with full suite of environmental parameters are meant 630 

to provide a glance at the paleo-perspective of the project. 631 

 632 

 633 

4.1 Phytoplankton as basis of the marine food web 634 

 635 

Phytoplankton are unicellular photosynthetic organisms and one of Earth’s major sources 636 

of oxygen, and consumers of atmospheric CO2, while forming the basis of the marine food 637 

web (Field et al., 1998). Being about 0.6 µm and 0.9 µm in size, the marine cyanobacteria 638 

Prochlorococcus and Synechococcus, respectively, dominate the open ocean 639 

phytoplankton, and are possibly the most and second most abundant photosynthetic 640 

organisms on Earth (Partensky et al., 1999). As planktic organisms have little to no control 641 

over their position in the water column, they depend on the physical and chemical state of 642 

ambient seawater. As phytoplankton are the first and foremost interacting organisms in the 643 

food web, their nutrient uptake, metabolic products, and organic remains strongly affect 644 

the physico-chemical state of the surface to deep ocean via dissolved and particulate matter 645 

fluxes (Koeve and Ducklow, 2001). Finally, changes in Earth and ocean climate are expected 646 

to result in diverse changes in phytoplankton abundance and composition, and thus 647 

chemical state of the oceans, such as carbon cycling (Behrenfeld et al., 2006; Huisman et al., 648 

2006; van de Poll et al., 2013; Brun et al., 2019). 649 

 650 

Picophytoplankton (<3 µm; Vaulot et al., 2008) and nanophytoplankton (3-20 µm) were 651 

quantified by flow cytometry (Table 2) and separated from photoautotrophic prokaryotes 652 

by fluorescence of their photosynthetic pigments (Figures 6 and 7). Samples were taken 653 

from the keel inlet every 1-2 hours, resulting in an average spatial resolution of 6-16 654 

nautical miles, along the 20 °W transect between 67 °N and 3 °N (Figure 2). In addition, 655 
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vertical profiles spanning the photic layer were enumerated from discrete samples at eight 656 

stations on Expeditions ES20C04 to ES21C16 (Table 3). Seasonally distinct communities are 657 

observed and support interpretation of the physical, chemical, and biological processes in 658 

the upper ocean and lower atmosphere. 659 

 660 

Overall, phytoplankton were alternatingly dominated by cyanobacteria and eukaryotic 661 

picophytoplankton, and nanophytoplankton was present at subordinate abundances. Total 662 

abundances varied by two orders of magnitude between regions of contrasting trophic 663 

conditions (Figures 2 and 6). The northernmost, subpolar latitudes show typical high 664 

primary productivity with highly diverse communities (Figure 6), being delineated from 665 

the seasonally less productive temperate ocean by a hydrologic front along the northern 666 

branch of the Gulf Stream called the North Atlantic Current (NAC) at roughly 47 °N 667 

(Figures 2 and 6). Between 21 °N and 14 °N, the 20-West-Transect intersects the productive 668 

Mauritanian coastal upwelling region from which filaments and mesoscale eddies propagate 669 

westward. An eddy with enhanced primary productivity associated with Equatorial 670 

upwelling was sampled between 3 °N and 6 °N (Figure 6).  671 

 672 

Less productive waters with total phytoplankton abundances below 20 ∙ 103 cells mL-1 673 

showed alternating relative abundances between prokaryote and the smallest eukaryote 674 

phytoplankton (Figure 6). Total phytoplankton abundances increased by up to two orders 675 

of magnitude from the surface mixed layer to the Deep Chlorophyll Maximum (DCM) in 676 

particular in strongly stratified oligotrophic regions, along with changes in the relative 677 

abundance of different size groups (Figure 7). Such changes in the relative contribution of 678 

the pico- and nano-phytoplankton groups were spatially often connected, and temporally 679 

succinct (Figure 6). This implies seasonal effects, which may be elucidated by a more 680 

complete seasonal coverage via sampling on future expeditions. 681 

 682 

Low numbers of Prochlorococcus (Figures 6 and 7) may result from underestimation of the 683 

cells counts by the CytoSense (Table 2). The small size and limited photosynthetic pigment 684 

content of Prochlorococcus display a dim fluorescent signature, particularly when exposed 685 
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to high light intensities in surface waters, generating a signal very close to the limit of 686 

detection capacity of the CytoSense (Marrec et al., 2018). The discrepancy between real and 687 

CytoSense-detected numbers of Prochlorococcus is possibly largest in subtropical 688 

oligotrophic waters where higher numbers would be expected (Buitenhuis et al., 2012). 689 

 690 

 691 

Figure 6. Underway flow cytometry data on pico- and nano-phytoplankton at 3 m water 692 

depth. (a) Absolute cell numbers (top panel) and (b) relative abundance (bottom panel) of 693 

different phytoplankton groups by size and pigment composition, derived from flow 694 

cytometry. Cyanobacterial groups, separated by cells size and fluorescence at 631 nm (red 695 

spectrum, representing Phycobilin), include predominantly Synechococcus and 696 

Prochlorococcus. Eukaryotic phytoplankton are classified by size and fluorescence at 684 697 

nm (red spectrum, representing chlorophyll). The horizontal axis represents the latitude 698 

from the equatorial waters to the polar circle. 699 

 700 

 701 

Figure 7. Data on chlorophyll-a fluorescence and flow cytometry of the pico- and nano-702 

phytoplankton from the upper water column. (a) Vertical profiles of chl-a fluorescence over 703 

the epipelagic layer at Station19 between Ireland and the Azores (Figure 2). Light green bar 704 

represents the Deep Chlorophyll Maximum (DCM) between 40 m and 50 m water depth. (b) 705 

Vertical abundance of different phytoplankton groups counted by flow cytometry on board. 706 

Depths scales of the panels (a) and (b) are the same. Bars show abundances of the four major 707 

phytoplankton groups (Phyto Ab), Prochlorococcus (Pro, blue), Synechococcus (Syn, red) 708 

Pico-Eukaryotes (PicoEuk, purple), and Nano-Eukaryotes (NanoEuk, orange) at all sampled 709 

depths (3, 20, 30, 40, 45, 60, 80, 100, 150, and 200 m). Cell numbers display an absolute 710 

maximum and an increase in diversity at the DCM. The small phytoplankton cells dominate the 711 

NE Atlantic autotrophic biomass, and are predicted to increase with stratification caused by 712 

climate warming. (c) Image of a diatom acquired with the CytoSense at surface waters in the 713 

Madeira Basin (Figure 2, C09). 714 

 715 

 716 

4.2 Biologically active gases 717 
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 718 

The combination of high spatial and temporal resolution sampling of biologically active gases 719 

with microbial communities, and detailed environmental and geochemical data facilitate a 720 

better understanding of the role of marine microbes in the uptake of CO2 (sink capacity) of the 721 

oceans and impacts on global climate change. Despite their importance for ocean productivity 722 

and atmospheric particle (incl. aerosol) turnover, latitudinal gradients of microbial ecosystem 723 

functioning, effects on the air-sea exchange of CO2, and aerosol formation are still not well 724 

understood. Unprecedented high spatial and temporal resolution of the samples obtained with 725 

S/Y Eugen Seibold allow for computation of these dynamics at the scale of the relevant key 726 

processes (i.e., at the range of kilometers and minutes), and facilitates a better understanding of 727 

marine microbial communities, ocean productivity, and air-sea CO2 exchange (Figures 6, 8, 728 

and 9), which play a pivotal role in ocean carbon sequestration and climate change.  729 

 730 

The high-resolution data of both surface water (from ca. 3 m water depth) and atmospheric (13 731 

m above sea surface) CO2 fugacity cover a wide range of productivity regimes as evidenced by 732 

changes observed in chl-a fluorescence along the latitudinal transect. Whereas biological 733 

productivity causes changes in CO2 and dissolved oxygen (DO; Figure 8), the effect of seasonal 734 

variability, together with solubility changes due to latitudinal gradients in salinity and 735 

temperature (Figure 2) still needs to be analyzed in detail. Higher concentrations of chl-a at 736 

northern latitudes (July 2020) indicate more productive cold waters (Figures 2 and 8), with low 737 

surface water CO2 values and enhanced DO concentration due to high microbial photosynthetic 738 

rates (Figure 9). This region acts as a sink for atmospheric CO2. In contrast, at tropical and 739 

subtropical latitudes (April and May 2021), warm waters show lower chl-a fluorescence, 740 

implying less productive and more oligotrophic conditions with surface water CO2 values closer 741 

to and eventually surpassing atmospheric CO2 (between 35 °N and 40 °N), which can result in 742 

the ocean performing as a moderate regional source of CO2 to the atmosphere (Figure 8). An 743 

exception is the West African upwelling region between 14 °N and 25 °N (April 2021), 744 

evidenced by changes in phytoplankton abundance and chl-a (Figures 6 and 8, respectively), 745 

where increased phytoplankton biomass is triggered by nutrient enriched waters. The 746 

consequent biological drawdown of CO2 in surface waters counterbalanced the physical CO2 747 

supply from subsurface waters has been often observed in the coastal upwelling off the 748 

northwest African coast (Lefèvre et al. 2023).  749 

 750 
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Overall, our data show that the variability of biological properties (e.g., chl-a concentration and 751 

phytoplankton cell abundance) sampled along the latitudinal transect exert a control on surface 752 

dissolved gases (both CO2 and O2), regardless of the productivity regime and the physico-753 

chemical characteristics of the waters sampled (e.g., temperature and salinity). The separated 754 

effects of biological activity, seasonal variability and changes in solubility due to salinity and 755 

temperature variability are being analyzed in detail. 756 

 757 

 758 

Figure 8. Comparison of underway CO2, chlorophyll-a, and dissolved oxygen concentration 759 

measured at 3 m water depth. Progression of latitudinal changes in chl-a fluorescence 760 

(logarithmic scale, µg L-1, green), dissolved oxygen (DO, µg L-1, orange), and CO2 fugacity 761 

(fCO2, µatm) in the surface water (blue) and the lower atmosphere (red), between 67 °N and 3 762 

°N latitude in the eastern North Atlantic. 763 

 764 

 765 

4.3 Phytoplankton photosynthesis 766 

 767 

To optimize growth, phytoplankton use a wide range of both long and short-term adaptive 768 

responses to variable light conditions. How the phytoplankton community can adapt to light 769 

conditions is dependent on environmental conditions such as temperature and nutrient 770 

concentrations (Figure 9), and the phytoplankton community composition (Suggett et al., 2009; 771 

Behrenfeld et al., 2006). The attained growth efficiency drives primary productivity and many 772 

biogeochemical cycles (Gorbunov and Falkowski, 2022). Complementary data on biological 773 

processes in the surface ocean is provided by multiple automated and synchronized sensors in 774 

the wet and dry laboratories (Figure 3). The combination of an ECOtriplet fluorometer with 775 

chlorophyll and phycocyanin fluorescence channels, an oxygen optode, pCO2 analyzer, 776 

fluorometer (FRRf), flow cytometer, and Membrane Inlet Mass spectrometer (Table 2) provide 777 

a unique set of data on marine photosynthesis and primary productivity. Discrete samples for 778 

chlorophyll concentration, light microscopy, spectral absorption (QFT), and DNA sequencing 779 

provide additional information on the phytoplankton community. During the S/Y Eugen 780 

Seibold cruises in 2020 and 2021 (Table 1), these methods were applied concurrently to 781 

sampling of a multitude of environmental variables affecting phytoplankton photosynthesis 782 

(Figure 9).  783 

 784 
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The 20-West-Transect crossed a wide range of chlorophyll concentrations with a general trend 785 

of high chlorophyll fluorescence at higher latitudes and local spatial variability such as the 786 

increase in fluorescence caused by upwelling off the coast of Mauritania around 21 °N 21 °W 787 

(Figure 9, left panel). An exploratory plot of the covariation of environmental variables with 788 

chl-a fluorescence shows the complexity of these relationships (Figure 9, right panel), such as 789 

peak chl-a fluorescence at sea surface temperatures between 10 °C and 15 °C, and an opposing 790 

trend of irradiance (mol photons m-2 d-1) at the sea surface in relation to an overall effect of 791 

nutrient limitation. The high spatial resolution of the underway measurements in combination 792 

with the vertical profiles in distinct ocean regions will allow for further unraveling the 793 

variability of phytoplankton photophysiology and productivity at the regional scale. 794 

 795 

 796 

Figure 9. Covariation of environmental variables with chlorophyll-a fluorescence. Chlorophyll-797 

a fluorescence (a.u.) from the polar circle near 67 °N to the equatorial upwelling at 3 °N given 798 

as color gradient in the left panel, and in the right panel against sea surface temperature (SST, 799 

red), irradiance at the sea surface (in mol photons m-2 d-1 corrected for reflection, orange), 800 

NO3NO2 concentration (µmolL-1, green), and dark-regulated Fast Repetition Rate (FRR) 801 

maximum fluorescence (a.u., blue). Data points correspond to individual measurements while 802 

the lines are fitted using a linear model (FRR minimum fluorescence) or a LOESS fit (SST, 803 

IML, and NO3NO2). The chl-a fluorescence was measured using an ECOtriplet fluorometer 804 

(ex/em 470/695 nm) mounted in the FerryBox. 805 

 806 

 807 

4.4 Calcareous plankton as an archive of climate change  808 

 809 

Calcareous plankton are analyzed and calibrated by using the physical, chemical, and 810 

biological data obtained along with the respective plankton net samples (Table 2). Planktic 811 

foraminifers are the most frequently used carriers of proxies in the reconstruction of past 812 

conditions in the ocean and overlying atmosphere (e.g., Vincent and Berger, 1981; Fischer 813 

and Wefer, 1999; Kucera, 2007; Schiebel and Hemleben, 2017; de Garidel-Thoron et a., 814 

2022). Most calibration work has so far relied on the foraminifer tests that have recently 815 

accumulated on the seafloor (e.g., CLIMAP, 1981; Siccha and Kucera, 2017). This is an 816 

efficient approach because the sediments are a natural concentrator of foraminifer tests 817 
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relative to the other components of upper ocean biomass, but they also integrate over large-818 

scale spatial patterns (e.g., Siegel and Deuser, 1997) and long-term (decades to millennia) 819 

open marine processes (Völker et al., 1998). Collection of living foraminifers, in contrast, 820 

allows many additional aspects to be investigated, including depth habitat, seasonality, 821 

ontogeny, interannual variability (e.g., Schiebel and Hemleben, 2000), and various proxies 822 

of their organic tissue and shell for paleoceanography and paleoclimate reconstruction 823 

(Figure 10). 824 

 825 

 826 

4.4.1 Nitrogen isotopes of marine plankton 827 

 828 

Nitrogen (N) and phosphorus (P) limit biological productivity throughout most of the 829 

tropical to temperate oceans. Both the cycling of N and its input/output budget control the 830 

fertility of the ocean, and play a key role in setting the concentration of atmospheric CO2 831 

(Sigman and Haug, 2003). The two stable isotopes of N, 14N and 15N represent a powerful 832 

tool to quantify changes in the marine N cycle in present and past oceans (Deutsch et al., 833 

2004; Sigman et al., 2009). 834 

 835 

Depending on the environmental settings, changes in N isotopic signatures can reflect 836 

processes such as the degree of nitrate consumption in the surface ocean, N2 fixation, or 837 

water column denitrification (Sigman et al., 2009). N isotopic signatures are incorporated 838 

by organisms into newly formed biomass and some fraction is ultimately transported to the 839 

seafloor and accumulated in the sediment (Altabet et al., 1999; Thunell et al., 2004). 840 

However, the δ15N signature produced in the surface ocean may be either altered during 841 

sedimentation, or contaminated with allochthonous N, for example, from terrestrial sources 842 

(Altabet and Francois, 1994; Sigman et al., 1999; Robinson et al., 2012). 843 

 844 

Ground-truthing and calibration of both foraminifer and diatom-bound δ15N is a major step 845 

in proxy development for paleoceanographic application of fossil-bound δ15N. Sampling 846 

oceanic transects across a wide range of trophic conditions is key to facilitate a complete 847 
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interpretation of the fossil-bound N isotopes (Smart et al., 2018; Schiebel et al., 2018; Smart 848 

et al., 2020; Auderset et al., 2022). The S/Y Eugen Seibold contributes to this effort by 849 

employing net tow sampling and high-volume filtration (Table 2), to collect foraminifers 850 

and diatoms, respectively. Plankton samples and data obtained with the S/Y Eugen Seibold 851 

allow for establishing the relationship of foraminiferal biomass to shell-bound δ15N for 852 

different species, including intra-species differences in the δ15N over the seasonal 853 

development, and comparison of the foraminiferal isotope data with the surface-ocean N 854 

pools (Schiebel and Movellan, 2012; Ren et al., 2012, Smart et al., 2018, Smart et al., 2020; 855 

Bieler, 2022). Environmental parameters recorded and sampled in parallel to the 856 

foraminifers yield empirical relationships for a mechanistic understanding of foraminifer-857 

bound δ15N in the open ocean (Table 2).  858 

 859 

For example, planktic foraminifers sampled with a net tow (Table 2) from the surface water 860 

column of the oligotrophic subtropical gyre of the North Atlantic near the Canary Islands 861 

(Figure 2) in May, show varying cell tissue N isotope signals of the surface-dwelling 862 

symbiont bearing species (Bieler, 2022), which are lower than the δ15N of nitrate supplied 863 

to the mixed layer from subsurface waters (Figure 10) (Fripiat et a., 2021). The relatively 864 

low d15N observed in the subsurface can be the result of N2 fixation (Bieler, 2022). Any size-865 

dependent differences in δ15N of the same species (Figure 10) may facilitate a more detailed 866 

comprehension of the marine nitrogen cycle and surface ocean ecosystem structure of 867 

modern and past oceans (Bieler, 2022). 868 

 869 

 870 

Figure 10. d15N of different planktic foraminifer species and size classes provide differential 871 

information on ecological conditions. Whereas Globigerinita glutinata is barren of photo-872 

symbionts, Globigerinoides ruber of both chromotypes white and red (G. ruber albus and 873 

G. ruber ruber, respectively) and Trilobatus sacculifer harbor dinoflagellate algae as photo-874 

symbionts, which lowers the δ15N of the foraminifer shells, i.e., higher δ15N at lower 875 

symbiont activity (Smart et al., 2018). In addition, higher δ15N can indicate a more 876 

carnivorous diet, and lower δ15N a more herbivorous diet. The respective standard 877 
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deviations and standard errors are indicated by the error bars (Bieler, 2022). Grey line and 878 

shading show arithmetic mean and standard deviation (1SD) of δ15N of the regional 879 

subsurface waters (Fripiat et a., 2021). 880 

 881 

 882 

4.4.2 Mg/Ca in planktic foraminifers as a temperature proxy 883 

 884 

The ratio between magnesium and calcium (Mg/Ca) of foraminiferal test carbonate is a 885 

ubiquitous proxy in paleoceanography that merits improvement. Regional rather than 886 

global calibrations are needed for a detailed systematic comprehension of the marine 887 

environment and climate geochemistry. The Mg/Ca of different planktic foraminifer species 888 

potentially provides temperature reconstructions of the surface mixed layer, the underlying 889 

thermocline, and the sub-thermocline water body (Nürnberg et al., 1996; Elderfield et al., 890 

2002; Friedrich et al., 2012). Exponential relationships of foraminiferal Mg/Ca to ambient 891 

seawater temperature (i.e., calcification temperature derived from δ18O) in sediment trap, 892 

seafloor sediment samples, and culture studies have demonstrated the robustness of this 893 

geochemical paleothermometer. However, none of these approaches entirely captures the 894 

environment in the upper hundred meters of the ocean water column in which planktic 895 

foraminifers live and calcify their shells. With each of the so far employed approaches, 896 

calcification temperature estimates are being based on δ18O assuming isotopic equilibrium. 897 

Culture studies circumvent these uncertainties, but provide data on an artificial 898 

environment, which does not fully capture the natural conditions. Therefore, in-situ 899 

calibration studies of the Mg/Ca paleothermometer in the modern ocean may significantly 900 

contribute to improve the accuracy and interpretation of past SST reconstructions (Fischer 901 

et al., 2024). 902 

 903 

In addition to species- and size-specific calibrations, Jochum et al. (2019) showed significant 904 

chamber-to-chamber variation of Mg/Ca in applying femtosecond laser ablation inductively 905 

coupled plasma mass spectrometry (fs-LA-ICP-MS) to planktic (and benthic) foraminifers, 906 

and suggest not to use the final chamber for Mg/Ca paleo-thermometry. Accordingly, 907 
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analyzing the penultimate (Equation 1; Line 7 in Figure 10) and antepenultimate (Equation 908 

2; Line 8 in Figure 10) chambers of G. ruber albus, a Mg/Ca temperature relationship for the 909 

subtropical North Atlantic (Madeira Basin; Figure 2) is proposed (Fischer et al., 2024). 910 

Chamber specific equations are selected on the basis of highest correlation with equations 911 

provided in the literature (Figure 11). The resulting generalized temperature relationship 912 

for the penultimate and antepenultimate chambers are given as 913 

 914 

Mg/Ca = 1.36 (±0.66) e(0.05(±0:02)T)   (Equation 1) 915 

Mg/Ca = 0.38 (±0.30) e(0.10(±0.04)T)   (Equation 2) 916 

 917 

 918 

Figure 11. Mg/Ca paleo-thermometry calculation. Comparison of published (1-6) Mg/Ca 919 

paleo-thermometers for G. ruber with the two Mg/Ca thermometers derived from the 920 

penultimate (7) and antepenultimate (8) chamber of G. ruber albus relative to ambient 921 

water temperature, i.e., sea surface temperature, SST (Fischer et al., 2024). Colored lines 922 

and numbers refer to (1) Sadekov et al. (2009), (2) Anand et al. (2003), (3) Mohtadi et al. 923 

(2009), (4) Bolton et al. (2011; penultimate chamber, F-1), (5) Bolton et al. (2011, 924 

antepenultimate chamber, F-2), (6), Gray et al. (2018). Please note the logarithmic (ln) scale 925 

of the y-axis. 926 

 927 

 928 

4.4.3 Oxygen and carbon isotopes of planktic foraminifer tests and ambient seawater 929 

 930 

Oxygen (d18O) and carbon (d13C) isotopes are the most ubiquitous proxies in 931 

paleoceanography both of which are retrieved in a single measurement. While the oxygen 932 

isotopes have often been the goal of the analyses, the carbon isotope data are frequently not 933 

even reported because there is great uncertainty and controversy in how these data should 934 

be interpreted, resulting from the numerous factors (e.g., varying d13C sources, foraminifer 935 

respiration, photo-symbiont activity) that can affect the d13C signal (e.g., Spero and 936 

Williams, 1988). An adequate calibration of foraminifer shell d13C that embraces the 937 
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complexity of this proxy and attempt to deconvolve the multiple proposed effects would 938 

make this proxy useable and provide access to one of the world’s largest paleoceanographic 939 

data sets (Mulitza et al. 2022), years or decades after it was generated. 940 

 941 

For foraminiferal d13C proxy calibration, data on the isotope composition of the dissolved 942 

inorganic carbon (DIC) pool used by the foraminifers to grow their tests are of pivotal 943 

importance. The isotope composition of the DIC pool is strongly affected by primary 944 

productivity, and can therefore be highly variable along depth profiles and between 945 

seasons. Precise assignment of the corresponding DIC d13C values to the water depth of 946 

calcification of planktic foraminifer tests would significantly reduce the uncertainties in 947 

our understanding of how foraminifers capture carbon from seawater. 948 

 949 

d13C DIC data of the water column between 3 m and 450 m water depth at the Cape Verde 950 

Ocean Observatory (CVOO), in the subtropical eastern North Atlantic (Station 29, Table 951 

3), display a typical vertical covariation of DIC d13C and different measures of primary 952 

productivity (Figure 12). In combination with plankton tow samples of planktic foraminifer 953 

tests, these data facilitate assignment of proper d13C-DIC values from specific sampling 954 

depths and times for a better understanding of the existing and new datasets of foraminiferal 955 

d13C values as a proxy of paleo-productivity in the subtropical oceans. As the d13C values of 956 

the planktic foraminifer shell calcite are closer to the d13C-DIC values of the thermocline 957 

and sub-thermocline waters (0-0.5 ‰VPDB) than surface values (>0.8 ‰), they may not 958 

display the trophic conditions of ambient sea water they were sampled from. With an average 959 

life span of a fortnight, the surface-dwelling species G. ruber albus may have formed their test 960 

calcite closer to the thermocline and DCM as the main food source, or in adjacent upwelled 961 

water bodies over the days and weeks preceding the sampling (Schiebel and Hemleben, 2017). 962 

The systematically higher d13C of G. ruber ruber than G. ruber albus (Figure 12) are close to 963 

the surface d13C-DIC, and may not be related to any earlier upwelling, indicate conditions 964 

closer to the ambient water body at the time of sampling. Additional data on a larger 965 

spectrum of ecological conditions in other regions of the oceans are needed to provide a better 966 

understanding of the different d13C pools, varying trophic conditions of the oceans, and their 967 

effect on the air-seawater greenhouse gas exchange and paleoclimate. 968 
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 969 

 970 

Figure 12. DIC d13C as proxy of past ocean primary productivity. (a) Covariation of d13C-971 

DIC (black diamonds) with (b) chlorophyll-a fluorescence (green line) with a maximum 972 

around the DCM, and dissolved oxygen (blue line) as measures (from CTD75M; Table 2) of 973 

primary productivity in the eastern subtropical Atlantic northeast of São Vicente, Cape 974 

Verde (Station 29, Figure 2). NO3 + NO2 data (red diamonds) were measured on discrete 975 

seawater samples at the MPIC, Mainz. (a) d13C of the calcareous tests of the two planktic 976 

foraminifer species G. ruber albus (light blue dots) and G. ruber ruber (pink dots) show a 977 

systematic offset for the d13C-DIC of ambient seawater (black dots), and may be applied as 978 

proxies of past ocean and climate changes. 979 

 980 

 981 

4.5 Atmospheric aerosols and composition of microbial communities in ocean air and surface 982 

waters  983 

 984 

Atmospheric aerosols consist of airborne solid and liquid particles in the nanometer to 985 

micrometer size range, which play a fundamental role in the Earth climate system by 986 

influencing the radiative balance of the atmosphere, the formation and development of clouds 987 

and precipitation, and the airborne spread of organisms and diseases (Ramanathan et al., 2001; 988 

Pöschl, 2005; Fröhlich-Nowoisky et al., 2016). Aerosol particles serving as cloud condensation 989 

nuclei (CCN) or ice nuclei (IN) affect the microphysical processes and dynamic evolution of 990 

clouds (Brooks and Thornton, 2018). A comprehensive understanding and correct 991 

representation of marine cloud dynamics, lifetime, and reflectivity are essential for global 992 

climate modeling, since the oceans account for more than 70 % of the Earth’s surface, and 993 

their cloud coverage affects the Earth’s radiative balance. Furthermore, atmospheric aerosols 994 

affect the biogeochemistry of the ocean-atmosphere exchange through the deposition of 995 

micronutrients to the phytoplankton as the base of the marine food web (Hamilton et al., 2022). 996 

 997 

The marine aerosol is characterized by a high spatiotemporal variability as well as diverse 998 

chemical composition and complex physicochemical properties (Heintzenberg, 2000). It 999 

represents a mixture of natural and anthropogenic emissions derived from both continental and 1000 
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oceanic sources. The atmospheric residence times of aerosol particles typically range from days 1001 

to weeks. Continental aerosols from fossil fuel or biomass combustion, smoke, dust, and 1002 

biogenic particles from the continental biosphere can be transported over long distances and 1003 

may reach remote regions of the oceans. Pristine states of the marine atmosphere are of 1004 

particular relevance to understand and model the extent of anthropogenic perturbations of the 1005 

present-day and future atmosphere (Andreae, 2007; Carslaw et al., 2013). Comparatively clean 1006 

and even partly pristine states can still be found over the oceans of the southern hemisphere, 1007 

whereas the northern hemisphere is largely polluted (Heintzenberg, 2000; Hamilton, 2014). The 1008 

strongest sources of pollution in the marine boundary layer are the plumes of large wildfires 1009 

and coastal megacities as well as major shipping routes. 1010 

 1011 

The formation of sea spray aerosol (SSA) through bursting bubbles at the ocean-atmosphere 1012 

interface, which is driven by wind and breaking waves, is regarded as the strongest marine 1013 

aerosol source in terms of mass (e.g., Monks et al., 2009). SSA comprises both organics and 1014 

inorganics with a strong size dependence in composition, whereas sea salt refers to the inorganic 1015 

constituents only (Bates et al., 2012, Prather et al., 2013). SSA composition depends on 1016 

physicochemical and biological processes in seawater and its formation process still holds a 1017 

variety of open questions (Meskhidze et al., 2013). As part of the SSA, a variety of marine 1018 

microorganisms is emitted, which can be mixed with advected continental bioaerosols, resulting 1019 

in a diverse and variable microbial community in the marine boundary layer (Mayol et al., 2017; 1020 

Freitas et al., 2022; Lang-Yona et al., 2022). 1021 

 1022 

SSA is directly emitted from the ocean to the atmosphere and thus considered a primary aerosol 1023 

source. In addition, precursor gasses emitted from the ocean can undergo chemical reactions, 1024 

gas-to-particle conversion, and secondary aerosol formation in the atmosphere, representing 1025 

another major aerosol source (e.g., Monks et al., 2009). The most prominent example is the 1026 

oxidation of dimethylsulphide (DMS) from marine emissions with a subsequent formation of 1027 

sulfate aerosol (Charlson et al., 1987; McCoy et al., 2015). Furthermore, volatile organic 1028 

compounds can act as precursors for secondary organic aerosol formation and the nucleation of 1029 

new particles can occur in the lower, middle, and upper troposphere (O’Dowd and de Leeuw, 1030 

2007; Williamson et al., 2019; Zheng et al., 2021). The mixture of secondary particles from all 1031 

these sources undergoes profound physicochemical transformations via photochemical 1032 

oxidation, heterogeneous chemical reactions, and aqueous phase chemistry (Rinaldi et al., 2010; 1033 
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Ramachandran, 2018; Pöschl, 2005; Su et al., 2020), which enhances the complexity linking 1034 

aerosol properties, sources, and effects on climate change, and vice versa.  1035 

 1036 

The S/Y Eugen Seibold expeditions from 2019 to 2021 have produced a broad spectrum of 1037 

atmospheric analyses including fine and coarse mode aerosol analyses. The spatial distribution 1038 

of potential aerosol sources around the cruise track was identified using an adapted potential 1039 

source contribution function (PSCF) model (Fan et al., 1995). The model was modified to 1040 

account for the moving receptor on the S/Y Eugen Seibold. By combining aerosol number 1041 

concentrations in fine and coarse modes with HYSPLIT back-trajectories (BTs), potential 1042 

source locations for each mode were determined. The output is a BT footprint indicating regions 1043 

where BTs resulted in high concentrations of fine or coarse mode aerosols at the receptor when 1044 

they traversed those areas. The analyses indicate that the Greenland, Iceland, and Norwegian 1045 

Seas (GINS) contributed to the coarse mode aerosols, whereas the entire North Atlantic Ocean 1046 

south of the polar circle served as potential source for the fine mode aerosol (Figures 13 and 1047 

14). The fine mode aerosol concentration was also high in the North Sea near the German coast 1048 

relative to the other cruise track locations, indicating prominent contribution of continental 1049 

emissions. Both fine mode and coarse mode aerosols had a strong source near the northwestern 1050 

African continent (Figures 13 and 14). In particular, the coarse mode aerosols in the dust 1051 

transported from the African continent confirm massive dust emissions to the North Atlantic 1052 

Ocean. 1053 

 1054 

Robust measurements of particle concentrations and size distributions across the relevant size 1055 

range are of prime importance for aerosol studies. Particle number size distributions from 10 nm 1056 

to ~6 µm measured along the cruise track (Figure 2) show a consistent occurrence of three 1057 

characteristic modes (Figure 14), the Aitken mode (~10 nm to 100 nm), accumulation mode 1058 

(~100 nm to 1000 nm), and coarse mode (> ~1000 nm). The distinct peaks in the size 1059 

distribution indicate different modes of aerosols originating from different sources and 1060 

atmospheric processes (Figure 14).  1061 

 1062 

 1063 

Figure 13. Source regions of air masses and aerosols along S/Y Eugen Seibold cruise track. (a) 1064 

Particle number concentration in the fine mode (<1 µm) and (b) coarse mode (>1 µm) along 1065 

cruise track (black circles) of the S/Y Eugen Seibold in 2020 and 2021. The size of the circles 1066 

represents the particle number concentration levels. The potential source contribution, based on 1067 
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Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT, NOAA-ARL) 1068 

backward trajectories (5-day intervals, 200 m start altitude, with the boat’s location as the 1069 

starting point) illustrates the spatiotemporal variability of regional sources for fine and coarse 1070 

particles. 1071 

 1072 

 1073 

Figure 14. Particle number size distributions for three selected locations along the cruise track 1074 

highlighted by squares in Figure 13 show typical trimodal marine size distributions. Each 1075 

distribution comprises (a) an Aitken mode centered at about 50 nm,  (b) an accumulation mode 1076 

at about 200 nm, and (c) a coarse mode at about 1000 nm. The variability in the size 1077 

distributions relates to differences in air mass origin and atmospheric aerosol aging. 1078 

 1079 

 1080 

The spatiotemporal distribution, community structure, and metabolic capabilities of 1081 

microorganisms at the ocean-atmosphere interface were analyzed from 118 air and surface 1082 

seawater filter samples from 2019 to 2021 S/Y Eugen Seibold expeditions. Cell types and 1083 

abundances elucidate the microbial community diversity and composition in the air and surface 1084 

seawater to reveal the potential interplay between surface water and air microbial communities. 1085 

Bacterial, archaeal, and eukaryotic clades are identified from their 16S and 18S ribosomal RNA 1086 

marker genes. According to the sequencing results, the cell abundances in the air were not 1087 

directly related to those in surface seawaters suggesting that exchange of microbes between 1088 

surface ocean and atmosphere was limited under the sampled conditions.  1089 

 1090 

Ice nucleation assays (Kunert et al., 2018) will improve our understanding of the organisms’ 1091 

capability to act as ice nuclei at temperatures close to zero degrees Celsius to assess the impact 1092 

of aerobiomes on the hydrological cycle (Morris et al., 2014). In combination with the data on 1093 

the pico- and nano-phytoplankton (Figures 6 and 7), and data on spectrally resolved 1094 

fluorescence of single bioaerosol particles (Könemann et al., 2019) from the surface ocean and 1095 

overlying air will lead to a better understanding of the origin and fate of air microbial 1096 

communities (Fröhlich-Nowoisky et al., 2012; Fröhlich-Nowoisky et al., 2016), as well as the 1097 

environmental parameters leading to long-range transport of aerosol species. Data obtained 1098 

with the S/Y Eugen Seibold are complemented by calculated backward air trajectories (Figure 1099 

13), satellite data, and information on air microbial communities from long-term measurement 1100 
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stations and platforms (e.g., Kokhanovsky, 2008; Flores et al., 2020; Souza et al., 2021; Prass 1101 

et al., 2021). 1102 

 1103 

 1104 

During a dust outbreak from the Sahara Desert (Calima) in February 2021, filter samples 1105 

were collected with the Low Volume Filter Sampler (Table 2) at the eastern side of Gran 1106 

Canaria. First molecular genetic results show that the desert dust comprised a characteristic 1107 

set of phyla with similarities to samples taken over the Amazon rainforest at the Amazon 1108 

Tall Tower Observatory (ATTO), near Manaus, Brazil, during a dust event in February 2020. 1109 

Both Calima and Brazilian dust events were different from samples obtained during dust 1110 

free episodes in the marine Atlantic atmosphere, with notable increased relative sequence 1111 

abundances of the bacterial division Firmicutes. Further analyses will provide insights into 1112 

the microbial composition of desert dust as related to the source region soil microbiome, 1113 

viability of organisms after arrival in the receptor regions, alteration during the transport 1114 

across the Atlantic, and effect on the biogeochemistry of the surface ocean through the 1115 

deposition. 1116 

 1117 

The Sahara Desert releases about 130-1300 Tg of dust per year, and about 8-50 Tg of it is 1118 

deposited in the Amazon Basin, constituting a transatlantic transport of nutrients (Goudie 1119 

and Middleton, 2001; Engelstaedter et al., 2006; Laurent et al., 2008; Kaufman et al., 2005; 1120 

Prospero et al., 2020). The desert dust influences climate, as it alters the scattering and 1121 

absorption of sunlight and may enhance the formation of clouds (Jia et al., 2019). The dry 1122 

soils in the source region of the dust are colonized by a variety of microorganisms and 1123 

biological soil crusts, which are also affected by climate (Favet et al., 2013; Rodriguez-1124 

Caballero et al., 2018; Rodriguez-Caballero et al., 2022). 1125 

 1126 

 1127 

4.6 Black carbon in the atmosphere 1128 

 1129 
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Black carbon (BC) is the most strongly light-absorbing component of atmospheric aerosols 1130 

and one of the most important short-lived climate-warming agents. Quantitative estimates 1131 

of the climate impact of BC are hampered by a lack of observational data, particularly in 1132 

remote areas, where observations are especially useful for constraining physical and 1133 

chemical processes in models (Ditas et al., 2018). Mass concentrations and mixing state of 1134 

individual BC particles were measured with an SP2 (Table 2) from March 2019 to October 1135 

2021 for over 1900 cruise hours. The observations show that BC is widespread on the 1136 

Atlantic Ocean from coastal to remote areas, with mass concentrations ranging from a few 1137 

to several hundred nanograms per cubic meter (ng m-3). For example, outflow of continental 1138 

BC from mainland Europe and the British Isles caused high BC concentrations (34±95 ng 1139 

m-3) over the North Sea, and lower concentrations (4±5 ng m-3) in the northern North 1140 

Atlantic. 1141 

 1142 

Figure 15. Black carbon (BC) data from the North Sea and North Atlantic Ocean. Spatial 1143 

distribution of BC mass concentration measured with the SP2 instrument (Table 2) onboard 1144 

the S/Y Eugen Seibold in February, June, and July 2020 from the European continent to 1145 

Iceland. The data are averaged and shown on a 1° by 1° grid resolution. 1146 

 1147 

 1148 

5 Conclusions and perspectives of the S/Y Eugen Seibold project 1149 

 1150 

The S/Y Eugen Seibold project is designed to measure and sample properties of air, water, 1151 

and plankton to further develop traditional and novel proxies, including isotopes and trace 1152 

metals, to improve our understanding of biogeochemical cycles of the atmosphere and 1153 

oceans, investigate the mechanisms of biological uptake, export, and recycling of elements 1154 

in the open marine water column, and to inventory non-biogenic matter sources and sinks 1155 

in the oceans.  1156 

 1157 

Repeated seasonal and interannual probing of the water column with the S/Y Eugen Seibold, 1158 

and comparison to historical data obtained over the past decades (e.g., Schiebel and 1159 
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Hemleben, 2000; Schiebel, 2002; de Garidel-Thoron et al., 2022) captures the time interval 1160 

of accelerated atmospheric and marine CO2 increase and climate warming since the 1970s 1161 

(e.g., Cheng et al., 2019; IPCC, 2021). Resulting changes of the atmospheric and marine 1162 

conditions such as Arctic amplification and changes in the jet streams, changing 1163 

stratification of the surface water column, decreasing oxygenation of the water column, 1164 

declining marine food production, and ocean acidification are already being detected (Moon 1165 

et al., 2022; Stramma et al., 2008; Löscher et al., 2016; Schmidtko et al., 2017; Moore et al., 1166 

2018; Resplandy, 2018; Zanna et al., 2019; Chown, 2020; Gruber et al., 2021; Shi et al., 2022; 1167 

Free et al., 2022). 1168 

 1169 

The first campaign of the S/Y Eugen Seibold in the eastern North Atlantic, from subpolar to 1170 

tropical waters, between Iceland and the equator has produced a wealth of biogeochemical data 1171 

and samples from the atmosphere and surface ocean. Data and samples obtained from 2019 to 1172 

2021 provide a systematic synoptic understanding of physical, chemical, and biological 1173 

variables of the ocean climate as a major driver of global climate change. The entire suite of 1174 

measurements facilitated by the technological infrastructure of the S/Y Eugen Seibold provide 1175 

refined proxy calibration of planktic paleo-archives at high temporal and spatial resolution in 1176 

relation to seawater and atmospheric parameters. 1177 

 1178 

Data on phytoplankton photophysiology acquired by Fast Repetition Rate fluorometry (FRRf) 1179 

and flow cytometry show that the technological set-up on the S/Y Eugen Seibold facilitates 1180 

detailed assessment of how phytoplankton optical groups are affected by environmental 1181 

conditions on multiple spatial and temporal scales. Differential effects of the various ecological 1182 

parameters explain the interplay between photophysiology of the phytoplankton community 1183 

and its environment for a detailed assessment of the processes involved in marine 1184 

photosynthesis. Temporal variation is apparent in multiple photophysiological processes at sub-1185 

daily to daily time-periods, and the strength of this diel cycle differs between biogeographical 1186 

provinces (Figure 2). Differences in photoacclimation strategies between regions are being 1187 

identified. The implications for primary productivity and thereby ecosystem functioning and 1188 

biogeochemical cycling are being discussed with particular emphasis on the photoacclimation 1189 

response (e.g., carbon-to-chlorophyll ratio), which appears to account for a significant 1190 

percentage of the observed (e.g., interannual) chlorophyll anomalies observed by remote 1191 

sensing (Behrenfeld et al., 2016; Britten et al., 2022). 1192 
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 1193 

Phytoplankton abundances at nano size (≤20 𝜇m) and below, are enumerated using semi-1194 

continuous flow cytometry. Vertical profiles of the photic layer comprise different biomes 1195 

along the 20-West-Transect and reveal differences between subpolar to tropical biomes and 1196 

seasons, for example, strong alternation between cyanobacterial and nano-eukaryotic 1197 

prevalence (Figure 6). Total phytoplankton abundances in the surface mixed layer ranged from 1198 

<10 * 103 cells mL!" in the oligotrophic subtropical gyre, and up to 150 * 103 cells mL!" in 1199 

the northern North Atlantic in spring, the Mauritanian upwelling, as well as at the Deep 1200 

Chlorophyll Maximum (DCM), the latter being dominated by cyanobacteria such as 1201 

Prochlorococcus in the more oligotrophic biomes. 1202 

 1203 

The combination of high spatial and temporal resolution sampling of phytoplankton 1204 

communities and dissolved gases, together with a large suite of environmental data, facilitates 1205 

a comprehensive evaluation of how changes in biological activity influence the variability of 1206 

active gases (e.g., CO2 and O2) in the surface ocean. The concomitant underway determination 1207 

of sea surface dissolved argon and oxygen, acquired with the flow equilibrator membrane inlet 1208 

miniRUEDI mass spectrometer (Table 2), allows for high resolution computation of microbial 1209 

net community production (NCP), which is the metabolic balance of the plankton community 1210 

resulting from both autotrophic carbon fixation through photosynthesis and carbon loss through 1211 

respiration. NCP captures the health and metabolic state of the plankton community as a whole, 1212 

and does not always equate to chl-a levels or phytoplankton abundance (Poulton et al. 2006), 1213 

but represents the net rate of biological organic carbon production potentially available for 1214 

export to the deep ocean (Emerson 2014). The direct influence of net community production 1215 

on air-sea CO2 fluxes both in parallel at high spatial and temporal resolution is assessed along 1216 

the sampled transect. Results suggest that the effect of upwelled waters in tropical latitudes 1217 

triggers a phytoplanktonic community that is able to fix as much carbon as the community in 1218 

high latitude waters. Understanding of these processes is of pivotal importance in order to 1219 

evaluate the ocean’s capacity in sequestering atmospheric CO2 and the potential for carbon 1220 

export to the deep sea. 1221 

 1222 

 1223 

5.1 Data on trace elements and stable isotopes 1224 

 1225 
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Bioactive trace elements, such as micronutrients, are critical for marine life and affect the 1226 

functioning of ocean ecosystems and the global carbon cycle. Some trace elements are also 1227 

of concern as contaminants, while others, together with a diverse array of isotopes, are used 1228 

to assess modern-ocean processes and the role of the ocean in past climate change. Despite 1229 

the recognized importance of trace elements and isotopes in the ocean, our ability to employ 1230 

them is limited by uncertainty about their sources, sinks, internal cycling, and chemical 1231 

speciation. 1232 

 1233 

In addition to macronutrients (NO3, PO4, and C), trace metals such as iron (Fe), cadmium 1234 

(Cd), molybdenum (Mo), nickel (Ni), chromium (Cr), cobalt (Co), manganese (Mn), and 1235 

zinc (Zn) are essential elements for primary production (Sunda, 2012; Twining and Baines, 1236 

2013; de Baar et al., 2017). The micronutrients regulate metabolic pathways and are part of 1237 

vital enzymes involved in key biological processes such as photosynthetic carbon 1238 

sequestration (Fe, Zn, Cd), nitrogen fixation (Fe, Mo), methanogenesis (Ni), and oxygen 1239 

regulation in photosynthesis and general metabolic processes (Mn). However, in seawater, 1240 

micronutrients are present at low concentrations and their bioavailability can limit marine 1241 

phytoplankton growth. This is of particular significance for oceanic High-Nutrient-Low-1242 

Chlorophyll (HNLC) regions such as the eastern equatorial Pacific and Southern Ocean, 1243 

where iron - as an essential micronutrient supplied to the oceans mostly via atmospheric 1244 

dusts - is insufficient, and, paradoxically, results in low primary production and biomass in 1245 

these macronutrient rich regions (Martin and Fitzwater, 1988; Martínez-García et al., 2009; 1246 

Martínez-García et al., 2014). Natural mass-dependent stable isotope variations of trace metal 1247 

micronutrients are analyzed to provide novel tracers of biological uptake and utilization, and 1248 

application in paleoclimate reconstruction. 1249 

 1250 

 1251 

5.2 Ocean heat and temperature proxies 1252 

 1253 

Ocean heat transport processes are paramount in Earth’s climate as they distribute energy 1254 

around the globe. As the upper 30 m of the oceans contain as much heat as the entire 1255 

atmosphere, the temperature of the upper ocean is among the most decisive variables in the 1256 
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Earth’s climate system, by regulating ocean-atmosphere heat exchange, development of 1257 

pressure gradients and wind fields, as well as formation and circulation of water masses that 1258 

comprise the oceanic thermohaline circulation (THC; Broecker, 1991; von Schuckmann et al., 1259 

2020). As temperature affects both surface and deep oceanic circulation, as well as heat and 1260 

moisture transport around the globe, and the state of global climate as a whole, sea surface 1261 

temperature (SST) fluctuations are critical to understand how heat is distributed. Therefore, 1262 

temperature reconstruction in marine paleoclimatology is key to assess the variability of heat 1263 

transport processes through time. Consequently, validation and calibration of inorganic and 1264 

organic geochemical temperature proxies with modern observations and environmental data is 1265 

of high priority in climate reconstruction. Precision in past SST reconstruction is also vital to 1266 

improve the accuracy of numerical simulations of past climate and the effect on human societies 1267 

through general circulation models (GCMs; Timmermann et al., 2022), to address the extent 1268 

and impact of anthropogenically forced climate change. In addition, stringent testing by close 1269 

comparison to quantitative SST reconstruction via proxy data fosters systematic understanding 1270 

of climate evolution, which critically depends on the accuracy and reliability of such proxies. 1271 

The S/Y Eugen Seibold campaigns provide samples and data for the next level of in-situ proxy 1272 

calibration. 1273 

 1274 

 1275 

5.3 Alkenone and TEX86 SST calibration 1276 

 1277 

The alkenone unsaturation index Uk’37 has been widely adopted by paleoceanographers as a 1278 

proxy to estimate past SSTs. Since it was first demonstrated that alkenone ratios in sediments 1279 

changed in a systematic way with inferred temperature, efforts have been undertaken to confirm 1280 

and calibrate the Uk’37 index. The temperature dependent nature of the relative abundance of the 1281 

C37:2 and C37:3 alkenones has been shown by culture studies, and analyses of surface sediment 1282 

and particulate organic matter sampled from the water column (Brassell et al., 1986; Prahl and 1283 

Wakeham, 1987; Müller et al., 1997). Despite such positive results, the application of alkenone 1284 

indices is not devoid of uncertainties. A number of recent studies highlight some degree of 1285 

nonlinearity in the relationship of alkenones to SST at high (>25 ºC) and low (<8 ºC) 1286 

temperature extremes, and a strong seasonal bias in the SST recorded by the Uk’37 in certain 1287 

oceanographic settings (Conte et al., 2006; Rosell-Melé and Prahl, 2013; Richey and Tierney, 1288 

2016). Therefore, systematic calibration of the alkenone paleothermometer in comparison to 1289 
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the entire suite of environmental data obtained within the S/Y Eugen Seibold may improve our 1290 

interpretation of past changes in SST. 1291 

 1292 

The TEX86 SST index and related proxies offer a promising tool for paleoceanographic 1293 

reconstructions (Schouten et al., 2002; Schouten et al., 2013). A potential caveat to this method 1294 

is that archaea producing glycerol dialkyl glycerol tetraether lipids (GDGTs) are ubiquitous 1295 

and, in contrast to the photosynthetic alkenone producers, live in the entire water column, and 1296 

not only in the euphotic surface layer (Karner et al., 2001). Surveys of particulate organic matter 1297 

in the ocean as well as recent global core-top calibrations of TEX86 suggest that the temperature 1298 

of the surface mixed layer (the upper 120 m) is generally integrated in the sedimentary GDGT 1299 

signal (Wuchter et al., 2005; Kim et al., 2010; Zonneveld et al., 2010). However, it has been 1300 

found that not all regions follow the same pattern, and datasets evaluating the potential effect 1301 

of seasonality are scarce (e.g., Hernández-Sánchez et al., 2014; Huguet et al., 2007; Taylor et 1302 

al., 2013). Therefore, we will constrain the water depths and seasonality of GDGT production 1303 

in different ocean regions, and its relationship to the signal recorded in the sediment. 1304 

 1305 

 1306 

5.4 Dust biomarkers 1307 

 1308 

Dust plays an important role in global climate by influencing the radiative balance of the 1309 

atmosphere. It also serves as an important source of limiting micronutrients (e.g., iron) in 1310 

the open ocean (e.g., Martin and Fitzwater, 1988; Pabortsava et al., 2017; Moore et al., 1311 

2009), and drives marine productivity, for example, in the HNLC regions such as the 1312 

Southern Ocean and the equatorial and North Pacific. 1313 

 1314 

The flux, distribution, and isotopic composition of certain wind-borne terrigenous 1315 

biomarkers (e.g., long-chain n-alkanes, n-alkanols, and n-alkanoic acids) can provide 1316 

information on the input of continental matter to the ocean, and changes in the 1317 

environmental conditions at the source region of the dust (Abouchami et al., 2013; Yu et 1318 

al., 2020). For example, the carbon isotopic composition of these compounds is affected by 1319 

ambient atmospheric 13/12CO2, the pathway during photosynthesis (C3 or C4 biosynthetic 1320 

pathway), and factors (including aridity) that affect the conductance of the plant's stomata 1321 
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used to reconstruct changes in vegetation types (Schwab et al., 2015). In addition, the δD 1322 

values of the plant lipids are affected by the environmental water, and further modulated 1323 

by local hydrological processes and isotope effects associated with biosynthesis. Therefore, 1324 

δD values can be used in marine and lake records to reconstruct changes in the hydrological 1325 

cycle (Schwab et al., 2015). Understanding the distribution and isotopic composition of 1326 

these terrestrial biomarkers in modern dust samples from different ocean regions and 1327 

marine proxies will significantly improve the accuracy of paleoclimate reconstructions. 1328 

 1329 

 1330 

5.4 Recent developments and upcoming projects 1331 

 1332 

The S/Y Eugen Seibold has crossed the Atlantic and Caribbean Sea over Christmas and New 1333 

Year 2022/2023, and sampled a profile along 13 °N, for a better understanding of the effect of 1334 

Saharan dust on the marine nutrient budget and the 15N signal as a proxy of past productivity 1335 

changes of the tropical Atlantic, and modern climate related effects such as the Sargassum 1336 

bloom. In March 2023, the S/Y Eugen Seibold has arrived in the tropical Eastern Pacific (TEP) 1337 

with the aim to describe the biogeochemistry (e.g., nutrients, 15N, and oxygen minimum zones) 1338 

of an entire El Niño cycle and the El Niño-Southern Oscillation (ÈNSO). The campaign in the 1339 

TEP is conveyed in close cooperation with the Smithsonian Tropical Research Institute (STRI), 1340 

based on a Memorandum of Understanding (2021) and Cooperation Agreement (2023), and 1341 

supported by the Darwin Centre at Galapagos.  1342 
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