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I. Zusammenfassung 

Menschliche Aktivitäten haben die atmosphärischen Molenbrüche vieler langlebiger 
Treibhausgase, einschließlich Kohlendioxid (CO2) und Methan (CH4), erhöht.

Methan hat einen wichtigen Einfluss auf das Strahlungsgleichgewicht, da es terrestrische 
Strahlung absorbiert und daher, wie auch andere Treibhausgase, eine hohe 
Strahlungswirkung hat.

Quellen für die Methan werden in drei verschiedene Bereiche unterteilt: biogene Quellen, 
thermogene Quellen und pyrogene Quellen.

Biogenes Methan ist ein Endprodukt der Zersetzung organischer Stoffe aus Quellen in 
Sümpfen, Reisfeldern, marinen Sedimenten und Mülldeponien. Thermogenes Methan 
entsteht durch den Abbau organischer Stoffe durch Hitze und Druck (z.B. marine und 
landgeologische Gasaustritte sowie Ausbeutung und Verteilung fossiler Brennstoffe) und 

pyrogenes Methan entsteht durch unvollständige Verbrennung von Biomasse (z.B. 
Biokraftstoffe und Waldbränden).

Obwohl in den letzten 30 Jahren erhebliche Fortschritte erzielt worden sind, ist die Rolle 
von Methan für den Klimawandel noch nicht vollständig geklärt. Hohe Ansammlungen an 
Methan finden sich in Sedimenten von Flüssen, Seen und ozeanischen Schelfregionen, 
von wo aus es in Wassersäulen abgegeben wird und dort oxidiert. In seichten Gewässern 
kann ein Teil des sedimentären Methans jedoch durch Mischen oder direktes Aufflammen 
in die Atmosphäre gelangen. Sauerstoffreiches Oberflächenwasser im offenen Ozean ist 
normalerweise leicht mit Methan übersättigt, was nicht durch Sedimentquellen erklärt 
werden kann, weshalb es oft als ozeanisches Methan-Paradoxon bezeichnet wird.

Diese Arbeit konzentriert sich auf kontinuierlich laufende Messungen im 
Oberflächenwasser, die auf der Atlantic Cartier, einem Ship of Opportunity (SOOP), 2016 
durchgeführt wurden. Es wurden diskrete Vergleichsproben entnommen, um die Leistung 
des laufenden Systems zu bewerten. Dieser Vergleich ergab eine vernünftige 
Übereinstimmung zwischen den Messmethoden. Die im untersuchten Zeitraum (Oktober 
2016) gemessenen CH4-Konzentrationen gehörten zu den höchsten jemals im offenen 
Ozean gemessenen Konzentrationen. Sie könnte mit einer Phytoplanktonblüte im 
Nordatlantik assoziiert werden und ein Hinweis darauf sein, dass die 
Methankonzentrationen im Oberflächenwasser des offenen Ozeans variabler sein könnte 
als zuvor angenommen.






II. Abstract 

Human activities have been enhancing the atmospheric mole fractions of many long-lived 
greenhouse gases including carbon dioxide (CO2) and methane (CH4).

Methane has an important effect on the radiative balance, because it absorbs terrestrial 
radiation, therefore has a high radiative impact, like other greenhouse gases.

Methane release sources are divided into three different processes: biogenic, 
thermogenic and pyrogenic. Biogenic methane is a final product of the decomposition of 
organic matter with sources like swamps, rice paddies, marine sediments and landfills. 
Thermogenic methane is formed by the breakdown of organic matter due to heat and 
pressure (eg. marine and land geological gas seeps and exploitation and distribution of 
fossil fuels) and pyrogenic methane is produced by incomplete combustion of biomass 
(eg. biofuel burning and wildfires).

Though substantial progress has been made over the past 30 years, the role methane 
plays in climate change is not fully determined yet.

High methane accumulations are found in sediments of rivers, lakes and oceanic shelf 
regions, from where it is released into water columns and oxidized. In shallow waters, part 
of the sedimentary methane can reach the atmosphere through mixing or direct ebullition, 
however. Oxygen-replete surface open-ocean waters are usually slightly supersaturated 
with methane, which cannot be explained by sedimentary sources, therefore often called 
the oceanic-methane paradox.

This thesis focuses on continuous underway measurements in surface waters 
autonomously using the Atlantic Cartier, a Ship of Opportunity (SOOP) across the North 
Atlantic Ocean, which was conducted in 2016.

Discrete comparison samples were taken to evaluate the performance of the underway 
system. This comparison revealed a reasonable agreement between the measurement 
methods. The  CH4 concentrations measured during the investigated time period in 
October 2016 were among the highest concentrations ever measured in the open ocean. 
They could be associated with a phytoplankton bloom in the North Atlantic ocean and 
may indicate that open ocean surface methane concentrations may be more variable than 
previously observed. 
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1 Introduction 

Methane is the second most important anthropogenic greenhouse gas, with a ~20 times 
higher global warming potential (GWP) than CO2, while its atmospheric mole fraction is 
more than 200 times lower than that of CO2 (Ramaswamy et al., 2001).

Its atmospheric lifespan, is about nine years for the year 2010, shorter than carbon 
dioxide (CO2), as it is oxidized in the atmosphere by a number of constituents (Prather et 
al., 2012). 

It is a colorless, odorless gas, the simplest member of the paraffin series of hydrocarbons 
and an anthropogenic product by the industry and agriculture. Its lifespan is shorter as 
carbon dioxides, but its impact is about 20 times stronger, though the quantities of 
methane, within our atmosphere are smaller than carbon dioxide concentrations (Myhre et 
al., 2013). It is lighter than air and highly flammable. If methane content exceed 5% within 
an air parcel it becomes explosive, which has been responsible for quite an amount of 
disasters within coal mines.


Figure 1: CH4 mole fractions (ppb), monthly means and standard deviations of data measured 
under background (un-polluted) conditions (http://agage2.eas.gatech.edu/data_archive/
data_figures/monthly/pdf/CH4_mm.pdf) 
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As seen in figure 1, methane mole fractions in the atmosphere have been increasing since 
the beginning of the industrial revolution from ~750 to ~2000 ppb (Etheridge et al. 1998). 
Measurements have been taken at five different atmospheric stations over the past ~35 
years. It is shown that methane within the northern hemisphere (Ragged Point, Cape 
Meares/Trinidad Head, Adrigole/Mace Head) displays higher values than those measured 
in the southern hemisphere (Cape Matatatula, Cape Grim).

The main reason for this is the big difference in landmass, and increased anthropogenic 
influence within the northern hemisphere.

The methane gradient between the two hemispheres is quite large, since different wind 
zones prevent the air exchange. Also differences between seasons are clearly visible due 
to increased methane sources like heating during the colder months.


The average methane dry mole fraction in Mace Head (Ireland) is currently around 1950 
ppb (figure 1), with about 60% of the methane released into the atmosphere has it origins 
from anthropogenic sources, caused by direct human activities, such as agriculture, 
waste management, fossil-fuel-related activities and alterations to natural methane fluxes, 
due to increased atmospheric CO2 concentrations and climate change (Saunois et al.,
2020). Methanes solubility changes with changing temperature, while parcels with lower 
temperature can hold more CH4, the parcels will be oversaturated with inclining 
temperatures. The remaining 40% of the emitted methane has natural sources split 
between wetlands and other natural emissions (e.g., wild animals, land geological 
sources, oceanic geological and biogenic sources, and terrestrial permafrost) (Saunois et 
al., 2020).

Over the past two decades, time series observations have shown an increase in the 
atmospheric mixing ratio of methane, resulting in a greater interest on the cause and 
climate consequences of this increase.
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Table 1: Global Net Atmospheric CH4 Emission (E), Global Consumption(C) and Gross Global 
Production (P) (Tg CH4. y^-1) (after Reeburgh et al,1993)


Table 1 illustrates the gross global methane budget, with the first column giving the 
emission source categories. The second column showing estimations of microbially-
mediated methane oxidation (Consumption, C) and the third column giving the sum of the 
emission and consumption, displaying the estimated global production (P).

Sources with a consumption of zero are sources where methane is transported directly 
into the atmosphere, without having the chance of being altered by microbial oxidation 
(Reeburgh, 2007).

It was also clarified that the emissions to the atmosphere are being influenced by 
microbial oxidation, though its mostly ignored due to the focal point on the net emissions 
(Reeburgh, 2007).


Dissolved methane measurements within the ocean only have been available for about 50 
years. Understanding the balance between the reported methane additions from 
continental shelves, slope sediments and microbial oxidation reactions became a big 
interest (Reeburgh, 2007).

The global atmospheric CH4 budget is determined by the total emission of 540 - 568 Tg 

CH4 per year (Klintzsch et al., 2019), while only 1-13% (of the global methane emissions 

to the atmosphere are emitted from the ocean, pointing out the uncertainty of the global 
ocean as a term in the atmospheric CH4 budget (5–25 Tg of CH4  yr-1) (Weber et al., 

2019).
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The reason for waters being a relatively small methane source, is that methane is 
efficiently oxidized in these systems. Water columns act as a natural filter.

The CH4 distribution within the Atlantic Ocean remains incompletely described due to 
numerous oceanographic regimes, including upwelling, oligotrophic gyres and high 
productivity waters with strong seasonal effects, such as the North Atlantic spring bloom 
(Forster et al., 2008). 


In further terminology we will be using oxic to refer to oxygenated sediments and anoxic 
to refer to oxygen-free sediments. Furthermore we will be using the term aerobic, referring 
to respiration reactions including oxygen and anaerobic fo reactions within oxygen-free 
environments.


The reduction of CO2 to methane is called hydrogenotrophic methanogenesis.


                                 CO2 + 4H2  —>  CH4 + 2H2O                               (1) 

In this process carbon dioxide (CO2) and hydrogen (H2) are reduced to methane (CH4) and 
water (H2O). 

It is a type of respiration and contributes to the carbon cycle (Fenchel et al., 2012).

Methanogenesis is commonly considered to be carried out by anaerobic bacteria due to a 
form of microbial metabolism in the absence of oxygen and sulfates. It states the final 
step in the decomposition process of biomass. It occurs in freshwater-, and marine 
environments, cold sediments and hydrothermal vents. The biggest contributor of 
methane emissions in the marine system are sediments, where methane is effectively 
dismantled in anoxic sediments and oxic water columns, therefore the water column acts 
as a natural filter.

Due to the rapid oxidation of methane, methane from water columns in deeper open 
ocean areas doesn’t reach the sea surface and leaves water columns undersaturated with 
methane.

Productive shelf areas are big contributors for marine methane emissions, due to the 
abundance of organic material in sediments and shallow waters. Saturation rates, 
typically ranging between 0.08 nM and 0.7 nM, for continental slopes can reach several 
thousand percent with strong seasonal variations (Weber et al., 2019). Another example of 
that is the Mecklenburg Bright in Baltic Sea were saturation values range between 103% 
and 507% (Gülzow et al., 2012).
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Contradictorily, oxygen-replete surface open-ocean waters (>2000m) are usually only 
slightly supersaturated with methane, which cannot be explained by sedimentary 
sources, therefore often called the oceanic-methane paradox (Fichot et al., 2020). 

While surface waters are slightly oversaturated by 120% (0.02-0.2 nM, Weber et al.) in 
open ocean regions, deeper waters were undersaturated or even in equilibrium with 
respect to the atmosphere (Reeburgh, 2007).


There are different theories to why the concentrations are higher in the surface water than 
in deeper water columns, including anoxic CH4 production in anoxic niches in sinking 
particles and in zooplankton (Fichot et al., 2020). Another explanation is the oxic CH4 
production by marine phytoplankton (Klintzsch et al., 2019) and aerobic CH4 production 
from microbial decomposition of certain phosphorous compounds (Repeta et al., 2016). 
Three widespread types of phytoplankton have been examined, that produce dimethyl 
sulfide, dimethyl sulfoxide and methionine sulfoxide. These chemical compounds are 
known to be precursors of CH4, which lead to the conclusion that algae-mediated CH4 
release is contributing to CH4 oversaturation in oxic surface waters (Klintzsch et al., 2019).


Biogenic Methanogenesis is considered a strictly anaerobic process, exclusive to 
archaea, single-celled microorganisms. Recently, a production of substantial methane 
rates by cyanobacteria has been proven. It is suggested that cyanobacteria contribute to 
methane accumulation in oxygen-saturated surface waters, potentially having a direct 
positive feedback on climate change. This newly identified source is concluded to 
contribute to the current natural methane budget (Bižić et al., 2020).


Determined averages of methane concentrations in the years 2012 to 2014 for the open 
Northern Atlantic and the shelf regions are 1850 ppb and 1890 ppm (Mehlmann, M., 
Bachelorthesis, 2017). The three year evaluation show an annual variability with an 
increase in methane dry mole fractions during the colder months, indicating a 
dependency on sea surface temperatures (SST).
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2 Motivation 

The aim of this thesis is to evaluate surface methane measurements by comparing two 
different measuring systems. Results from continuous underway Cavity Ring-Down 
Spectroscopy (CRDS)  measurements were compared to discrete samples with a 
analyzed static headspace equilibration and manual injection into a gas chromatograph 
equipped with a flame ionisation detector (GC-FID).

The commercial CRDS analyzer (Picarro G2131-i, USA) has its main purpose in measuring  
13CO2, measuring methane only as a side parameter due to interference with 13CO2. 

The relatively new setup of the connection of the CRDS to a pCO2 unit still needs to be 
tested and improved. The quality of methane as a measuring parameter hasn’t been 
sufficiently examined, which needs to be improved to determine if their quality is good 
enough for scientific research.

The main benefit of the underway measuring system are continuous high resolution data 
with high temporal and spatial measurements. Furthermore scientists are not necessarily 
required on board of the ship and a trained crew member is sufficient. 


Measurements were taken on board of the Atlantic Cartier, a Ship of Opportunity (SOOP).
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3 Data and Methods 

3.1 Data 

The data sampled for this study was collected by continuous measurements with a Cavity 
Ring-Down Spectrometer (CRDS), coupled to a pCO2-equilibration system (General 
Oceanics, Miami, USA) on a Ship of Opportunity (Atlantic Cartier) across the North 
Atlantic from Liverpool (UK) to Halifax (Canada). Our main interest is on data collected in 
2016, where continuous underway surface methane measurements were taken. Because 
of our comparative discrete measurement samples we have chosen the same timeframe 
for our underway data to compare.

For the comparison of the accuracy of the measuring system, discrete water samples 
were taken between October 5 and 9, 2016, and analyzed with a GC-FID system.


Figure 2: Atlantic Cartier routes across the North Atlantic from Liverpool (UK) to Halifax (Canada) 
(green) and return (blue) in October 2016. 
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3.1.1 Cavity Ring-Down Spectroscopy (CRDS) 

Cavity Ring-Down Spectroscopy (CRDS) is a technique to determine molecules in the gas 
phase (e.g., CO2, H2O, CH4), each with a unique near-infrared absorption spectrum.

The sensitivity of the system allows the detection of mole fractions at parts per trillion 
level (https://www.picarro.com/company/technology/crds).


The CRDS consists of a laser to illuminate an optical cavity with two highly reflective 
mirrors with a reflectivity of R > 99,99% (Scherer et al.,1997).

While the laser impulse is trapped in the detection cavity it slowly decreases by a fixed 
percentage due to absorption, therefore the light intensity is an exponential function of 
time.

With measuring the decay rate of light intensity, the amount of the gas can be 
determined. 

The decay constant τ describes the time taken for the intensity of the light to fall to 1/e of 
the initial intensity, known as the ring down time, which depends on the loss of intensity 
within the cavity. Therefore the time constant τ(ν) is given by:


	 	 	 	 

	 	 	   (2)


With ν frequency, tr the roundtrip time of the light within the cavity, a the absorption 
coefficient for a specific analyte concentration at the cavity's resonance wavelength, L the 
length and R as the mirror reflectivity (Scherer et al.,1997).

With the decay time of an empty cavity τ0 and knowing the absorption coefficient the 
concentration (c) of the absorber can be determined from the difference between the 
decay time τ and τ0.


	 	 	 	 	 	 	 	 	 	 	 	   (3)




                               


	 	 	 	 	 	 	 	 	 	 	               (4)
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3.1.2 Equipment 

The autonomous underway system operates fully unattended and is located in the the engine 
room of the Ship of Opportunity (SOOP). It is connected to a sea chest on the port side of the 
ship, with the inlet located at a depth about 9.6 m during eastbound and about 10.6 m during 
westbound crossings (Becker, 2016).


It directs seawater through an equilibrator (containing a ’pre-equilibrator’ and a ’main-
equilibrator’), where the containing CO2 equilibrates, with the so called headspace gas, inside this 
chamber and is dried during its transportation over a NAFION(TM) and a condenser unit on its 
way to the analyzer. With a non-dispersive infrared (NDIR) analyzer (LOCOR 7000), the CO2 
concentration of the headspace gas is determined in mole fractions (pCO2) and is extended by a  

CRDS (Cavity Ring-Down Spectrometer) analyzer through a bypass.


It periodically analyzes three different types of gas, including ambient air, the standards 
and the headspace gas from the equilibrator. Suction point of the ambient air is located at 
the top of the bridge to secure usage of clean and preferably dry air. By measuring the 
standards every 2.5-3h, the analyzer (LICOR) can be calibrated, with one standard 
containing 1800 ppm of methane and the other being methane free.


Because of the response sensitivity of the CH4 solubility temperature changes, 
thermometers are located in various positions. One thermometer is located at the water 
intake (tint) and another inside the equilibrator (tequ). Temperatures of the equilibrator are 
usually higher than the original water intake, due to the heating of the water on its way 
from the seawater intake to the equilibrator. Pressure is also an important factor that is 
being monitored within the equilibrator and the analyzer. The following schematic 
illustrates the setup for the measuring system (Becker, 2016, modified from Pierrot et al., 
2009).
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Figure  3: Schematic of the underway pCO2 system. (Becker, 2016, modified from Pierrot et al., 
2009)


The additional CRDS (Cavity Ringdown Spectrometer) is a commercial analyzer (Picarro 
G2131-i, USA) used for the purpose of 13CO2 measurements. It also measures methane 
dry mole fractions due to its interference with CO2 .

For the determination  of 13CO2 , H2O and CH4, the Picarro analyzer consists of a cw-
diode laser with an emission maximum around 1600 nm (Becker, 2016) . 
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3.1.3 Additional Data 

To determine potential correlations between surface methane and chlorophyll a used 
MODIS-Aqua satellite-derived mean chlorophyll data was obtained in 8 day means. This 
data is accessible through EarthData (https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/
Mapped/8-Day/4km/chlor_a/2016/).


For the determination of the accuracy of the methane measurements I compared our 
atmospheric methane measurements to station measurements from Mace Head (Ireland).

Their monthly mean atmospheric mole fraction from October 2016 was around 1929 ppb 
(http://agage2.eas.gatech.edu/data_archive/data_figures/monthly/pdf/CH4_mm.pdf).


3.2 Discrete Sampling and Sample Analysis 

In the first week of October 2016, ~40 discrete comparison samples were collected 
during one transit from Liverpool, UK to Halifax, Canada. Surface seawater from a bypass 
at the seawater intake was filled into 118ml glass vials, crimped air tight so no air bubbles 
were inside the sample vial. 50 µL of saturated mercury chloride (HgCl2)was added to the 
solution, to stop any biological activity within the sample.

For the gaschromatographic determination of a gas within a liquid sample, the gas needs 
to be transferred from the liquid into the gas phase. For that we have used the static 
headspace analysis. Exactly 10 ml of Helium was added, before being stored for about 24 
hours fo the solution to equilibrate. Shaking the vial can speed up the equilibrium 
process. Just before the analysis with the gaschromatograph 9 ml of the headspace is 
removed and injected into a GC-FID (Hewlett-Packard 5890 II). The GC was operated at 
60°C with helium as the carrier gas at a flow rate of 30 mL min-1. A stainless steel column 
(1/8", 6') packed with mole sieve (5Å) was used. 


For the determination of CH4 in the samples a flame ionization detector (FID) was used, 
which changes the voltage within the detector (Bange et al., 2019). The FID signal is 
recorded by the Chromatography Software (Chromstar 7, SCPA GmbH, Weyhe, 
Germany). Between measurements calibration series are measured, with known methane 
concentrations. According to the calibration curves we can then determine the 
concentration of the gas samples.
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With the calibration equation (5) and the ideal gas law (6), the amount of CH4 in the 
headspace (nHS) can be determined


	 	 	 	 	 xHS = ( PA-b  ) / a	 	 	 	 (5)

	 	 	 	 nHS = (xHSpatmVHS) / (1000 × RTeq )		 	 (6)


PA = peak-area of the CH4-measurement

a, b = calibration coefficients

xHS = CH4 dry mole fraction in the gas phase (ppb)

VHS = volume of the Gasphase (10 ml = 1x10-5 m3)

Teq = equilibrium temperature in K ( T [ °C] + 273.15)

R = ideal gas constant (8.3145 J mol-1 K-1)

Patm = standard atmospheric pressure (101325Pa)


Methane proportions within the water phase have then been computed with Matlab using 
the solubility equation (Wiesenburg & Guinasso, 1979).

The results of the discrete measurements are saved in an excel document.


3.3 Solubility Coefficients for Methane 

 

Teq  = equilibrium temperature in K ( T [ °C] + 273.15)

S = salinity [35 ppb]

A1-A4 & B1-B3: solubility coefficients for methane 
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 	 	 	 	 Table 2: Solubility Coefficients for Methane


CRDS data in high resolution (1.2 Hz) has been provided by Meike Becker, GEOMAR 
Helmholtz Centre for Ocean Research Kiel (now at Bjerknes Centre for Climate Research, 
Bergen, Norway). The high resolution data from the raw text files was averaged into one 
minute values  of methane dry mole fractions within the equilibrator (xCH4,equ) and one 

minute values of methane dry mole fractions in the atmosphere (xCH4,atm) and 

synchronized  with the continuous record of the GO System (data provided by Tobias 
Steinhoff, GEOMAR Helmholtz Centre for Ocean Research Kiel) in GO data structs.


The raw data revealed a regular pattern of spikes due to valve switching during the pCO2 
measurements of the LI-COR. These were filtered using changes in the CRDS 
measurements of xH2O to determine data that were affected by the valve switching. The 
water vapor showed the same pattern as the xCH4 measurements while the overall 
variability of water vapor was much lower than that of xCH4. For the filtering, a reference 
value for xH2O was determined from a histogram of the xH2O distribution (n=300), 
choosing the most frequent bin as the reference value.  All data which exceeded the 
reference and the 5 nearest histogram bins were excluded from the analysis.

Periods of calibration and air measurements were identified from the record of source 
gases (calibration gas, atmosphere, equilibrator headspace) that was logged together 
with the GO data.

The GO data also includes relevant parameters like water flow, intake temperature, 
temperature inside the equilibrator, the  GPS position data of the Cartier and salinity.
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Coeficcient CH4

A1 -415.2807

A2 596.8104

A3 379.2599

A4 -62.0757

B1 -0.059160

B2 0.032174

B3 -0.0048198



4 Results and Discussion 

4.1 Assessment of CRDS Measurement Quality 

For the calibration of the measuring unit one methane free standard and one standard gas 
containing the exact methane dry mole fraction of 1800 ppb were used. Both standard 
waters are constant over time as seen in figure 4.


Figure 4: Flag for gas source measured by the sensor (2= Std 2 (xCH4 = 1800 ppb, red), 4= Std 4 
(xCH4 = 0ppb, blue), 8 = CH4_equi, 9 = atmospheric CH4, green)


Atmospheric measurements were also taken into account and with a mean of 1918.7 ppb 
and a standard deviation of 0.018 ppb for the trip from Liverpool (UK) to Halifax (Canada) 
before 09.10.2016. Measurements taken afterwards were not included in the mean value, 
because of the strong variation occurring, probably caused by terrestrial wind turbulence 
or methane sources from the mainland, since the cruise is leaving open ocean areas and 
approaching the North American coast.
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Further the mean (1927.3 ppb) and standard deviation (0.024 ppb) of the second transect 
were calculated, excluding measurements taken before the 17.10.2016, fo the same 
reasons.

Comparing both mean CH4 values to the equilibrium value of 1929 ppb, measured at 
Mace Head (Ireland) underline the quality of our measurements.

This agreement shows that the sensor's measuring performance is sufficient to accurately 
measure near-atmospheric dry mole fractions of CH4 at a high precision.


Figure 5 : Delta CH4 (CH4 (water) - CH4 (equilibrium)) vs the temperature difference between the 
equilibrator and the SST


Figure 5 shows Delta CH4 (CH4 (water) - CH4 (equilibrium)) vs the 

temperature difference between the equilibrator and the  sea surface temperature (SST). 
No correlation can be identified in the dataset, indicating an efficient CH4 equilibration 
that is not affected by warming of the water between the seawater intake and the 
equilibrator. 
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Figure 6: Dimensionless linear regression of continuous and discrete CH4 measurement.


A linear regression between the discrete methane measurements and continuous 
methane measurements were made. For that we assigned one CRDS-CH4 value to each 
GC_CH4 value. We compared all times, the probes were taken with the timestamp of the 
values from the continuous measurements by evaluating the shortest time difference 
between those values. Furthermore we eliminated one outlier.


Looking at the linear regression it is clear to say that the linear cross correlation between 
the underway measuring system and the GC-FID system is quite good. The offset is at 
1.67. Differences in calibration could explain the enlarged offset. We don’t have a 
reference gas for the higher concentrations of the Picarro measurements, which could 
indicate a fairly good calibration for measurements near the atmospheric value, but higher 
mole fractions could cause deviations.
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The correlation coefficient is  0.88, which states a positive linear dependency of the two 
variables. The closer the correlation coefficient to one, the more intense is the positive 
dependency between those variables.

Figure 7 : Discrete (black) und and continuous methane measurements during the transcend from 
Liverpool (UK) to Halifax (Canada) in October 2016 


Figure 7 shows continuous methane measurements during the transect from Liverpool to 
Halifax as a dotted blue line, compared to our discrete methane measurements (black) 
taken on the same cruise. Values follow the same trend, though show a slight offset, that 
might be caused by calibration errors.

A higher reference gas for higher concentrations could decrease the deviations.
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4.2 Comparison of the Underway and Discrete Measurement

Figure 8 : CH4 distribution of the continuous underway measuring system on the Atlantic Cartier 
routes across the North Atlantic from Liverpool (UK) to Halifax (Canada) and return in October 
2016 in nM.


Figure 8 shows the color-coded methane concentration for the transects measured by the 
underway system on the Atlantic Cartier in October 2016. The top scatter line represents 
the trip from Liverpool (UK) to Halifax (Canada) and shows quite constant methane 
concentrations across the open ocean, with values around six to ten nM and higher 
concentrations towards the coastal areas, between ten and twelve nM. 


The second trip shows a slight decrease after leaving Halifax with methane concentration 
around twelve nM to about eight nM. Surprisingly values on the open ocean seem to 
increase again, to values above eleven nM and a short maximum of 17 nM at about 48°N 
and 20°W.


Both, the underway and the GC measurements, show high concentrations of methane, 
indicating that the equilibration process is in good agreement with the direct sampling, 
although unrecognized methane sources within the pipes cannot fully be ruled out. We 
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would have to look at the rest of the Cartier data to determine if the data from October 
differs from the data of the rest of the year. A year-round oversaturation of CH4 of the 
same magnitude of the values measured in October would be in strong disagreement with 
existing observations of CH4 in the open ocean.

If measured CH4 values are in fact correct, they would be by far the largest methane 
concentrations ever measured in the open ocean.

An anoxic source can be ruled out, but there are several oxic production processes, 
where methane could result (e.g. phytoplankton, cyanobacteria, digestive tracts of 
zooplankton etc.). All of them are somewhat directly or indirectly related to a plankton 
bloom.


4.3 Chlorophyll Concentrations


Fig 9 : Chlorophyll concentration of the North Atlantic ((https://oceandata.sci.gsfc.nasa.gov/
MODIS-Aqua/Mapped/8-Day/4km/chlor_a/2016/).
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High surface chlorophyll concentrations indicate large amount of biomass, which may be 
associated with high concentrations of methane within the surface waters. To determine a 
possible methane source from primary productivity, a comparison to chlorophyll data has 
been made. The data originates from EarthData/MODIS-Aqua and shows the chlorophyll 
distribution in the North Atlantic, as an eight day average.


Figure 9 shows satellite data from MODIS_Aqua for the North Atlantic Ocean.

It shows elevated chla concentrations in the central North Atlantic Ocean, which leads to 
the conclusion of a bloom in biomass. The spatial and temporal resolution does not allow 
the determination of direct correlations between chla and methane, however. A potential 
CH4 production from phytoplankton may furthermore be species-dependent (Klintzsch et 
al., 2019) and not directly correlated with chla abundance.


4.4 CH4 Distribution in Relation to SST 

The focus of this thesis lies on the North Atlantic ocean, which can be divided into two 
different regions, the open ocean and the continental shelves. Due to shallow water, shelf 
regions usually show higher methane concentrations with larger variability, while methane 
distributions in the open oceans are more constant due to the deep water regions. 
Methane distributions can also be impacted by the Labrador current west of 45°W, 
transporting nutrient-rich, cold and relatively fresh water out of the Labrador sea. The Gulf 
Stream in the western part of the North Atlantic Ocean, characterized by warm, saline 
water masses can also impact methane distributions. Mixing of the different current in the 
North Atlantic Ocean can therefore slightly increase saturation through physical 
processes, though it doesn’t explain the high values found for this measurement.


Using Ships of Opportunity (SOOP) allows high spatial and temporal coverage and 
successful measurements of methane in surface waters could be continuously achieved 
(Gülzow et al., 2013).
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A Comparison between the SST, also referred to as intake-temperature and the 
equilibrium temperature measured by the underway system, is necessary, because large 
differences in temperatures could interfere with the results of the CH4 measurement.





Figure 5: Temperature distribution of intake (black) and equilibrator (blue) temperature  [°C] in the 
North Atlantic Ocean during the Atlantic Cartier Cruises of October 2016 from Liverpool (UK) to 
Halifax (Canada) lefthand side and Halifax (Canada to Liverpool (UK) on the righthand side.


Figure 5 displays the different temperatures measured on the two transects across the 
North Atlantic Ocean. There is a slight offset between the intake temperature and the 
equilibrator temperature on both trips The temperature difference mainly varies between 
one and two degrees Celsius, due to heating of the water on its way through the ship.
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Figure 8 : Changes in ΔCH4 over time between Liverpool (UK) and Halifax (Canada) (black) and the 
Sea Surface Temperature (SST)


Variation of the SST over time was quite large. After a minimum around the 04.10, 
temperatures increase. It is quite interesting to observe that SST and ΔCH4 have a very 
similar course with lowest values at lowest SST and an increase in the second part of the 
transit. There is no direct causal process. Factors that determine SST and ΔCH4 must be 
very similar.
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5 Summary and Conclusions

The comparison to our discrete measurements have demonstrated that values of both 
methods are relatively similar, therefore showing that the sensor's measuring performance 
is sufficient to measure near-atmospheric dry mole fractions of CH4. 

Comparing both mean CH4 values, 1918.7 ppb for the first transect and 1927.3 ppb for 
the second, with the equilibrium value of 1929 ppb, measured at Mace Head (Ireland) 
underline the quality of our measurements.

There has been a slight offset between our discrete and continuous measurements, with 
the discrete values distinctly higher than atmospheric measurements, indicating a 
calibration error. Including a reference gas for higher concentration of the Picarro 
measurements, could decrease deviations and increase accuracy of the sensor's 
measuring performance for near-atmospheric dry mole fractions of CH4 at a high 
precision.

The underway CH4 concentrations investigated in this thesis showed very high methane 
accumulations for an open ocean. Autumn storms and mixing of different water layers, 
bringing nutrients to the surface, could have induced a plankton bloom during October 
2016, resulting in very high methane accumulation during our measurement period. 
Concentrations this high have not been detected in open ocean areas before.


The results from this thesis may indicate that methane concentrations in open ocean 
areas may be more variable than previously observed, and CH4 emissions may be higher 
than estimated from open ocean areas. It is not clear if the observed CH4 concentrations 
can be associated with primary productivity in general or if they are a consequence of 
species-dependent CH4 production. To evaluate the significance of CH4 supersaturation 
from the North Atlantic Ocean the dataset of underway measurements needs to be further 
analyzed to resolve the full seasonality of the surface CH4 distribution.

The continuous underway systems is well suited for this purpose.
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