From air-sea gas exchange to climate change
Diffusion of greenhouse and trace gases in bulk sea water and across the organic ocean-surface
microlayer
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expected that the diffusion coefficient of any solute
will be reduced. Nevertheless, the findings for bromomethane, among others, contradict this simplistic
In Short
expectation. The underlying mechanism of this phe• Classical-mechanical molecular dynamics simu- nomenon as well as the conditions under which it
lations of selected greenhouse and trace gases takes place are still not well understood.
dissolved in pure water and artificial sea water will
If there are no reliable data available, the diffube performed employing the all-atom CHARMM
sion coefficient of a solute can be estimated using
polarizable force field.
semi-empirical correlations [4]. The deviations of
• Additionally, we will elucidate the role of the or- these estimates from reference data increase with
ganic ocean microlayer in ocean-atmosphere gas decreasing solute size as well as with increasing
temperature and ionic strength of the solvent [1].
exchange and reactivity.
Another important ingredient to a complete picture
• Both project lines will be performed in close col- of air-sea gas exchange is the organic ocean microlaboration with ongoing experiments on these two layer.[5] This is a thin layer of organic substances
topics.
prevalent on ocean surfaces everywhere. It does
not arise from human pollution but simply as nor• In the long term, results from these molecularmal left-overs from life in the oceans. Due to sea
level experimental/theoretical collaborations will
spray generated from breaking waves, it is even
be integrated into larger-scale continuum models
transported onto water-based aerosols. In any case,
of air-sea gas exchange, which in turn will provide
this organic microlayer obviously forms a barrier to
a solid physico-chemical foundation to better reprewater-atmosphere gas exchange, and in case of
sent such processes in global ocean-atmosphere
reactive gases it can even induce chemical transformodels.
mations. These roles of the organic microlayer are
investigated experimentally in the Friedrichs group,
The transport properties of greenhouse and trace using surface-sensitive laser techniques such as
gases are very important in environmental modeling, sum-frequency-generation (SFG) spectroscopy. Deespecially in describing accurately the mass fluxes spite their useful surface sensitivity, these experithrough the water-air interface. In the case of air-sea ments need computational support to achieve full
gas exchange, the mass transfer becomes diffusion- molecular-level interpretations.
controlled at overall low wind speeds; hence the
For all these reasons, we will perform classicaldiffusion coefficients need to be accurately known. mechanical molecular dynamics (MD) simulations
Apart from the main greenhouse gases such as wa- with the all-atom CHARMM polarizable force field
ter, methane and carbon dioxide, the transport prop- [6,7] using the LAMMPS software package [8] to
erties of trace gases such as bromomethane and get a deeper insight into the diffusion dynamics of
dimethylsulfide are also important.
small gases in pure water and in sea water, and into
In their seminal work, Jähne et al. showed that the the organic surface microlayer. Diffusion simulations
measured value of the diffusion coefficient of a small will be performed at five relevant temperatures, from
gas in artificial seawater could vary more than 20% 5 to 30◦ C, and will employ two solvents: (i) pure
between two experimental methods [1], although water and (ii) aqueous NaCl solution with a salinity
determined under the same conditions. Thus, the of 3.5%, i.e., with the same salinity as sea water.
experimental determination of the diffusion coeffi- The selected temperature range is representative
cient is still not unambiguous and there is a pressing of the seasonal changes of the sea-surface temperneed for reliable data [2].
ature. Thus, we will be able to quantify the effect
Moreover, it has been shown that the diffusion of salt concentration and temperature on the transcoefficients of solutes such as helium and methane port properties of small gases. We will focus on five
are reduced in artificial seawater while the diffusion important gases, namely helium, argon, methane,
coefficients of other solutes, such as bromomethane, bromomethane and dimethylsulfide. By analyzing
remain the same [3]. Given that the density of artifi- sufficiently long MD trajectories, the dynamic propcial seawater is higher than that of pure water and erties of small gases, such as the rotational and
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translational diffusion coefficient, will be accurately
computed. Moreover, the dynamical structure of
water and Na+/Cl- ion arrangements close to the
dissolved gases will be determined. Insights on
the modifications of the hydrogen-bond network and
structural order of water in the vicinity of small gases
will be obtained. This project line will be carried
out in close collaboration with the research group of
Prof. H. Bange at the GEOMAR Helmholtz Centre for
Ocean Research in Kiel, within the Cluster of Excellence “Future Ocean”. Our findings will be compared
to on-going experiments providing a validation of the
employed models and simulation methods.
To interpret the SFG experiments on the organic
microlayer in the Friedrichs group, our simulations
will first provide information on the microlayer structure, for different representative organic substances
(e.g., oleic acid, petroselinic acid) and for different
surface concentrations. Preliminary results indicate
good agreement between simulated and experimental data, as indicated in Fig. 1.

physico-chemical models based on molecular understanding will serve to render these large-scale and
global models more robust when strongly changing
scenarios are to be simulated.
WWW
http://www.phc.uni-kiel.de
More Information
[1] B. Jähne, G. Heinz, W. Dietrich, Geophys. Res. 92, 10767 (1987). doi:
10.1029/JC092iC10p10767
[2] J. Varnder, B. Loose, Marine Chem. 180, 51
(2016). doi:10.1016/j.marchem.2016.01.005
[3] D. B. King, W. J. De Bryun, M. Zheng,
E. S. Saltzman, Uncertainties in the molecular diffusion coefficient of gases in water for
use in the estimation of air-sea exchange, in:
B. Jähne, E. C. Monahan (Eds.), Air-Water Gas
Transfer, 1995.
[4] W. Hayduk, H. Laudie, AlChE J. 20, 611 (1974).
doi:10.1002/aic.690200329
[5] A. Engel, H. W. Bange, M. Cunliffe, S. M. Burrows, G. Friedrichs, L. Galgani, H. Herrmann, N. Hertkorn, M. Johnson, P. Liss,
P. Quinn, M. Schartau, A. Soloviev, C. Stolle,
R. Upstill-Goddard, M. van Pinxteren and
B. Zaencker, Front. Mar. Sci. – Marine
Biogeochemistry 4 165/1–14 (2017). doi:
https://doi.org/10.3389/fmars.2017.00165

Figure 1: Comparison of experimental and theoretical tilt angles
of the terminal methyl group in organic water-surface microlayers
of oleic acid and petroselinic acid, respectively. The varying surface areas per fatty-acid molecule correspond to varying surface
concentrations.
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As second step in this project line, we will simulate
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the organic microlayer from the gas phase and reacting with the carbon-carbon double bonds in these
fatty acids. This will provide explanatory aid to the
corresponding experimental data that are so far not
fully understood.
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work well only within a narrow range of situations.
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