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Abstract

:

Atmospheric oxygen is produced and consumed by life on Earth, and the ozone layer protects life on Earth from harmful solar UV radiation. The research on oxygen in the Earth system is of interest to many different geoscientific communities, from paleoclimatology to aeronomy. I provide a brief overview of the research activities and their motivations. In situ measurements and remote sensing of atmospheric oxygen are described. The global evolution, distribution, and trends of atmospheric oxygen are discussed.
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1. Introduction


Molecular oxygen is the second most abundant element in the Earth’s atmosphere (21% O   2   and 78% N   2   by volume today). Oxygen is the most abundant element in the Earth’s crust, it accounts for 89% of the ocean mass [1]. The high abundance of atmospheric oxygen can only be explained by the continuous oxygen production from cyanobacteria, algae, and green plants. It is remarkable that the capability of oxygenic photosynthesis evolved only once on Earth. Cyanobacteria are the only creatures capable of performing this crucial process, while plants and algae rely on cyanobacterial symbionts (e.g., chloroplasts) to do this.



Oxygen chemistry, photochemistry, isotope fractionation, and ionization are crucial for the physics and chemistry of the Earth’s atmosphere. The observation of atmospheric oxygen contributes to the study of atmospheric dynamics, circulation, and energetics. Further, the global oxygen cycle is linked to the carbon cycle, which includes the dramatic increase of CO   2   and, hence, global warming. Deoxygenation of the ocean is a serious problem for the health of the ocean and its aerobic life. The Earth’s ozone layer and the ionosphere have been modeled based on the assumption of a pure oxygen atmosphere [2]. Oxygen, particularly O   +   ions, is considered a biomarker for Earth-like exoplanets. This serves as a motivation to review our knowledge of oxygen in the Earth’s system. This review article also helps to identify geoscientific research communities that are connected via the research object oxygen.




2. The Atmospheric Oxygen Cycle


The atmospheric oxygen cycle comprises all production and loss processes of atmospheric oxygen. Oxygen is mainly produced by the oxygenic photosynthesis of green plants, algae, and cyanobacteria. Oxygenic photosynthesis converts CO   2   and H   2  O into organic matter and molecular oxygen.


  C  O 2  +  H 2  O ↔ C  H 2  O +  O 2   



(1)




However, oxygen can only accumulate in the atmosphere if organic matter is buried after its lifetime without contact with the air. Otherwise, the produced oxygen would be consumed by the respiration of the organic matter after its lifetime. The abundance of atmospheric oxygen is also increased by the burial of pyrite (FeS   2  ). Pyrite is made from seawater sulfate ions (SO   4  − 2   ), ferric oxide, and some organic matter, by biogeochemical processes [3]. Thus, oxygen is released. The burial of the pyrite counteracts the subsequent oxidation of the pyrite, which would reduce the oxygen abundance in the ocean and the atmosphere. A small source of oxygen is the escape of hydrogen atoms from water vapor in the upper atmosphere.



The loss of atmospheric oxygen is due to continental and submarine weathering. Volcanic activity also leads to a loss of atmospheric oxygen due to the oxidation of volcanic gases. The burning of fossil fuels and organic matter are further sinks for atmospheric oxygen.



The measurement of oxygen isotopes leads to more constraints in the description of sources and sinks in the atmospheric oxygen cycle [1]. For example, oxygen consumption by respiration of organic matter leads to a decrease of    16  O and an accumulation of    18  O in atmospheric oxygen (Dole effect). The oxygen isotopes are measured by mass spectrometry, interferometry, or cavity ring-down spectroscopy.



Stable isotopes in atmospheric water vapor are also considered when studying the hydrologic cycle in detail. The isotope fractionation provides information on cloud processes, precipitation, transport, and mixing [4]. For example, heavy water molecules with    18  O condense faster and evaporate slower compared to light water molecules with    16  O. Thus,    18  O in atmospheric water vapor within an air parcel tends to decrease as the parcel undergoes multiple precipitation events while traveling from low to high latitudes, compared to the beginning when the water evaporates at the equator.



To measure the variability of atmospheric oxygen, it is better to measure the ratio between molecular oxygen and nitrogen. The ratio excludes fluctuations from atmospheric noise. Since the nitrogen abundance is fairly constant in the atmosphere, the ratio variations are due to changes in the oxygen concentration. The oxygen–nitrogen ratio has been measured since the 1990s in order to constrain the terrestrial and marine exchanges of CO   2   [1]. The ratio and, hence, the oxygen abundance, have a negative linear trend, which is due to the increase in fossil fuel combustion. The seasonal cycle of the oxygen–nitrogen ratio is anti-correlated to the seasonal cycle of CO   2   in the western North Pacific [5].



More than half of the oxygen production on the Earth comes from the ocean. On the other hand, the deoxygenation of the ocean is a serious problem for aerobic life in the ocean. Monitoring the oxygen content in the ocean by means of sensors, sondes, and platforms provides information about the health of the ocean [6]. The global ocean oxygen content decreased by about 2% (between 1960 and the 2000s), based on observations, and model projections indicate a further increase in ocean deoxygenation in the future [6]. Figure 1 shows the oxygenation and deoxygenation processes in the ocean, which are responsible for the future evolution of oxygen in the ocean.




3. The Evolution of Atmospheric Oxygen


The Earth’s atmosphere turned from anoxic to oxic during the great oxidation event (GOE), which was 2.4 Gy ago. One reason was the appearance of cyanobacteria 300 My before the GOE. Additional reasons could be the decrease in the respiration of oxygen due to geologic processes, such as the appearance of continents and changes in volcanic activity [3]. During the GOE, the oxygen abundance increased from 1 ppm to 1% by volume. Figure 2 shows the evolution of atmospheric oxygen since the beginning of the Earth. The reasons for the second oxidation event at 0.6 Gy are still under investigation. After the second oxidation event, macroscopic animals appeared in the history of the Earth, and the oxygen abundance exceeded 10%. Mass spectrometry of the oxygen content in ancient rocks is required for reconstructing the past oxygen abundance.



The    18  O isotope content in precipitation decreases with the decrease in condensation temperature [8]. Thus, oxygen isotopes in precipitation from ice-core measurements provide information about the temperature evolution from the past 100’000 years (and more). In practice, the isotopic ratio   δ 18  O was analyzed.


   δ 18  O =     ( 18  O  / 16  O )  sample     ( 18  O  / 16  O )  standard   − 1  



(2)




where the  δ  value is multiplied by 1000 and expressed as per mille (‰). The term Standard refers to the isotopic ratio of standard mean ocean water [1].



There were abrupt climate changes in the   δ 18  O time series of the ice core from Greenland during the glacial phase (Figure 3). The rapid warming events are called Dansgaard–Oeschger events, where the temperature is between those of the glacial and interglacial phases.




4. Atmospheric Ozone


Ozone (O   3  ) is generated by the combination of molecular and atomic oxygen. Since atomic oxygen is mainly generated by the photodissociation of molecular oxygen in the middle atmosphere, the ozone abundance is the highest in the stratosphere. The peak of the ozone concentration is at about 25 km and the ozone volume mixing ratio peaks at about 30 km in altitude in the global average, as indicated by the atmospheric ozone profile in Table A.6.2.c of [10]. The ozone molecule has a high absorption cross-section in the UV wavelength region, so the stratospheric ozone layer acts as a protection shield for life on Earth, shielding it from harmful UV radiation from the Sun. The absorption of UV radiation by ozone is responsible for the temperature increase with altitude in the stratosphere,



In the 1980s, the appearance of the ozone hole over Antarctica shocked mankind, and it was recognized that the continuous emission of man-made chlorofluorocarbons (CFCs) has to be stopped in order to save the ozone layer. In the past, the chlorine abundance increased with the increase of CFCs which are photo-dissociated at upper altitudes and later stored in HCl and ClONO   2  . Polar stratospheric clouds activate chlorine from the reservoir gases HCl and ClONO   2  , so catalytic ozone depletion by chlorine happens over Antarctica in the late winter and spring, leading to the severe depletion of the polar ozone. Without a ban on the CFC emissions, the ozone layer would have been destroyed after some decades and life on Earth would have been severely disturbed by a high UV radiance [11].



Since the 1980s, monitoring of the atmospheric ozone has been recognized as an important task in order to receive information about the state of the ozone layer, which is indispensable to life on Earth. In 2050, a recovery or even a super recovery of atmospheric ozone is expected. Ozone profiles in the troposphere and lower stratosphere (up to about 32 km high where the balloon bursts) can be obtained by ozonesondes with high vertical resolution and accuracy [12]. The sensor is an electrochemical concentration cell that measures the reaction between ozone and iodide.



4.1. Total Column Ozone


Total column ozone is the ozone column density that can be measured by Dobson and Brewer spectroradiometers on the ground. The direct solar radiation in the UV range is measured at different wavelengths. Since the absorption cross-section of ozone changes with wavelength, one obtains different intensity values. In addition, the measured intensity values also depend on the ozone column density so that the retrieval of the total column ozone is possible by using the Beer–Lambert law [13]. The solar UV intensity decreases with the increase in the total column ozone.



From space, the total column ozone can be observed by measuring the solar backscattered UV spectrum between 310 and 331 nm, as with the solar backscatter ultraviolet instrument (SBUV), which was flown on NOAA’s polar-orbiting operational environmental satellites (POES) [14]. Figure 4 shows the evolution of the ozone hole above Antarctica since 1979. The occurrence of the maximum yearly extent is usually around late September, corresponding to early spring in the Southern Hemisphere [15]. At this time, the polar night is over, and the sun rays photo-dissociate chlorine molecules in the polar stratosphere so that the generated chlorine atoms can start with their catalytic cycles of ozone depletion [10].




4.2. Tropospheric Ozone


About 10% of atmospheric ozone resides in the troposphere. Tropospheric ozone is mainly produced via the photodissociation of NO   2  , which releases atomic oxygen, which then recombines with O   2   to form ozone. Volatile organic components (VOCs) reduce the amount of NO. Since NO is a sink for O   3  , an accumulation of tropospheric ozone is supported by a high concentration of VOCs. About 10% of tropospheric ozone is due to transport from the stratosphere [16].



Since ozone is a strong oxidant, high concentrations of ozone are harmful to the health of humans, animals, and plants. The high concentrations of NO   2   and VOCs, which are due to civilization processes, such as agriculture and the combustion of fossil fuels and coal, generate, especially in the summer (a high photodissociation rate) a high concentration of tropospheric ozone, which is recognized as a serious air pollution problem. Because of the infrared absorption of ozone, tropospheric ozone is also a greenhouse gas that contributes to global warming.
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Figure 4. Maximum yearly extent of the ozone hole since 1979. The ozone hole occurs in the late winter to spring. The total column ozone maps are based on satellite observations. Reproduced from [17]. 
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The harmful effects of tropospheric ozone on life on Earth require a monitoring and warning system for tropospheric ozone as well as a reduction in anthropic emissions of NO   2   and VOCs. A global map of tropospheric column ozone, obtained from the ultraviolet radiance measurements collected by the Ozone Monitoring Instrument (OMI) on the Aura satellite, is shown in Figure 5.




4.3. Stratospheric Ozone


The stratospheric ozone layer can be roughly explained by photochemical and chemical reactions in a pure oxygen atmosphere [2]. The sources and sinks of odd oxygen (atomic oxygen and ozone) are comprised of the odd oxygen cycle, which is also called the Chapman cycle:


    O 2  + h ν  → O + O  



(3)






   O +  O 2  + M  →  O 3  + M  



(4)






    O 3  + h ν  → O +  O 2   



(5)






   O +  O 3   →  O 2  +  O 2   



(6)




where M represents a collision partner that is inert. The atomic oxygen, which is released by ozone photodissociation, immediately recombines with molecular oxygen to form ozone again. In reality, the stratospheric ozone distribution also depends on transport processes and catalytic cycles of ozone depletion involving nitrogen, hydrogen, chlorine, and bromine species. In the polar region, heterogeneous reactions on cold polar stratospheric cloud surfaces can activate chlorine from the reservoir species ClONO2 and HCl to form reactive species that are capable of catalytic ozone destruction in late winter to spring [19].



Ground-based and satellite observations and simulations by chemistry–climate models indicate positive ozone trends since 2000 in the upper stratosphere [20]. Figure 6 shows the slow increase of ozone since 2000 and the steep decrease of ozone before 1995. The slow recovery of stratospheric ozone is due to the worldwide ban on CFC emissions by the Montreal Protocol in 1987.





5. Oxygen in the Lower Atmosphere


Molecular oxygen amounts to 21% by volume of the lower atmosphere. The high abundance of oxygen can only be explained by oxygenic photosynthesis carried out by life on Earth. The collision-induced fundamental vibration–rotation band at 6.4  μ m is the strongest absorption feature from O   2   in the infrared; the Webb telescope should be able to measure the 6.4  μ m emission from exoplanets that have O   2   abundances similar to Earth’s [21]. However, a too-high oxygen abundance is also not good and would be toxic for organisms. For example, the frequency of forest fires increases with the oxygen abundance. The oxygen abundance of the Earth has been around 21% since 0.1 Ga, and James Lovelock explained that this level is self-regulated by the Earth system. The scheme of this self-regulation is shown in Figure 7.




6. Inferring Temperature and Wind from Oxygen and Ozone Lines


Assuming a nearly constant oxygen volume mixing ratio, one can utilize the pressure-broadened oxygen emission lines in the microwave frequency range to calculate the temperature by using ground-based microwave radiometry [23]. The Doppler shift of the 142 GHz O   3   line was used for the derivation of horizontal wind profiles in the stratosphere and mesosphere from observations of a ground-based microwave radiometer [24]. The temperature and geopotential height profiles from the microwave limb sounder (MLS) on the Aura satellite were derived from the observed limb radiance of the thermal oxygen emission lines at 118 and 234 GHz [25]. The Doppler shift of the 118 GHz O   2   line was used for the derivation of the mesospheric wind from Aura/MLS [26]. Optical oxygen lines and bands have been utilized by various satellite missions for measuring horizontal wind profiles in the mesosphere and lower thermosphere (MLT) [27,28,29]. The wind observations of the TIMED Doppler interferometer (TIDI) on the TIMED satellite (thermosphere ionosphere mesosphere energetics and dynamics) provided valuable insight into solar tides and atmosphere dynamics in the MLT region [29].




7. Oxygen in the Middle and Upper Atmosphere


Atomic oxygen is a critical species in the chemistry and energetics of the mesosphere and lower thermosphere. The satellite instrument TIMED/SABER provided abundances of atomic oxygen and ozone [30]. Profiles of molecular oxygen and ozone can be obtained by the solar or stellar occultation technique, which considers the extinction and refraction of the starlight by oxygen and other species in the atmosphere [31,32,33]. The O   2   profiles in the upper atmosphere can be measured by rockets via the absorption spectroscopy of the solar hydrogen Lyman-alpha line, which is mainly absorbed by molecular oxygen [34]. In the thermosphere, beyond 100 km high, atomic oxygen becomes the dominant species, as Figure 8 shows. Molecular oxygen is reduced in the thermosphere by photodissociation or ionization due to the intense shortwave radiation of the Sun. The red line in Figure 8 shows the typical altitude of the International Space Station (ISS). Atomic oxygen causes erosion of the material of the ISS and satellites in low Earth orbit [35].



Atomic oxygen profiles in the middle and upper atmosphere can be measured in situ by rockets with different sensors from electrolyte sensors to photometers [36]. Several optical techniques have been applied based on the emission, absorption, or fluorescence of atomic oxygen or species that are linked to it by a known reaction chain. Rocket measurements are invaluable for the refinement of reaction rates and photochemical modeling of molecular and atomic oxygen abundances [37].



Measurements of the isotopes of atomic oxygen in the mesosphere and lower thermosphere were performed for the first time via the Stratospheric Observatory for Infrared Astronomy (SOFIA) [38]. It was found that oxygen contained a higher fraction of the heavy oxygen isotope    18  O than ocean water. The oxygen isotope fractionation of the upper atmosphere is similar to that of the lower atmosphere.
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Figure 8. Composition of the thermosphere between 100 and 700 km in altitude. Data are from the U.S. Standard Atmosphere. Reproduced from [39]. 
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7.1. Gravity Waves in Airglow


Airglow mainly occurs in the mesosphere and thermosphere, where photochemical reactions are accompanied by the emission of radiation in the visible, infrared, or ultraviolet parts of the electromagnetic spectrum [10,40,41]. Atomic oxygen has two prominent line emissions, i.e., at 557.7 nm (green light) and 630 nm (red light). Since airglow has quite a uniform distribution, it is not recognized much by the naked eye of an observer on the ground; however, contributes a significant portion of the light arriving from the sky on a moonless night [40]. Airglow is investigated to have a better understanding of the photochemistry, dynamics, and energetics of the upper atmosphere. Atmospheric waves induce spatial–temporal variations in the airglow. All sky airglow imagers on the ground can be used to observe mesospheric gravity waves. The movements of the wave ripples provide information about the wave propagation speed, wave period, horizontal wavelength, and other wave parameters. The signatures of mesospheric gravity waves are depicted in Figure 9. The knowledge of gravity waves is crucial since momentum and energy deposits by gravity waves determine the circulation of the middle and upper atmosphere.



Airglow observations are also performed by satellites and the International Space Station [43]. From space, the airglow in the O   2   band is a good option since the surface light noise is reduced due to the absorption by lower atmospheric O   2  .




7.2. Aurora


Different from airglow, the aurora is energized by charged particles from the solar wind and the Earth’s magnetosphere. Collisions of the particles with atmospheric molecules or atoms can induce excited states and subsequent line emissions. The green oxygen aurora and the green airglow are both caused by the same line transition at 557.7 nm, and the red aurora is at 630 nm, which is also known to be present in airglow. Aurora is also interesting for research on exoplanets. A green aurora indicates that a planet has oxygen. Radio wave emissions are associated with aurora and such exoplanet emissions are already detectable by radio telescopes [44]. The auroral radio waves indicate that there is an exoplanet and that the exoplanet is protected by a magnetosphere.




7.3. Oxygen Ions in the Ionosphere and Magnetosphere


Atomic oxygen is the dominant species in the F   2   region of the ionosphere, where the peak electron density is about 300 to 400 km high. Atomic oxygen ions O   +   are the dominant ion species in the ionospheric F   2   region. Oxygen ions also occur on other planets; Mars and Venus have maxima for O   2 +  . Mendillo et al. proposed that the dominance of O   +   ions in the ionospheric composition at the altitude of maximum electron density can be used to identify a planet in orbit around a solar-type star where global-scale biological activity is present [45]. In the optical domain (ultraviolet, visible, and infrared), O   +   ions can be detected directly via resonantly scattered starlight, by the photons emitted by the recombination of O   +   ions and electrons, and by absorption-line spectroscopy [45].



The discovery of high concentrations of O   +   ions in the Earth’s magnetosphere was a great surprise in 1972, when a satellite in a polar orbit around the Earth, operating in a low Earth orbit, measured significant heavy ion fluxes during the main phase of a geomagnetic storm [46,47]. The mass spectrometer on the satellite detected a peak corresponding to the M/q ratio 16. Previously, it was assumed that the energies of oxygen ions are too small for an escape from the ionosphere and for a transfer from the ionosphere into the magnetosphere. Thus, it was believed that the magnetospheric ion composition would be dominated by the light ions of hydrogen and helium from the solar wind. However, it was observed that during geomagnetic storms, oxygen ions are the dominant species in the ring current and magnetotail of the Earth’s magnetosphere. The ionospheric outflow occurs at high latitudes, where the oxygen ions have energies between 0.7 and 12 keV/e due to electrodynamical processes in the polar ionosphere. These energies are sufficient to escape Earth’s gravity and to populate the magnetosphere [47].





8. Conclusions


Considering all the important studies in the different fields of oxygen research in geosciences seems to be impossible and would result in a very long and unreadable article. However, it was worth it to provide a brief overview of the geoscientific areas in order to obtain an impression about oxygen in the Earth system. Such an overview is interesting for many different geoscientific research communities and is a gateway to related studies on oxygen. The initial scope of this article was focused on “atmospheric oxygen”; however, during the study, I noticed that the oxygen cycle and the role of oxygen in the ocean are important areas that should also be considered. Moreover, oxygen ions in the ionosphere and magnetosphere are of interest, as well as research on the possible detection of oxygen on habitable exoplanets.
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Figure 1. Oxygen in the ocean. Reproduced from [7]. 
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Figure 2. Evolution of atmospheric oxygen in the history of the Earth. Reproduced from [3]. 
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Figure 3. Climate change record from the Greenland Ice Core Project (GRIP) ice core from the summit of Greenland, showing the Heinrich events (labeled H1–H6) and the millennial time-scale Dansgaard–Oeschger events. The proxy plotted,   δ 18  O, is largely a function of temperature. The temperature scale on the left assumes that the isotopic signal is due entirely to temperature changes, which is only approximately true. (Figure courtesy of G. Bond, reproduced from [9], published 2006 by the American Meteorological Society). 
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Figure 5. Tropospheric column ozone on 26 August 2006, derived from ozone profiles observed by OMI/Aura. Reproduced from [18]. 






Figure 5. Tropospheric column ozone on 26 August 2006, derived from ozone profiles observed by OMI/Aura. Reproduced from [18].



[image: Oxygen 03 00019 g005]







[image: Oxygen 03 00019 g006 550] 





Figure 6. (a–c) Evolution of upper stratospheric ozone observed and simulated since 1978. Reproduced from [20]. 
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Figure 7. The effect of oxygen on the growth of organisms (solid curve), and the effect of the presence of organisms on the abundance of oxygen (dashed curve). The point at which the two curves intersect is the level of oxygen that the system regulates. Reproduced from [22]. 
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Figure 9. Signature of short-period mesospheric gravity waves visible in airglow, observed by an all sky airglow imager. Reproduced from [42]. 
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