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Summary 

    Atmospheric trace gases have considerable impact on air quality, climate, and human 

health. Greenhouse gases (GHGs), such as carbon dioxide (CO2), methane (CH4), nitrous 

oxide (N2O), and sulfur hexafluoride (SF6), have long atmospheric lifetimes and 

contribute to global warming. Non-methane hydrocarbons (NMHCs) have shorter 

lifetimes and impact tropospheric ozone and aerosol formation, both of which also affect 

the Earth´s radiative balance. Anthropogenic emissions are the main sources of these 

atmospheric trace gases. Oxidation with atmospheric radicals (mostly with hydroxyl 

radicals) and uptake by vegetation are their major sinks. Long-term measurements of 

trace gases provide insights into changes of the sources and sinks. Such measurements 

of several important gases have been made at the ground sites around the globe for 

decades, whereas stratospheric data for the same species are very rare or only available 

for the few gases that can be measured by satellites. The IAGOS-CARIBIC project 

provides long-term (more than ten years) global measurements of important GHGs and 

NMHCs in the upper-troposphere lower-stratosphere (UTLS) region. In this PhD project, 

by using the CARIBIC data set, several key questions in atmospheric science are 

addressed. These are summarized as follows: 

(1) What are the concentrations of OH and Cl radicals in the UTLS region and do 

they change with time? With airborne and ground based measurements of CH4, 

SF6, and CH3Cl, OH radical concentrations in the troposphere and stratosphere 

during 2008-2015 were estimated to be 10.9 × 105 (σ = 9.6 × 105), and 1.1 × 105 

(σ = 0.8 × 105) molecules cm−3, respectively. Cl radical concentration in the 

lower stratosphere was derived to be 1.1 × 104 (σ= 0.6 × 104) molecules cm−3. 

The main altitude for tropospheric CH4 oxidation was derived to be 4.5 ~ 10.5 
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km. The year 2013 showed highest stratospheric OH and lowest Cl 

concentrations. 

(2) How does the residence time of CO2 vary across the globe? By using the 

variability-residence time relationship, global tropospheric and stratospheric 

CO2 residence times were estimated to be 28.4±18.2, and 458.6±115.1 (mean ± 

one standard deviation), respectively, during 2006-2015. CO2 has shorter 

residence time in the Northern Hemisphere compared to the Southern 

Hemisphere, due to larger uptake by vegetation.  

(3) How is the stratospheric ethane trend? A general decreasing trend of 

stratospheric ethane during 2006-2016 is observed, with two peaks in 2010 and 

2013, which may be caused by more samplings over North America and Asia 

where ethane emissions are reported to be increasing due to oil and gas emissions. 

Results from model simulations at the same sampling location showed that the 

model underestimated stratospheric ethane concentrations about 10% (median). 

The model, which is based on the best current emission inventory estimates does 

capture some similar trends as the observations, such as the decrease during 

2006-2009, peaks in 2010 and 2013, but the absolute ethane growth rates are 

much lower in the model simulations than in the measurements. 
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Zusammenfassung 

    Atmosphärische Spurengase haben beträchtliche Auswirkungen auf die Luftqualität, 

das Klima und die menschliche Gesundheit. Treibhausgase (THGs) wie Kohlendioxid 

(CO2), Methan (CH4), Distickstoffoxid (N2O) und Schwefelhexafluorid (SF6) haben 

lange Lebensdauer in der Atmosphäre und tragen zu der globalen Erwärmung bei. Nicht-

Methan-Kohlenwasserstoffe (NMHCs) haben eine kürzere Lebensdauer und wirken sich 

auf die Bildung von Ozon und Aerosolen in der Troposphäre aus, die beide auch das 

Strahlungsgleichgewicht der Erde beeinflussen. Die Hauptquelle für diese 

atmosphärischen Spurengase sind anthropogene Emissionen. Die Oxidation mit 

atmosphärischen Radikalen (meist mit Hydroxylradikalen) und die Aufnahme durch die 

Vegetation sind ihre wichtigsten Senken. Durch die Langzeitmessungen von 

Spurengasen lassen sich Erkenntnisse über die Veränderung von Quellen und Senken 

gewinnen. Solche Messungen meherer wichtiger Gase werden an den globalen 

Bodenstationen jahrzehntelang durchgeführt, während stratosphärische Daten für 

dieselbe Art sehr wenig sind oder nur begrenzte Mengen von Gasen mit Satelliten 

gemessen werden können. Im Rahmen des Projekts IAGOS-CARIBIC werden 

langfristige (mehr als zehn Jahre) globale Messungen wichtiger THGs und NMHCs im 

Bereich der oberen Troposphäre und der unteren Stratosphäre (UTLS) durchgeführt. In 

diesem Dissertationsprojekt werden unter Verwendung des CARIBIC-Datensatzes 

einige Schlüsselfragen der Atmosphärenforschung behandelt, die sich wie folgt 

zusammenfassen lassen: 

(1) Wie hoch sind die Konzentrationen an OH- und Cl-Radikalen in der UTLS-

Region und ändern sie sich mit der Zeit? Mit Messungen von CH4, SF6 und 

CH3Cl in der Luft und am Boden wurden die Konzentrationen von OH-

Radikalen in der Troposphäre und Stratosphäre in den Jahren 2008-2015 auf 
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10,9 × 105 (σ = 9,6 × 105) bzw. 1,1 × 105 (σ = 0,8 × 105) Moleküle cm-3 geschätzt. 

Die Konzentration von Cl-Radikalen in der unteren Stratosphäre wurde ermittelt 

als 1,1 × 104 (σ= 0,6 × 104) Moleküle cm-3. Die Höhenangabe für die 

troposphärische CH4-Oxidation wurde auf 4,5 ~ 10,5 km hergeleitet. Das Jahr 

2013 zeigte die höchsten stratosphärischen OH- und niedrigsten Cl-

Konzentrationen. 

(2) Wie variiert die Verweilzeit von CO2 weltweit? Unter Verwendung der 

Variabilitätsverweilzeitbeziehung wurden die globalen troposphärischen und 

stratosphärischen CO2-Verweilzeiten für den Zeitraum 2006-2015 auf 28,4±18,2 

bzw. 458,6±115,1 (Mittelwert ± eine Standardabweichung) geschätzt. CO2 hat 

in der nördlichen Hemisphäre im Vergleich zur südlichen Hemisphäre eine 

kürzere Verweilzeit, was auf eine größere Aufnahme durch die Vegetation 

zurückzuführen ist.  

(3) Wie ist der stratosphärische Ethantrend? Es ist ein allgemein rückläufiger Trend 

bei stratosphärischem Ethan im Zeitraum 2006-2016 zu beobachten, mit zwei 

Spitzenwerten in den Jahren 2010 und 2013, die möglicherweise durch mehr 

Probenahmen über Nordamerika und Asien verursacht wurden, wo die 

Ethanemissionen Berichten zufolge ansteigen aufgrund von Öl- und 

Gasemissionen. Die Ergebnisse von Modellsimulationen am gleichen 

Probenahmeort zeigten, dass im Modell die Ethankonzentration in der 

Stratosphäre um etwa 10% (Median) unterschätzt wurde. Das Modell, das auf 

den besten aktuellen Schätzungen des Emissionsinventars basiert, erfasst einige 

ähnliche Trends wie die Beobachtungen, wie z. B. Rückgang in den Jahren 2006-

2009, Spitzenwerte in den Jahren 2010 und 2013, aber die absoluten 

Ethanwachstumsraten sind bei Modellsimulationen viel niedriger als bei den 

Messungen. 
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1.1 The Atmosphere 

    The Earth’s atmosphere is characterized into different regions by temperature and 

pressure (Figure 1.1). The lowest layer, the troposphere, extends from the earth’s surface 

to ~12 km altitude, its temperature decreases with height and vertical mixing is fast. The 

stratosphere extends from the tropopause (see section 1.2) to ~50 km altitude and has 

slow vertical mixing and increase of temperature with height. The troposphere and the 

stratosphere are studied as the lower atmosphere. Above them, the mesosphere and the 

thermosphere are known as the upper atmosphere.  

 

 

Figure 1.1 Layers of the atmosphere. This figure is taken from Chandrappa and Chandra 

Kulshrestha (2016), used with permission ©Springer Nature.  
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1.2 Stratosphere-Troposphere Exchange (STE) 

The troposphere and the stratosphere have different physical and chemical 

characteristics, e.g. chemical composition, temperature gradients, circulation, etc. (Stohl, 

2003). The dividing layer between them is termed the tropopause and it has multiple 

definitions. The thermal tropopause is defined as the lowest altitude where the 

temperature lapse rate < 2 K km-1 (WMO, 1957). The potential vorticity (PV)-based 

dynamical tropopause can be defined with three-dimensional temperature and wind data 

(Gettelman et al., 2011), and it is conserved under adiabatic and frictionless conditions 

(Ertel, 1942;Wirth, 1995). The chemical tropopause is defined with the vertical gradients 

and values of chemical compounds (Pan et al., 2004), such as O3 (Bethan et al., 1996), 

N2O (Assonov et al., 2013), O3-CO correlation (Fischer et al., 2000;Hoor et al., 

2002;Zahn and Brenninkmeijer, 2003). 

STE has been studied and reviewed in many previous studies (Holton et al., 1995;Stohl, 

2003;Bönisch et al., 2009;Hoor et al., 2010;Gettelman et al., 2011). Figure 1.2 illustrates 

the currently accepted general transport scheme in the Northern Hemisphere up to 25 km. 

The global circulation can be described by an upwelling flow from the tropical upper 

troposphere to the stratosphere, transport to the extratropical stratosphere through the 

Brewer-Dobson Circulation (red outline) or isentropic exchange (red or orange wavy 

arrows), descending (or poleward) to the middle and high latitudes in the troposphere. 

The Brewer-Dobson circulation (Dobson et al., 1929;Brewer, 1949;Dobson, 1956) plays 

an important role in STE and can significantly influence the lifetimes of chemical 

compounds (especially ozone-depleting substances and greenhouse gases), the recovery 

of stratospheric ozone, background reservoirs for STE and climate change (Butchart, 

2014b;Gettelman et al., 2011). The STE is a bidirectional process, which can be seen as 

the subtropical jet stream (a belt of high-speed winds flowing above subtropical regions) 

due to Rossby wave (or as planetary waves, occurred in rotating fluids) breaking can 
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trigger convection and transport air into both directions (the troposphere and the 

stratosphere). 

The upper troposphere and lower stratosphere (UTLS) is a coupling layer connecting 

the troposphere and the stratosphere. It is normally considered as the region ±5 km 

around the tropopause. UTLS is not only important for STE, but also for chemistry, 

dynamic and radiation of the troposphere and the stratosphere, and climate feedbacks 

(Gettelman et al., 2011;Holton et al., 1995;Solomon et al., 2010). In this PhD project, the 

aircraft measurement data were collected in the UTLS region (at ~10 km height). 

 

 

Figure 1.2 Schematic illustration of STE, taken from Gettelman et al. (2011) Figure 1, 

used with permission ©John Wiley and Sons.  
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1.3 Atmospheric radicals (OH, Cl) 

   Hydroxyl (OH) and chlorine (Cl) radicals are important for atmospheric oxidation 

processes. They react with many chemical compounds in the atmosphere, including 

methane, volatile organic compounds, carbon monoxide, and ozone-depleting substances. 

Primary OH radicals can be formed by the photodissociation of ozone in the presence of 

water vapor (Levy, 1971;Lelieveld et al., 2016):  

O3 + hv → O(1D) + O2 (λ < 330 nm)                   (R 1) 

O(1D) + H2O → 2OH                  (R 2) 

   Secondary OH radical formation (mostly generated through NOx , Ox and OVOC 

oxidation mechanisms) lead to ~67% of global OH formation whereby the NOx 

mechanism predominates in polluted environments and contributes greatly (~33%) to the 

global OH formation (Lelieveld et al., 2016). Figure 1.3 shows a simplified schematic of 

the formation and loss processes of OH and HO2 in the remote troposphere. Dashed lines 

indicate pathways that become important at high NOx concentrations, and solid lines 

indicate background conditions. 

 

 

Figure 1.3 Simplified formation and loss scheme of HOx in the remote troposphere. 

Figure from Stone et al. (2012), used with permission © Royal Society of Chemistry.  
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    OH radical concentrations can be either measured directly (e.g. by laser-induced 

fluorescence spectroscopy) (Fuchs et al., 2012) or estimated indirectly, such as by 

models (Lelieveld et al., 2016), from relationships of hydrocarbon measurements 

(Jobson et al., 1998;Williams et al., 2001;Li et al., 2018). Many ground based 

measurements or model simulations have been used to estimate mean OH radical 

concentrations of (1-7) × 106 molecules cm-3 with temporal and spatial variations (Heard 

et al., 2006;Hosaynali Beygi et al., 2011;Lelieveld et al., 2016). Stratospheric OH 

radicals were estimated as part of this PhD project with global aircraft measurements to 

be 1.1 × 105 (σ = 0.8 × 105) molecules cm−3, which is ten times lower than tropospheric 

OH concentrations (Li et al., 2018). 

Chlorine radicals (or atoms) are more abundant in the stratosphere than the 

troposphere (Gromov et al., 2018). Chlorinated compounds (e.g. CFCs, HCFCs) act as 

major sources for Cl free radicals. In the stratosphere, the C-Cl bonds of these chlorinated 

compounds are broken down by high energy UV radiation (normally <290nm) and this 

process releases chlorine radicals. As an efficient catalyst (Molina, 1996), Cl radicals are 

responsible for ozone destruction, especially in polar regions, through the following 

reactions: 

ClO + O → Cl + O2                       (R 3) 

        Cl + O3 → ClO + O2       (R 4) 

  net: O + O3 → 2O2        (R 5) 

 Tropospheric Cl concentrations are estimated to be low (~100 molecules cm-3) 

(Gromov et al., 2018) whereas stratospheric Cl concentrations are > 1,000 molecules  

cm-3 (Li et al., 2018;Lelieveld et al., 1999;Park et al., 2010;Gromov et al., 2018). 
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1.4 IAGOS-CARIBIC observations 

Observations of atmospheric trace gases in the UTLS region, such as CH4, CO2, SF6, 

C2H6, HCN, CH3Cl and halocarbons, are achieved by aircraft, balloons, or satellites, e.g. 

IAGOS-CARIBIC, SCIAMACHY, MOZAIC, TOMS, MIPAS, ACE, ATMOS, 

TRACE-A, START, HALOE, CONTRAIL, SPURT, ER-2 projects or campaigns (Baker 

et al., 2011;Schuck et al., 2009;Umezawa et al., 2015;Glatthor et al., 2009;González 

Abad et al., 2011;Pan et al., 2010;Schuck et al., 2012;Diallo et al., 2017;Sawa et al., 

2008;Engel et al., 2006).  

    The IAGOS-CARIBIC project (In-service Aircraft for a Global Observing System-

Civil Aircraft for the Regular Investigation of the atmosphere Based on an Instrument 

Container) is an aircraft based scientific project with the aim of monitoring long-term 

global atmospheric physics and chemistry (Brenninkmeijer et al., 2007;Karu, 2019). The 

flight altitudes are ~10 km. The first phase (CARIBIC -1) started in 1997 and stopped in 

2002. The second phase (CARIBIC -2) started in 2004 with more instrumentation and 

more frequent flights on board a Lufthansa A340 aircraft. From mid-2020, CARIBIC -2 

stopped and the third phase (CARIBIC -3) is in preparation which will involve moving 

to the Lufthansa A350 aircraft with greater capacity for instrumentation and a longer 

flight range. CARIBIC -2 had 19 instruments on board, with more than 100 species being 

measured, including ozone, carbon dioxide, water vapor, aerosols, etc. Figure 1.4 shows 

the flight paths of CARIBIC -2 until April 2014. Within this PhD project, all the results 

are derived from analysis of the CARIBIC -2 data set. 

    Each CARIBIC -2 flight normally consisted of four flight sequences. Installed in the 

airplane container are two types of whole air samplers: HIRES and TRAC. HIRES 

consists of eighty-eight stainless steel flasks (1.2 L each) and each TRAC consists of 

fourteen glass sampling flasks (2.7 L each). During each flight, one HIRES and two 

TRACs are on board to collect air samples, thus in total 116 samples are collected. These 
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samples are transported to the laboratory at the Max Planck Institute for Chemistry, 

where three GCs with different detectors (FID, ECD, AED) measure greenhouse gases 

(GHGs) (Schuck et al., 2009), volatile organic compounds (VOCs) (Baker et al., 

2010;Karu et al., 2020b) in the air samples. 

Many studies have reported the atmospheric compositions in the UTLS region based 

on IAGOS-CARIBIC data. The Asian monsoon anticyclone promotes a fast transport 

from the tropics to mid-latitudes in the UTLS. That was confirmed by the study from 

Schuck et al. (2012), which presented distributions of CH4 mixing ratios and fluxes over 

different regions in the UTLS, and in summer a CH4 maximum over Asian regions was 

observed. Assonov et al. (2013) showed an application of N2O measurements in the 

UTLS to distinguish upper tropospheric and STE-affected air. Baker et al. (2016) used 

relationships among measured hydrocarbons and explored strong chlorine radical 

chemistry over Asia. Thorenz et al. (2017) reported maximum concentrations of some 

trace gases and particles between 10°N and 10°S due to strong surface sources and rapid 

vertical transport. Umezawa et al. (2014) observed strong influence by biomass burning 

in South America and Africa, and domestic biofuel emission in South Asia with the 

CH3Cl and CO measurements in the UTLS. Later Umezawa et al. (2015) estimated  the 

stratospheric lifetime of  CH3Cl to be 35±7 years with a tracer-tracer correlation. Karu 

et al. (2020a) estimated COS lifetime (atmospheric: 2.1 ± 1.3 years and stratospheric: 47 

± 16 years) and a total flux of 118 ± 39 Gg (S) yr-1 into the stratosphere with observations 

in the UTLS. 
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Figure 1.4  Flight paths of CARIBIC -2. 
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1.5 Atmospheric residence time 

The atmospheric residence time (or lifetime) of a trace gas is normally estimated from 

its burden and known sinks. For the compounds with simple loss processes in the 

atmosphere, e.g. CFCs by photodissociation, CO and some VOCs by reaction with OH 

radicals, the lifetimes are relatively easy to estimate if the photolysis rates or OH reaction 

rate coefficients are known. Eq. 1.1 shows the lifetime of a compound with respect to 

OH sink following a second-order reaction.  

1

[ ]k OH
        (Eq. 1.1) 

Estimating residence time becomes difficult for gases with multiple loss processes, 

e.g. removal processes of CO2 and carbonyl sulfide (COS), which include important 

contributions from the uptake by vegetation and ocean, which cover timescales from 

minutes to centuries. 

Junge (1974) presented an inverse correlation between residence time of trace gases 

and their variabilities (hereinafter as “variability-residence time relationship”). This 

included many important atmospheric gases, such as CO2, CH4, N2O, with range of 

residence times from 0.01 to 107 years. Subsequent studies (Jobson et al., 1998;Jobson 

et al., 1999;Volk et al., 1997) have improved the approach and applied it on field 

measurements in the troposphere and the stratosphere. These works have concluded that 

the “b” factor in the equation (details see Chapter 3) indicates the remoteness of sources, 

and pointed out the influence of Cl atoms on the approach. Further studies have examined 

this approach with various trace gases in different locations (Williams et al., 

2000;Pollmann et al., 2016), mostly targeting OH radical estimations.  

In this PhD project, the improved variability-residence time relationship approach was 

applied to estimate the atmospheric and stratospheric residence time of COS and CO2 

with the CARIBIC data set and NOAA ground site observations.  
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2. TROPOSPHERIC OH AND 

STRATOSPHERIC OH AND CL 

CONCENTRATIONS DETERMINED 

FROM CH4, CH3CL, AND SF6 

MEASUREMENTS 

This work has been published as Li et al. (2018): 

Li, M., Karu, E., Brenninkmeijer, C., Fischer, H., Lelieveld, J., and Williams, J.: Tropospheric 

OH and stratospheric OH and Cl concentrations determined from CH4, CH3Cl, and SF6 

measurements, Nature Climate and Atmospheric Science, 1, 2018.  

(Reprint under Creative Commons license 4.0 International License) 

 

I am the first-author of this work and my contribution to this work includes developing 

the concepts of effective OH concentration and its relationship with mean age of air, 

analyzing all the data (including estimating tropospheric and stratospheric OH, 

stratospheric Cl concentrations), making all the figures and tables, and writing the 

manuscript together with Prof. Williams.   
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The following text and figures quoted (within “”) from page 12 to page 32 are 

exactly the same as published on Li et al. (2018) which is cited on page 11. 

 

“Abstract 

The hydroxyl (OH) radical is the key oxidant in the global atmosphere as it controls the 

concentrations of toxic gases like carbon monoxide and climate relevant gases like 

methane. In some regions, oxidation by chlorine (Cl) radical is also important, and in the 

stratosphere both OH and Cl radicals impact ozone. An empirical method is presented to 

determine effective OH concentrations in the troposphere and lower stratosphere, based 

on CH4, CH3Cl and SF6 data from aircraft measurements (IAGOS-CARIBIC) and a 

ground based station (NOAA). Tropospheric OH average values of 10.9×105 (σ = 

9.6×105) molecules cm-3 and stratospheric OH average values of 1.1×105 (σ = 0.8×105) 

molecules cm−3 were derived over mean ages derived from SF6. Using CH4 led to higher 

OH estimates due to the temperature dependence of the CH4 + OH reaction in the 

troposphere and due to the presence of Cl in the stratosphere. Exploiting the difference 

in effective OH calculated from CH3Cl and CH4 we determine the main altitude for 

tropospheric CH4 oxidation to be 4.5~10.5km and the average Cl radical concentration 

in the lower stratosphere to be 1.1×104 (σ = 0.6×104) molecules cm−3 (with a 35% 

measurement uncertainty). Furthermore, the data are used to examine the temporal trend 

in annual average stratospheric OH and Cl radical concentration between 2010 and 2015. 

2013 showed highest stratospheric OH and lowest Cl but no clear temporal trend was 

observed in the data in this period. These data serve as a baseline for future studies of 

stratospheric circulation changes. 
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Introduction 

    The hydroxyl radical (OH) is the most important oxidant in the troposphere and lower 

stratosphere. It initiates removal from the atmosphere of toxic gases such as carbon 

monoxide (CO), radiatively active gases such as methane (CH4), tropospheric ozone 

precursors such as volatile organic compounds (VOCs) and NOx (NO + NO2), and 

stratospheric ozone-depleting compounds such as hydrochlorofluorocarbons (HCFCs) 

(Lelieveld et al., 2008;Montzka et al., 2011b). Therefore, it plays a key role in the 

atmospheric oxidation capacity, air quality and climate (Patra et al., 2014).  

    One source of atmospheric OH is the reaction of O1D, a minor product in the 

photolysis of ozone, with H2O (Levy, 1971;Heard and Pilling, 2003). An even larger 

source in terms of gross OH formation is recycling from its reaction products, which 

maintains the atmospheric oxidation efficiency (Lelieveld et al., 2016). Despite its low 

ambient concentration (< 1pptv), and its short atmospheric lifetime ( <1 s), the first valid  

OH measurements (by FAGE-LIF) were reported as early as the mid-1980s at ground 

level (Hard et al., 1986). Measurements were later extended to the upper troposphere and 

lower stratosphere with balloons (Stimpfle and Anderson, 1988) and the high-altitude 

ER2 research aircraft (Wennberg et al., 1994), in parallel with alternative measurement 

methods such as differential optical absorption spectroscopy DOAS (Perner, 1976), mass 

spectrometry via H2
34SO4 (Eisele and Tanner, 1991) and 14CO radioactive counting 

techniques(Felton et al., 1988). These in-situ measurements are broadly consistent with 

regional scale indirect OH determinations using the depletion of hydrocarbons over 

multi-hour timescales (Mckeen et al., 1990;Blake et al., 1993) and with empirical 

assessments based on the variability lifetime relationship (Williams et al., 2000;Williams 

et al., 2001).  

    Although OH concentrations at a given point in space and time can now be measured 

reliably at high frequency to examine local photochemistry, it is difficult to relate such 
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OH concentrations that vary strongly with actinic flux and H2O, to longer lived species 

transported zonally in the troposphere and eventually into the stratosphere. To address 

this, advanced models have been applied to make indirect estimates of the global OH 

concentration based on methyl chloroform (CH3CCl3) and 14CO data (Lelieveld et al., 

2016;Rigby et al., 2017;Patra et al., 2014;Montzka et al., 2011b;Prinn et al., 2005;Krol 

and Lelieveld, 2003). However, such models inevitably contain in-built assumptions, 

including uncertain emissions inventories as well as transport and deposition 

parameterizations that may differ from real world conditions. 

    In this study, we have developed and applied an empirical data based method to 

estimate the “effective OH concentration” that has acted in the troposphere and lower 

stratosphere over longer (yearly) timescales between 2008-2015. Our approach uses long 

term measurements of three species (SF6, CH3Cl and CH4) made at the ground and 

monthly at 10-12 km altitude during long distance commercial aircraft flights. SF6 

measurements are used to derive the mean air age of the airborne samples, i.e. of the 

trace compounds contained therein, so that the initial surface mixing ratios of CH3Cl and 

CH4, upon emission, can be determined from the surface network and compared with the 

OH affected samples taken at altitude. Knowing the age of the sampled air, the net change 

in concentration and the reaction rate coefficient allows an “effective OH” concentration 

to be calculated assuming OH is the only sink.  Both CH3Cl and CH4 are predominately 

removed from the atmosphere by OH although reaction rates are relatively slow 

(atmospheric lifetimes are about one year (Montzka et al., 2011a) and  8-10 years (Prinn 

et al., 2005) respectively). CH3Cl is mostly emitted from tropical vegetation (Yokouchi 

et al., 2002) and is the most abundant natural source of stratospheric chlorine (Santee et 

al., 2013;Umezawa et al., 2014). The greenhouse gas CH4 is emitted from wetlands, 

ruminants, rice fields, landfills and fossil fuel use, and atmospheric concentrations have 

increased strongly over the past 200 years (Baker et al., 2012;Turner et al., 2017). In the 

context of this study an important difference between CH3Cl and CH4 is that the rates of 

reaction with OH and Cl are much more dependent on temperature in the case of CH4.  

Using this data based approach we may empirically determine a representative annual 

“effective OH concentration” for the troposphere and the lower stratosphere.       

Furthermore, we may look for indications of temporal trends in OH and hence changes 
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in global oxidation capacity. Finally, by exploiting the reaction rate differences between 

CH3Cl and CH4 we can even attempt to determine the height in the troposphere where 

CH4 oxidation by OH is largest and estimate Cl radical concentration in the lowermost 

stratosphere.   
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Results 

OH concentration as a function of mean age 

    The derived “effective OH concentration” experienced by an air parcel will be 

hereafter shortened to OHeff, and depending on the air age be referred to as tropospheric 

OHeff (age <100 days) and stratospheric OHeff (age >200 days). The rationale is that an 

air sample collected in the upper troposphere – lower stratosphere (UTLS) region can be 

regarded as a mixture of two major largescale airflows (Bönisch et al., 2009;Ray et al., 

2014;Garny et al., 2014). The first is the fast transport of air from the tropical tropopause 

layer (TTL) to the extra tropics (Fig.1 blue lines) which normally takes place within 0.3 

years (~100 days), while the second pathway (Fig.1 red lines) is the slower downwelling 

transport from the “overworld” (potential temperature > 380 K) into the lowermost 

stratosphere which is associated with the lower branch of the Brewer-Dobson circulation 

(BDC).  Note that the compounds within the lower stratosphere of the northern 

hemisphere are predominately influenced by the BDC and not the northern mid-latitude 

emissions (~10%) (Orbe et al., 2015). In order to simplify interpretation of the results 

and to apply our analysis to the region of highest airborne data coverage we use only 

samples collected between 30°-60°N in the UTLS region (Fig. 1 box).  
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Figure 1 (a) A schematic representation of the major atmospheric transport pathways 

associated with CARIBIC samples between 30°-60°N. The blue arrows indicate fast 

transport from ground to the tropical tropopause, the red arrows indicate downward 

transport from the stratosphere into the lowermost stratosphere. The box indicates 

CARIBIC flight sampling altitude. The NOAA observation station at Mauna Loa (MLO) 

is marked in blue. (b)Scatterplot of all samples’ latitude versus potential temperature, 

color-coded with mean age. 

 

Figure 2 shows the OHeff derived from both CH3Cl (black boxes) and CH4 (red boxes) 

and OHr (real OH, blue boxes) derived from OHeff and stratospheric Cl (eq.4, see Method) 

as a function of mean air age. The tropospheric (mean age <100 days) mean OHeff from 

both species is significantly larger (by a factor of 6 on average) than the lower 

stratospheric (mean age >200 days) mean OHeff. Air with a mean age of between 100-

200 days appears to be influenced by both troposphere and stratosphere, and accordingly 

OHeff for both species in this age range lies between the younger (tropospheric) and older 

(stratospheric) values.  Median tropospheric OHeff were 9.93×105 and 2.63×106 

molecules cm−3 for CH3Cl and CH4 respectively, whereas median stratospheric values 

from 200-1100 days were 1.69×105 and 3.35×105 molecules cm−3. Tropospheric OHeff 

values exhibit a much larger variability than stratospheric values, likely due to the strong 

sources and sinks of both molecules in the tropical troposphere, including weak seasonal 

variations that impact the term [A]𝑔 − [A]C in eq.1. Stratospheric OHr exhibits smaller 

variation compared to stratospheric OHeff and is rather constant for samples with mean 

age between 200 and 700 days with a median value of 1.0×105 molecules cm−3, whereas 

for samples older than 700 days, OHr decreases due to the decrease of ozone, water vapor 
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and molecule density in the upper stratosphere. Median, average and standard deviation 

data are given numerically in Table 1(a). 

    Interestingly, OHeff calculated using the CH4 data was consistently higher than using 

CH3Cl data. The tropospheric median OHeff derived from CH3Cl for years 2008-2015 is 

9.9×105 molecules cm−3 which matches the tropospheric mean OH concentration of  

1.1×10 6 molecules cm−3 reported from a recent global modelling study (Lelieveld et al., 

2016). However, the median tropospheric OHeff derived from CH4, 2.6×106 molecules 

cm−3, is between two and three times larger. Intuitively this seems unreasonable since 

both measurements stem from the same air sample and therefore must render the same 

“effective OH concentration” assuming there is no additional reagent inputs. One 

 

 

Figure 2 OH abundance (OHeff, OHr) derived from CH3Cl and CH4 for different mean 

age groups over all years (2008-2015 for OHeff, 2010-2015 for OHr), the inserted figure 

excludes the troposphere to expand the concentration scale. Box plots with the median 

(horizontal solid line in the box) and the mean (square in the box) gives the 25% and 75% 

percentiles and whisker in dashed line indicates one standard deviation. Number of 

samples >12 for each group. 
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possible explanation for this apparent discrepancy is that loss processes besides OH 

remove CH4 from the atmosphere but are then calculated as OH in this approach.  For 

example, the reaction with chlorine radicals (Cl) with CH4 has been shown to be 

significant in Asian pollution outflow(Baker et al., 2016). The aforementioned paper 

reported the presence of radicals in the ratio [Cl]:[OH] of 9~16 Cl:103 OH, and since the 

reaction rate of CH4 with Cl is ~32 times faster than that with OH (for CH3Cl it is only 

10 times faster) (DeMore, 1997), an apparent overestimation of OHeff  by about 30-50% 

can ensue. However, such high Cl radical concentrations have only been seen under very 

specific conditions (lofted coastal pollution outflow) and so this cannot explain the OHeff 

difference in the global tropospheric data. An alternative explanation for the discrepancy 

is the strong temperature dependence of reaction 2, as CH4 oxidation by OH occurs much 

more rapidly in the warmer lower atmosphere. Assuming that the OHeff from CH3Cl is 

correct (as it is lower and in agreement with previous global estimates), we may 

determine at which temperature (and therefore which altitude) CH4 oxidation mainly 

occurs. By this method, we calculate that most tropospheric oxidation of CH4 occurs at 

circa 7km (4.5~10.5km, 220~260K). OH radical abundance reaches an optimum just 

above the boundary layer (2-4km) where the water concentration and photon fluxes are 

high and the flux of reactive sink species from the surface is decreasing. In addition, a 

second OH optimum occurs in the outflow region of clouds (10km) (Lange et al., 2001) 

where uplifted and lightning generated NOx enhances OH levels through the reaction of 

HO2 with NO. Therefore the 4.5~10.5km height derived in this study likely represents 

an average of the effects of both OH maxima regions. This empirical estimate concurs 

with the model derived report that OH concentrations are at maximum in the free 

troposphere owing to recycling by NOx (Lelieveld et al., 2016). A recent global 

modelling study using comprehensive chemistry (Lelieveld et al., 2016) suggests that 

OH is relatively high in the 4.5-10.5km altitude range, which was attributed to OH 

recycling rather than primary formation. The model derived distribution is supported by 

this work. 
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Table 1 Statistical values (median, mean, one standard deviation (STD)) of (a) derived 

OHeff and stratospheric OHr for different mean age groups; (b) chlorine radical in the 

stratosphere during 2010-2015 (unit in 103 molecules cm−3); and (c) stratospheric OHr in 

the stratosphere during 2010-2015 (unit in 104 molecules cm−3).  

 

(a) 

Mean age [day]  0-100 100-200 200-400 400-500 500-700 700-1100 

OHeff derived from 

CH3Cl (×105 molecules 

cm−3) 

Median 9.9 2.2 1.4 1.8 1.6 2.2 

Mean 10.9 2.5 1.6 1.9 1.8 2.1 

STD 9.6 2.0 1.2 1.3 1.2 0.6 

OHeff derived from 

CH4 (×105 molecules 

cm−3) 

Median 26.3 4.3 2.5 2.9 3.5 4.5 

Mean 31.4 4.5 2.7 3.0 3.5 4.4 

STD 14.1 3.4 1.6 1.7 1.4 1.1 

stratospheric OHr (×104 

molecules cm−3) 

Median   13.0 8.8 9.7 9.0 

Mean   12.8 10.3 11.1 9.9 

STD   7.6 7.5 8.1 7.0 

(b) 

 2010      2011 2012 2013 2014 2015 

Median 

10.4 11.6 12.6 6.9 8.2 9.7 

Mean 

11.7 10.9 12.1 7.3 10.0 11.3 

STD 

6.9 4.9 6.8 5.1 5.7 6.4 

(c) 

 2010 2011 2012 2013 2014 2015   

Median 

9.2 8.2 11.9 12.8 5.4 9.3 

Mean 

11.8 9.5 12.1 12.4 8.5 9.6 

STD 

7.8 7.9 8.2 7.9 6.9 5.1 
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Stratospheric Cl radical 

Figure 3 shows the annual Cl radical concentration derived from air samples with age 

larger than 200 days in the stratosphere over the time period 2010-2015. The average Cl 

concentration over all periods is 1.1 (±0.6)×104 molecules cm−3. Even though this result 

is five times higher compared to a 24h average Cl concentration of 2.40×103 molecules 

cm−3 for 14-18.5 km height (Park et al., 2010), it is more comparable to lower 

stratospheric Cl concentration of 5×103~3×104 molecules cm−3 estimated by CO/C2H6 

ratio (Lelieveld et al., 1999). Our result is also in close agreement with a recent model 

estimation (Gromov et al., 2018) based on isotopic ratios of methane and CO that yielded 

1.6×104 molecules cm−3 for the lowermost stratosphere. No significant variation during 

this timeframe is observed in our dataset, although in 2013 Cl concentrations were lower 

than in the other years. Note that due to other minor loss processes (e.g. reaction with 

O1D, photodissociation (Minschwaner and Manney, 2015)) in the stratosphere and 

mesosphere for both molecules, there is a slight overestimation of stratospheric Cl 

concentration.  Mean, median and one standard deviation data are given in Table 1(b). 
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Figure 3 Annual trend (2010-2015) of stratospheric chlorine radical concentration 

derived from samples with mean age larger than 200 days. Box plots with the median 

(horizontal solid line in the box) and the mean (square in the box) gives the 25% and 75% 

percentiles and whisker in dashed line indicates one standard deviation. Number of 

samples > 12 for each group. 
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Stratospheric OH radical 

 

    Figure 4 presents the annual average stratospheric OHr as a function of sampling year 

rather than the mean air age shown in Figure 2. Data are from samples with age larger 

than 200 days to be classed as stratospheric. The overall stratospheric OHr of 1.1 (±0.8) 

×105 molecules cm-3 for the years 2010-2015 is derived. Median average OH values 

generally vary within 0.8~1.3×105 molecules cm-3 with an exceptionally low median 

value of 5.4×104 in the year 2014, statistical details see Table 1(c). No clear trend is 

apparent in the dataset, and the highest value was found for 2013. 

 

 

Figure 4 Annual trend (2010–2015) of stratospheric OHr concentration derived from 

samples with mean age larger than 200 days. Box plots with the median (horizontal solid 

line in the box) and the mean (square in the box) give the 25 and 75% percentiles and 

whisker in dashed line indicates one standard deviation. Number of samples > 12 for each 

group 
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Discussion 

    This study presents a new empirical method of monitoring the effective OH 

concentration in the global troposphere and lower stratosphere over long periods. The 

method also delivers the mean altitude range for tropospheric CH4 oxidation and the 

effective Cl radical concentration in the lower stratosphere. These parameters are all 

useful measures of the overall atmospheric oxidizing capacity and markers for future 

circulation changes. Provided that high quality, long term monitoring of these three gases 

continues, the impact of future global events can be assessed in these terms. For example, 

a volcanic eruption, a change in global CFC emission rates, or a change in stratospheric 

circulation patterns can lead to changes in UV radiation, stratospheric chlorine loading, 

and water vapor, all of which can significantly impact the derived metrics. 

    This method is built on three key assumptions. The first is that both CH3Cl and CH4 

are predominantly oxidized by OH. While this is true for the troposphere and the lower 

stratosphere, over longer timescales (>500 days) air masses can be expected to also enter 

the upper stratosphere as part of the Brewer-Dobson circulation. At these higher altitudes 

a minor photolysis sink for CH3Cl and the reaction of O1D radicals with CH4 could lead 

to a small overestimation of the calculated effective OH. Indeed, in Figure 2 a tendency 

to higher OHeff in older air can be seen in the CH4 derived OH results. By only 

considering data within certain age ranges (0-100 days troposphere and 200-400 days 

lower stratosphere) the impact of additional loss mechanisms is limited. The second 

assumption is that this time segregation does delineate troposphere (0-100 days), mixed 

troposphere-stratosphere (100-200 days) and stratosphere (>200 days). This assumption 

is supported by the trend in OH variability measured in the three categories. The third 

assumption made here is that the tropospheric effective OH using CH3Cl is correct and 

CH4 derived OH is high because of either Cl radicals (in the stratosphere) or the 

temperature dependence of the reaction (in the troposphere). Support for this assumption 
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comes from the fact that the CH3Cl estimate is lower than that of CH4 (additional 

chemistry leads to overestimation), no other significant loss rates are known, and the 

CH3Cl estimate more closely matches the most recent global model studies. 

    Uncertainties and sensitivities of this method are important to consider. Different to 

variations which show statistical distributions of the results, uncertainties are the 

differences between the measured values and the true values, whereas sensitivities 

represent how much output values will be affected by the input values. Firstly, there is 

an instrumental uncertainty. By considering the measurement errors of SF6, CH4, CH3Cl 

measurements at ground level and by aircraft and reaction rates kOH and kCl, 

measurement uncertainties are calculated by error propagation for mean age, OHeff 

derived from CH4 and CH3Cl, stratospheric Cl and stratospheric OHr of 8%, 10%, 22%, 

35% and 37%, respectively. Secondly the choice of the source region could influence the 

calculation. An ideal tracer for the mean age calculation should be well mixed in the 

source region so that its mixing ratio time series can be used to derive initial 

concentrations. Since SF6 is not perfectly well mixed globally (i.e. there is a weak NH/SH 

gradient and a slight latitude dependence in each hemisphere), an average mixing ratio 

should be applied to represent the source region. Therefore we chose the average SF6 

mixing ratio in the northern hemisphere (NH) as determined by the NOAA network since 

our samples were collected in northern mid-latitudes. The mean age results were also 

derived from individual source regions, namely Mauna Loa (MLO, 19.5°N), Cape 

Matatula (SMO, 14.3°S), Niwot Ridge (NWR, 40.052°N), Pt. Barrow (BRW, 71.3°N), 

Mace Head (MHD, 53°N) and 20°S to 20°N region, but the overall average NH SF6 

observation gave the most positive mean age values for our aircraft measurements. A 

±0.05 ppt difference of SF6 mixing ratios in different tropospheric source regions 

corresponds to 0.17 years difference for the derived mean age. Thirdly we consider the 

sensitivity of calculation to the temperature-dependent reaction rates. We use two 

temperatures (216K and 250K) to represent the average temperatures in the troposphere 

and stratosphere. By varying these temperatures by ±5K, the reaction rate of the reaction 

CH3Cl+OH is less sensitive (variation of -14% ~ 11%) than that of the reaction CH4+OH 

(variation of -17% ~ 33%) (see Table S1 in the supplementary material). Fourthly, 

sensitivity of seasonal cycles of CH4, CH3Cl in source region. Both CH4, CH3Cl have 



Tropospheric OH and stratospheric OH and Cl concentrations determined from CH4, CH3Cl, 

and SF6 measurements 

 

26 

 

seasonal cycles in the troposphere with amplitudes of ca. 1% and 5%, respectively. When 

examining their temporal concentration in the lowermost stratosphere (Fig.S2 in the 

supplementary material) with the N2O concentration(Boering et al., 1996), seasonal 

variations of CH4 have been damped out (linear correlation in each N2O group) while 

those of CH3Cl are attenuated but still visible. By varying ±5% of CH3Cl in the source 

region, the OHeff of samples with age ~70 days and larger than 700 days change ~80% 

and ~25%, respectively. Finally, in this study OH is calculated as a second order reaction 

(see Eqs. 2 and 3 in Method). Alternatively one can use the pseudo first order approach 

in which OH is assumed to be constant Ac= Ag*exp(-R*k*OH) (6) and this produces 

fractionally higher values (<1%). 

    It should be noted that the now well established methyl chloroform (MCF) derived 

global mean OH requires several important assumptions, for example concerning MCF 

emissions (at least before 2000), ocean uptake and stratospheric loss. Furthermore, MCF 

is declining rapidly as emissions have stopped, and it does not provide height information, 

nor indications about Cl abundance. Other relatively long-lived halocarbons have been 

considered to complement the MCF method, but these OH estimates are also dependent 

on the source estimates. Therefore, our new, independent method should be 

acknowledged as an important complementary source of information on OH and Cl. 

The radical abundances derived here represent multiday average effective 

concentrations that are derived directly from long lived atmospheric gas measurements. 

Therefore this work provides an important ground truth dataset for comparison with 

modelling approaches, and oxidant levels that can be used in conjunction with rate 

coefficients to derive lifetime estimates for other atmospheric species. This valuable 

information is obtained from relatively inaccessible regions using measurements of only 

three molecules. Provided the aircraft and ground based measurements continue, then 

future OH and Cl oxidant changes induced by major volcanos or stratospheric circulation 

changes should be captured by applying this method. This work provides the empirical 

methodological approach and the baseline for future studies. 
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Methods 

    Data set. Whole air samples of IAGOS-CARIBIC (In-service Aircraft for a Global 

Observing System-Civil Aircraft for the Regular Investigation of the atmosphere Based 

on an Instrument Container) were collected at 10-12km in canisters during four flights 

monthly since 2008 and non-methane hydrocarbons and greenhouse gases were analyzed 

in laboratory at the Max Planck Institute for Chemistry, Mainz, Germany 

(Brenninkmeijer et al., 2007). Flight paths are shown in Fig.1(b).  SF6, CH4 and CH3Cl 

data of CARIBIC project were analyzed (Schuck et al., 2009;Baker et al., 

2010;Brenninkmeijer et al., 2007;Umezawa et al., 2014) using GC-ECD (for SF6) and 

GC-FID (for CH4 and CH3Cl) with measurement precisions of 1.5%, 0.17% and 1%, 

respectively.   Ground station SF6 data was taken from the monthly northern hemispheric 

NOAA/ESRL halocarbons flask program. CH4 data is from the hourly NOAA ESRL 

Carbon Cycle Cooperative Global Air Sampling Network at Mauna Loa (Dlugokencky 

et al., 2017) and CH3Cl data from the daily NOAA/ESRL halocarbons in situ program. 

NOAA used GC-FID for CH4 and GC-ECD for SF6 with precisions of 0.5% (SF6) (Hall 

et al., 2011),  0.2% (CH4) (Dlugokencky et al., 1994), respectively. 

    Mean age calculation. SF6 is a long-lived industrial tracer with estimated global 

emissions of 7.4±0.6 Gg/yr (Rigby et al., 2010) and has negligible sinks in the 

troposphere and stratosphere. Consequently, the atmospheric mixing ratio of SF6 has 

been observed to increase steadily for the past three decades(IPCC, 2007) with a growth 

rate of 0.27 ppt/yr. In several previous studies, this species has been used to determine 

the “mean age” of air samples collected at altitude (Waugh, 2002;Engel et al., 2008;Ray 

et al., 2014;Hall and Plumb, 1994). This “mean age” is the term given to the time since 

the SF6 mixing ratio measured from the aircraft is equivalent to the SF6 measured in the 

surface source region, or in other words it indicates the average transit time between air 

leaving the surface until it is measured. We used the monthly northern hemispheric SF6 
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observations from NOAA/ESRL halocarbons flask program as the initial SF6 

concentrations and a second-order polynomial fitting was applied for the time series 

(years 2005-2016) of SF6 mixing ratio. Then we applied SF6 mixing ratios by aircraft 

measurements to the fitting and found out the initial emission time. The difference of 

sampling time and initial emission time is the mean age. We excluded samples with 

calculated age less than 0 day (2.3% of total samples) that arise due to the higher mixing 

ratios of SF6 in extratropical troposphere than that in the tropics (Bönisch et al., 2009). 

The spatial distribution of mean age can be found in Fig.1 (b). Absolute counts for each 

mean age group are shown in Fig. S1 in the supplementary material. 

    Effective OH calculation. The effective OH concentration [OH]eff was calculated 

according to equation (1).  

                  
OH

g

+

c

eff

A g

[A] -[A]
[OH] =

Γ k [A] 
     (1) 

    Where Γ is the mean age, [A]c is the mixing ratio of a compound A (in this case either 

CH4 or CH3Cl) sampled aloft by the CARIBIC aircraft at time t, and [A]g is the mixing 

ratio of A observed from the ground station at time t-Γ. Thus, [A]𝑔 − [A]C equates to the 

average loss of A during a time period of Γ, and  kOH+A is the second-order reaction rate 

of compound A with the OH radical which is calculated for two temperatures (216K for 

Γ<100 days and 250K for Γ>100 days) corresponding to 11km and 40km height(National 

Oceanic Atmospheric Administration, 1976). In this calculation we assume that air with 

Γ<100 days has experienced predominately tropospheric conditions (average 

temperature of 216K), whereas air with Γ>100 days will have been transported to the 

stratosphere (average temperature of 250K).  

    The reactions and associated rates (Srinivasan, 2005;DeMore, 1997;Atkinson, 2003) 

are as follows: 

CH4 + OH → CH3 + H2O       (2) 

(𝑘𝑂𝐻+𝐶𝐻4,216𝐾 = 6.9 × 10−16 𝑐𝑚3𝑠−1;  𝑘𝑂𝐻+𝐶𝐻4,250𝐾 = 2.06 × 10−15 𝑐𝑚3𝑠−1) 

 



Tropospheric OH and stratospheric OH and Cl concentrations determined from CH4, CH3Cl, 

and SF6 measurements 

29 

 

CH3Cl + OH → CH2Cl + H2O           (3) 

(𝑘𝑂𝐻+𝐶𝐻3𝐶𝑙,216𝐾 = 6.13 × 10−15 𝑐𝑚3𝑠−1;  𝑘𝑂𝐻+𝐶𝐻3𝐶𝑙,250𝐾 = 1.48 × 10−14 𝑐𝑚3𝑠−1) 

    Stratospheric Cl and OH radical calculation.  Effective OH concentrations for the 

lower stratosphere, see Figure 1, were consistently higher when calculated from CH4, 

similar to the tropospheric values described above. However, in the stratosphere, the 

differential reaction rate of Cl with CH4 and CH3Cl is a viable explanation for the 

relatively constant offset in calculated OHeff as chlorine radical production at high 

altitudes (>10 km) occurs over wide areas due to photolysis of chlorine containing 

compounds. For this calculation, we assume loss of CH4 (or CH3Cl): 

                          OH+A r Cl+A OH+A eff-Ak [OH] + k [Cl] = k [OH]                                                        (4) 

    where [OH]r is the real OH concentration in the stratosphere, [Cl] is the chlorine 

radical concentration, [OH]eff-A is the effective OH derived from compound A in this 

study. Applying Eq.4 for CH4 and CH3Cl, then [Cl] can be expressed as: 

4 3

34

4 3

eff-CH eff-CH Cl

Cl+CH ClCl+CH

OH+CH OH+CH Cl

[OH] -[OH]
[Cl]

kk
-

k k

                                                                   (5) 

The ratios of k(Cl)/k(OH) are taken as 24 and 10 for CH4 and CH3Cl at 250K, 

respectively. 
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Figure S1. Total sample numbers for each mean age group. 
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Table S1. Sensitivity of reaction rates of CH4+OH and CH3Cl+OH to temperature 

variation. 

  

    CH4+OH CH3Cl+OH 

Troposphere 

(k211K-k216k)/k216k -17% -14% 

(k221K-k216k)/k216k 20% 16% 

Stratosphere 

(k245K-k250k)/k250k -14% -11% 

(k255K-k250k)/k250k 33% 11% 
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Figure S2. Temporal variation of CH4 and CH3Cl concentration in aircraft measurements 

color-coded with N2O concentration. ” 
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3. THE EMPIRICALLY DETERMINED 

INTEGRATED ATMOSPHERIC 

RESIDENCE TIME OF CARBON 

DIOXIDE (CO2) 

This work is to be submitted as Li et al. (2020): 

Li, M., Karu, E., Ciais, P., Lelieveld, J., and Williams, J.: The empirically determined integrated 

atmospheric residence time of carbon dioxide (CO2), Proceedings of the National Academy of 

Sciences of the United States of America, to be submitted, 2020. 

 

I am the first-author of this work and my contribution to this work includes assembling 

the data from NOAA and CARIBIC, quality control of the data, analyzing all the data 

(including performing variability-residence time relationship with NOAA and CARIBIC 

data in python, running Monte Carlo simulations, and analyzing trends of estimated 

residence times), making all of the figures and tables, and writing the manuscript together 

with Prof. Williams.   
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The following text and figures quoted (within “”) from page 34 to page 62 are 

exactly the same as the manuscript which is cited on page 33. 

 

“Abstract             

The integrated atmospheric residence time (from combined effect of multiple removal 

processes) of carbon dioxide (CO2) was empirically estimated as 28.4±18.2 (global 

troposphere), and 458.6±115.1 (stratosphere) years (mean ± one standard deviation), 

over 2006-2015 with four ground stations and aircraft observations. The tropospheric 

CO2 residence time increases from north to south in latitude, the shortest times 

corresponding to the latitude of the boreal forest, and the longest to ocean dominated 

Southern Hemisphere (SH) high latitudes. The seasonal cycle in the residence time is 

larger in the southern than the northern hemispheric troposphere. The increase of CO2 

residence time in the SH suggests that either the southern carbon uptake capacity or the 

interhemispheric mixing time has been decreasing since the middle of 2013. Such global-

scale assessments of the spatial and temporal variations of atmospheric CO2 residence 

time can reveal and locate changes in climate-relevant processes, and improve prediction 

of future climate. 
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Introduction 

    Carbon dioxide (CO2) is the most important radiatively active (greenhouse) gas in the 

Earth’s atmosphere, besides water. Its current atmospheric mixing ratio (~410 ppmv in 

2020) has increased by more than 40% compared to pre-industrial levels (280 ppmv) 

(Prentice et al., 2001), and present levels are more than double those found in glacial 

periods (ca. 190 ppmv) (Lüthi et al., 2008). The increase of CO2 has been caused by 

historical emissions from fossil fuel burning and land use change, mainly deforestation. 

Global average mixing ratios are currently increasing at a rate of circa 2.5 ppmv per year. 

During the last decade, anthropogenic CO2 emissions were on average 11 ± 0.8 PgC each 

year (Friedlingstein et al., 2019). To this total, fossil fuel emissions and cement 

production contribute 90% and land use change 10%. A fraction of CO2 emitted by 

current and past anthropogenic emissions is persistently absorbed by land ecosystems 

(3.2 ± 0.6 PgC yr-1) and the oceans (2.5 ± 0.6 PgC yr-1) (Le Quéré et al., 2009), with most 

of the rest accumulating in the atmosphere. Land carbon uptake occurs as photosynthesis 

increases and fills in carbon pools at a faster rate than respiration and disturbances 

emissions depletes them. Ocean carbon uptake depends on air-sea exchange of CO2, 

biogeochemical carbon cycling and mixing with the deep ocean. 

    The atmospheric removal processes (sinks) of carbon dioxide are planetary in scale 

and highly variable from one year to the next, reflecting mainly the response of tropical 

land carbon uptake to climate variability (Le Quéré et al., 2007). The residence time (or 

lifetime) of CO2 in the atmosphere, both now and in future climate scenarios is 

notoriously difficult to determine. It cannot be described by a single number 

corresponding to an unique exponential residence time given that multiple processes 

operate on time scales going from hours to millennia to remove CO2 from the atmosphere, 

unlike for instance the removal of a trace gas such as CH4 or N2O that is caused almost 

entirely by a single removal process and defines a single exponential lifetime. Current 
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estimates of the CO2 residence time rely on impulse response simulations from coupled 

carbon-climate models to account for the multiplicity of removal processes (Joos et al., 

2013). Coupled carbon-climate models mostly include representations of the 

photosynthesis response to CO2 and climate, the turnover of carbon fixed by 

photosynthesis in ecosystem carbon pools, the solubility-driven dissolution of CO2 in 

surface waters linked to ocean inorganic carbon chemistry and surface temperature, the 

mixing of surface waters with the deep ocean, and the perturbation of the ocean 

biological cycle (usually very small compared to physical mixing regarding in 

anthropogenic perturbation of air-sea CO2 fluxes). These processes have typical time 

scales of decades. On longer time scales, other processes continue to remove an initial 

excess CO2, such as long-term soil organic matter (e.g. peat and stable organic matter 

adsorbed on soil minerals) and woody biomass accumulation, the dissolution of seafloor 

carbonates, weathering reactions with carbonate and silicate rocks. The decay of CO2 

after an atmospheric pulse shows a rapid removal in the first decades, followed by a very 

slow decline on a century to millennium-scale.  Joos et al. (2013) fitted three exponential 

functions to carbon-climate models pulse response functions and inferred three 

‘residence times’: a first one of 4.3 years, corresponding to fast ocean and land removal 

processes, a second of 36.5 years for slow ocean and land removals, and a third one of 

395 years for all other very slow processes. 

Here we present results from an empirical method to derive the CO2 residence time in 

the global troposphere and stratosphere. This method determines a residence time 

directly from measurements of atmospheric CO2 concentration variability relative to the 

one of a suite of other globally distributed trace gases. The conceptual approach was first 

conceived by Junge (1974), who showed the atmospheric variability of tropospheric trace 

gases is inversely proportional to their residence time (hereafter referred to as the 

variability-residence time relationship). Junge (1974) demonstrated that the relationship 

held for trace gases with residence times ranging from 10-2 – 104 years, thus including 

CO2. This method has been previously applied to short-lived species from tropospheric 

field measurement data (Colman et al., 1998;Williams et al., 2000;Williams et al., 2001), 

and stratospheric observations (Jobson et al., 1999) to derive understanding of 

atmospheric radical abundances. We now apply this method to surface based, upper 
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tropospheric and stratospheric datasets to determine the CO2 residence time on a global 

scale over ten years of observations. We evaluate the approach by using measurements 

to derive the residence time of COS (carbonyl sulfide) and in the case of the stratosphere, 

use an alternative residence time estimation method. This approach allows monthly 

residence times of CO2 (and COS) to be calculated and changes in residence time 

between 2006-2015 at four ground stations and in the stratosphere to be examined. 
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Materials and Methods 

Data collection.  

Tropospheric measurement data (January 2006 – December 2015) of carbon dioxide 

(CO2), carbonyl sulfide (COS), methane (CH4), methyl chloride (CH3Cl), nitrous oxide 

(N2O), ethane (C2H6), propane (C3H8), trichlorofluoromethane (CFC-11), 

dichlorodifluoromethane (CFC-12) and chlorodifluoromethane (HCFC-22)  at Pt. 

Barrow (BRW, 71.3° N, 156.6° W, 11 m a.s.l.), Mauna Loa (MLO, 19.5° N, 155.6° W, 

3397 m a.s.l.), Cape Matatulu (SMO, 14.3° S, 170.6° W, 42 m a.s.l.), and Palmer Station, 

Antarctica (PSA, 64.9° S, 64° W, 10 m a.s.l.) was provided by the National Oceanic and 

Atmospheric Administration (NOAA). Daily measurement data are used, and when not 

available, we used discrete data (~weekly) instead. Observation data (May 2006 – 

December 2015) of CO2, COS, N2O, CH4, C2H6, C3H8 and CH3Cl in the northern 

hemispheric UTLS region was provided by the analysis of air samples collected during 

global flights in the IAGOS-CARIBIC project (Brenninkmeijer et al., 2007). 

 

NOAA/ESRL program.  

Gas chromatographs (GCs) are used to measure atmospheric halocarbons and trace 

gases by NOAA (www.esrl.noaa.gov/gmd/hats/index.html). In this study, we focus on 

CO2, COS, N2O, CH4, C2H6, C3H8 , CFC-11, CFC-11, HCFC-22 and CH3Cl for the 

analysis and used daily data of all compounds from NOAA for the time Jan 2006 to Dec 

2015. The compounds and their corresponding measurement precision are listed below. 

In order to represent the global tropospheric trends, data from four ground sites (MLO, 

SMO, BRW, PSA) has been included. MLO and BRW are in the Northern Hemisphere, 

SMO and PSA are in the Southern Hemisphere, MLO and SMO are in the tropics and 

BRW and PSA are in the polar regions. 
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IAGOS-CARIBIC.  

Canister samples were collected during flights in the UTLS region (at 10-12 km height) 

(Brenninkmeijer et al., 2007) and analyzed in the laboratory with GC-ECD (for 

greenhouse gases) (Schuck et al., 2009) and GC-FID (for non-methane hydrocarbons) 

(Baker et al., 2010;Umezawa et al., 2014). In this study, we included the data of CO2, 

N2O, CH4, C2H6, C3H8 and CH3Cl collected in the Northern Hemisphere during 2006.01-

2015.12. Stratospheric samples with potential velocity (PV) higher than 2, defining the 

location of the tropopause, were selected. Data with values below detection limits was 

excluded.  

 

Table 1. Spatial coverage of samples (a, b) and measurement precision (c). 

a. Spatial coverage of northern hemispheric samples. 

 Range 

Latitude 0.4 ~ 77.4° N 

Longitude 122.3° W ~ 141.77° E 

 

b. Spatial coverage of stratospheric samples. 

 Range 

Latitude 17.2 ~ 77.4° N 

Longitude 122.3° W ~ 138.7° E 

 

c. Measurement precision. 

compound CO2 N2O CH4 C2H6 C3H8 CH3Cl 

precision 0.08% 0.15% 0.17% 0.2% 0.8% 1% 
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Variability-residence time relationship.  

The variation (standard deviation) of atmospheric trace gases observed within time 

and space has an inverse relationship with the residence time of corresponding trace 

gases. This relationship has been corroborated by many observations, both in the 

troposphere and the stratosphere (Junge, 1974;Colman et al., 1998;Jobson et al., 

1999;Williams et al., 2001). The relationship can be expressed as: 

          (Eq.1) 

Where SlnX in the left side of the equation represents the standard deviation of the natural 

logarithm of observed mixing ratios of trace gases within time and space. At the right-

hand side of the equation, the terms ‘A’ and ‘b’ indicate fitting parameters, and ‘τ’ 

represents the atmospheric residence time of trace gases. The ‘b’ factor indicates the 

remoteness of sampling from local source (Jobson et al., 1999). The residence times (or 

lifetimes) of all trace gases applied in this study have been adopted from the WMO 

(WMO, 2011), SPARC (Ko et al., 2013) and IPCC (IPCC, 2007) reports and the 

atmospheric OH lifetime (Table 2). 

    A schematic illustration of the relationship is shown in Figure 1. Red dots indicate the 

compounds whose variabilities and residence time are known, the greed dots (either CO2 

or COS) indicate that the variability is known and the residence time is the target. To 

ensure the quality, only when the relationship has good correlation (R2 > 0.5) and more 

than three compounds are available for the curve fitting, then the estimated CO2 or COS 

residence time is output. 

    A programming code in Python (3.6) was written to input, process and output the data.  

R2 distributions of filtered output data are shown in Figure 2.   

ln

b

XS A 
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Figure 1 Schematic illustration of variability-residence time relationship and CO2 (or 

COS) residence time estimation.  
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Figure 2 R2 distributions of filtered data in the stratosphere and at MLO, SMO, PSA and 

BRW.  
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Table 2. Atmospheric residence time. 

Compound Residence time / Lifetime (year) 

N2O 114* 

CH3Cl 1.0* 

CH4 12.0** 

C2H6 0.39*** 

C3H8 0.07*** 

CFC-11 45.0* 

CFC-12 100.0* 

HCFC-22 11.9* 

*from WMO (2011) report (WMO, 2011) and SPARC report (Ko et al., 2013). 

** from IPCC (2007) report (IPCC, 2007). 

***estimated based on OH radical concentration (6.2 × 105 molecules/cm3) which is the 

average of the global tropospheric OH concentration (1.13 × 106 molecules/cm3) 

(Lelieveld et al., 2016) and the global stratospheric OH concentration (1.1 × 105 

molecules/cm3) (Li et al., 2018), reaction rates with OH (Atkinson, 2003;Krasnoperov 

and Michael, 2004) at 250K.  
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Tracer-tracer correlation (Plumb and Ko relationship).  

A tracer-tracer correlation between two long lived atmospheric species allows the 

estimation of the stratospheric residence time of a constituent if the stratospheric 

residence time of the other is known, as described by Plumb and Ko in 1992 (Plumb and 

Ko, 1992), and later applied in other observations (Barkley et al., 2008). For deriving the 

stratospheric residence time of CO2, the correlation between CO2 and N2O has been used. 

The residence time of N2O in the stratosphere is relatively well known, globally 

estimated as 114 years (τy), thus it allows to calculate the CO2 stratospheric residence 

time (τx).  

x
x y

y

MR
m

MR
         (Eq.2) 

A potential vorticity, PV > 2PVU, filter was used to distinguish the stratospheric from 

the tropospheric air samples. The slopes (m) were computed for each month separately, 

and MRx  and MRy   correspond to the mean mixing ratios of CO2 and N2O of the 

corresponding month, respectively. 

 

Data processing.  

All the measurement data were grouped by a fixed period (monthly or yearly) and the 

standard deviation (variation) of each compound in this period (monthly or yearly) was 

calculated (n >10 for each). For estimating CO2 residence time with variability-residence 

time relationship, a linear regression algorithm in Python (3.6) was programmed to fit 

the natural logarithm (ln) of the standard deviations of all the compounds expect CO2 

and their atmospheric residence time (Table 1), i.e. ln(standard deviation) versus 

ln(atmospheric residence time). The CO2 variations were only input into the linear 

regressions which have good correlation (R2 > 0.5), and the CO2 residence time was 

calculated by month or year. For the stratospheric CO2 residence time estimation with 

two independent methods, stratospheric northern hemispheric samples were identified 

with potential velocity (PV) higher than 2 PVU. Outliers which are out of the range of 

[Q1-1.5 × IQR, Q3+1.5 × IQR] (Q1: the first quartile; IQR: the interquartile range =  Q3-
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Q1; Q3: the third quartile) were excluded. The trend, seasonality and 95% confidence 

interval were achieved with the help from the open source library “Prophet” designed for 

time series analysis (Taylor and Letham, 2018).  

 

Monte Carlo simulation. 

We have randomly generated 1,000 different values varying ± 10% for each residence 

time of the compounds listed in Table. In total 5,000 residence times for the 5 compounds 

were input into the programming code together for estimation of the yearly CO2 

residence time at BRW, MLO, SMO, PSA, and in NH and the stratosphere. For each 

location listed above, I calculated the difference between the original residence time and 

the newly estimated residence time (Table 3).  

 

Trend analysis. 

The trend analysis model (“Prophet”) can detect abrupt change points in a real time 

series dataset. The input argument ‘changepoint_prior_scale’ can be manually changed 

to avoid overfitting or underfitting. We fitted the trends under ten scales (L1, L2, L3, …, 

L10) which covers from overfitting to underfitting. This gives the uncertainty and 

confidence interval of the trend analysis. In the main text, the average value of ten fitting 

scales (black line in corresponding figures) was used to represent the trend of each station. 

Uncertainties of trend analysis (difference from average to maximum and minimum) of 

each station are analyzed. The mean uncertainties for BRW, MLO, SMO and PSA are 

6.2%, 0.5%, 2.9%, and 3.2%, respectively.  
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Results 

    We first examined the variability-residence time dependence for data taken over ten 

years from two ground-based stations in the Northern Hemisphere (NH) (NOAA sites – 

Barrow (BRW), Alaska and Mauna Loa (MLO), Hawaii) and from aircraft samples 

collected in the upper troposphere and lower stratosphere (UTLS) of the NH (IAGOS-

CARIBIC project). The five chemical species common to both datasets namely ethane 

(C2H6), propane (C3H8), methyl chloride (CH3Cl), methane (CH4) and nitrous oxide 

(N2O) are used to generate the variability-residence time dependence according to the 

method developed by Jobson et al. (1998). The atmospheric residence times of these 

species vary from less than a month to over 100 years (Table 1). The ten-year datasets of 

Barrow, of Mauna Loa and the airborne NH have similar gradients in the variability - 

residence time dependency (b factors: 0.72, 0.67 and 0.60, respectively)  and they are all 

above 0.5, typical of remote background tropospheric observations (Jobson et al., 1999). 

This relationship confirms that the datasets are not affected by local sources. Instead the 

variability is caused by various physical and chemical processes occurring in the airmass 

prior to measurement. Due to the relatively long residence times of the species used here, 

all sources and sinks on a hemispheric to global scale may impact the measured 

variability. Similar gradients (b factors) are generated when using data from the SH and 

stratosphere: Samoa (SMO), Palmer Station Antarctica (PSA), and the stratosphere: 0.63, 

0.66, and 0.58, respectively, all R2≥0.87. 

Having established the aforementioned relationships we may now calculate 

empirically the atmospheric residence time of CO2 and COS using ground and aircraft 

measurements. COS is chosen in addition to CO2 as it has a similar terrestrial 

photosynthetic sink distribution to CO2 but a better constrained atmospheric residence 

time, so that it can be used to validate the approach. The measurement variability is 

determined and the residence time interpolated from the relationship shown in Figure 3. 
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The COS residence time inferred from BRW is between 0.82 - 1.57 years and the one 

inferred from Mauna Loa is slightly longer, 1.8 - 2.8 years. These values are in good 

agreement with previous studies which have determined atmospheric residence times 

between 1.5 – 3.0 years; and a global residence time of 2.1 years (Montzka et al., 

2007;Karu et al., 2020a). Using the same method, we inferred an annual CO2 residence 

time varying between 6 and 12 years at BRW and between 15 and 20 years at Mauna 

Loa. The average CO2 residence time at MLO is longer than that at BRW, because global 

circulation is generally zonal, MLO is less influenced by the strong seasonal uptake of 

boreal and arctic sinks influencing BRW in summer. Using the entire NH dataset from 

aircraft measurements, including data from both the troposphere and the stratosphere, we 

inferred a CO2 residence time of global NH atmosphere (troposphere and stratosphere) 

between 200 and 400 years (Figure 3b). The stratosphere is more isolated from the strong 

terrestrial and oceanic sinks than any surface stations and the CO2 residence time relative 

to CO2 removal from this reservoir is longer. At BRW, the annual CO2 residence time 

shows an analogous temporal trend to the COS residence time (Figure 3b), a compound 

which shares similar vegetation uptake sinks with CO2 (Montzka et al., 2007). In 2013, 

both CO2 and COS show an increase in the residence time inferred from atmospheric 

concentration variability. In this year a severe drought was recorded with a high 

percentage of drought impacted areas in Alaska in 2013 (Figure 4). I therefore surmise 

that the drought has weakened the land carbon uptake capacity within the area 

influencing the BRW station during that year.  
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Figure 3 (a) variability – residence time relationship inferred from concentration records 

at the ground station BRW (black line), MLO (red line) and all the northern hemispheric 

air samples (thereinafter NH) collected from IAGOS-CARIBIC including both 

tropospheric and stratospheric samples (blue line) during 2006.01-2015.12 (n > 800 for 

each point); (b) annual CO2 residence time at BRW, MLO and NH, COS residence time 

at BRW and values from other studies (Montzka et al., 2007;Karu et al., 2020a) (n > 10 

for each year). 
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Figure 4 Droughts in Alaska from 2000 to 2020. D0: abnormally dry, D1: moderate 

drought, D2: severe drought, D3: extreme drought, D4: exceptional drought. Figure 

Source:  https://www.drought.gov/drought/states/alaska 

 

 

    The results shown in Figure 5 are based on yearly data, meaning that the variability 

comes from all measurements taken during the year. Colman et al. (1998) have applied 

the same method (with C2H6 and CH3Cl as well) and derived the residence time of CH3Br 

(0.8 ± 0.1 years) based only on a ca. one-month of data. We therefore extend this 

residence time determination method for longer-lived compounds (such as CO2 and COS) 

to the monthly scale, to determine the seasonal dependence of their residence times. I 

first determined the COS residence time at BRW and MLO (Figure 5a) which was 

highest in April and May, and lowest in August and September. The steep decrease from 

April to September corresponds to the period of highest photosynthetic uptake in the NH. 

Similar seasonal trends are also seen for the CO2 residence time at BRW and MLO  
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(Figure 5b). The CO2 residence time in the stratosphere is approximately an order of 

magnitude longer (Figure 5c). 

For the stratospheric data it was possible to apply an alternative approach to determine 

the CO2 residence time to provide a check on the empirical estimation. This involved a 

tracer-tracer correlation to a species with a well-established stratospheric residence time 

(in this case for N2O of 114 years) (Plumb and Ko, 1992). The stratospheric CO2 

residence time estimated with the two independent methods is in reasonably good 

agreement (Figure 6) and the monthly trends are similar (Figure 5c), although the 

variability-based method gives on average lower values.  
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Figure 5 Monthly mean (a) COS residence time at MLO and BRW; (b) CO2 residence 

time at MLO and BRW; (c) stratospheric CO2 residence time derived from two 

independent methods (Junge, Plumb and Ko, Supplementary Materials) during 2006.01-

2015.12. Uncertainties indicated with shaded area are estimated with Monte Carlo 

simulations for variability-residence time (Junge) method (max-min as shaded, n = 1000 

for each month at each site) and ±10% variation of N2O lifetime for Plumb and Ko 

method. 
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Figure 6 Stratospheric CO2 residence time comparison between the two methods. 

 

We now extend the analysis to the global scale. Figure 7 shows the CO2 residence time 

derived from four surface stations (two in the NH and two in the SH), the corresponding 

trend, the seasonality, and the 95% confidence interval when processed as described in 

the previous section.  Generally, the calculated CO2 residence time increases from north 

to south in latitude, with BRW indicating the shortest and PSA in Antarctica the longest 

CO2 residence time among four sites. This is consistent with the greater proportion of 

landmass in the NH, which globally is approximately twice as effective at removing CO2 

than the oceans during peak growing season (Le Quéré et al., 2009). The integrated CO2 

residence time at all four sites shows a slowly declining trend over 2006-2015. At PSA, 

the integrated CO2 residence time decreases the fastest among the four sites at 0.58 

years/year (until June 2013). An independent study of the Southern Ocean carbon budget 

(Landschützer et al., 2015) showed the carbon uptake from the Southern Ocean which is 

the strongest oceanic sink for CO2, has strengthened from 2002 through 2011, and this 

is consistent with the observed decrease in CO2 residence time. The increase of CO2 

residence time at PSA and SMO since mid-2013 may indicate the carbon uptake capacity 

in the SH (from ocean or landmass) has been saturated or the interhemispheric mixing 
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time has been decreasing (Patra et al., 2011) and more CO2 being transported into the SH 

from the NH.  

The CO2 residence time at SMO and PSA shows peaks in October (Figure 7c,d, Figure 

8) and decreases from October until February. This seasonal cycle corresponds to the 

increased CO2 uptake by land and ocean biota during the SH spring-summer, which 

effectively shortens the residence time until February. The derived integrated CO2 

residence time increases in September-October, which can be caused by increasing CO2 

emissions from hemisphere-wide biomass burning at this time. These act to suppress the 

variability caused by the photosynthetic sink and lead to longer empirically estimated 

CO2 residence times. At the two northern hemispheric sites MLO and BRW, CO2 

residence time decreases from April to July during the NH summer when photosynthetic 

uptake of terrestrial vegetation is peaking. The seasonal variation in CO2 residence time 

is much weaker in the NH (max-min: Δ 15 years NH compared Δ 50 years SH, Figure 

8). 
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Figure 7 Trend, seasonality, 95% confidence interval of CO2 residence time at BRW (a), 

MLO (b), SMO (c) and PSA (d) over time. Observational values (blue dots) are 

calculated with the variability-residence time (Junge) method (n > 10).  
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Figure 8 “Prophet” model estimation of seasonality of CO2 residence time at BRW, MLO, 

SMO and PSA over 2006-2015. 
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Discussion 

    Based on the temporal variance of CO2 and other species, we empirically derived the 

integrated atmospheric CO2 residence time in the global troposphere (surface), whole 

Northern Hemisphere (troposphere and stratosphere), and stratosphere as 28.4 ± 18.2, 

258.6 ± 74.6, and 458.6 ± 115.1 years (mean ± one standard deviation), respectively, 

over 2006-2015. Two previous modelling studies have estimated CO2 residence times 

on the global scale (Joos et al., 2013;Pierrehumbert, 2014). Both used three timescales 

(from decadal to millennial) as tuning parameters to fit the exponential results of either 

an impulse response function (IRF) (Joos et al., 2013) or radiative forcing (Pierrehumbert, 

2014) of CO2 from their models. The three timescales were calculated as 4.3, 36.5, and 

394.4 years by Joos et al. (2013) and 8.7, 93.3, 645.9 years by Pierrehumbert (2014). 

Significant discrepancy is found between these two studies, but the underlying reasons 

remain unclear because the values of the models calculated timescales do not have real 

world process-based meaning. In this study, the integrated atmospheric residence time 

of CO2 for the global troposphere (surface) is 28.4 years, which lies between the two 

shortest timescales from the models (Joos et al., 2013;Pierrehumbert, 2014), and the 

integrated stratospheric residence time (458.6 years) is comparable to the longest 

timescale from Joos et al. (2013) and Pierrehumbert (2014). These results help indicate 

to which processes the timescales correspond: the first two shortest timescales represent 

slow ocean and land (vegetation) removal, and the longest timescale represents for all 

other very slow processes (such as soil organic matter and woody biomass accumulation, 

the dissolution of seafloor carbonates, weathering reactions with carbonate and silicate 

rocks).  

    As the latitudes of the four ground sites are to a first approximation evenly distributed 

across the globe (from 71.3° N, 19.5° N to 14.3° S, 64.9° S), we have taken the average 

tropospheric CO2 residence time over the four sites (28.4 years) as representative of the 
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global tropospheric residence time. As the air in the stratosphere is mixed via the Brewer 

Dobson circulation on relatively short timescales (ca. 2-5 years) (Randel et al., 

1993;Butchart, 2014a), the derived stratospheric CO2 residence time (458.6 years) can 

be taken as representative for the whole stratosphere (including both hemispheres), 

although only air samples collected in the northern hemispheric stratosphere were used. 

Being remote from local sources is an important precondition for applying the 

variability-residence time relationship method to derive atmospheric residence times. 

The airborne stratospheric data is by its very nature distant from the surface sources and 

the sampling protocols and the background stations minimize local influence on the data 

as evidenced by the similarity in variability-residence time dependencies (b factors). 

From Figure 3, physical and chemical processes occurring in the air masses reaching the 

measurement sites induce variability in the data inversely proportional to the species 

residence time. Williams et al. (2000) considered the spatial extent of the regions 

influencing variability for species with different residence times. By assuming an 

instrumental precision of 1% similar to that of the measurements used here, it was shown 

that the variability is sensitive to sources within a space encompassing between 4 and 5 

atmospheric residence times of the species. For short-lived species, this is an important 

consideration when generating the variability residence time plot since longer lived 

species can be impacted by sources further afield. However, for a species with a 

residence time of 25 days (e.g., propane, the shortest lived species used here) and 

assuming a constant 5 m s-1 wind speed, then these species can be affected by sources 

and sinks over 54,000 km distance from the detector, equivalent to the size of the 

hemisphere. Longer lived species are influenced over correspondingly longer distances. 

Hamrud (1983) used a two-dimensional numerical model to examine the influence of 

source and sink distributions on variability. While establishing the general feature of 

decreasing variability for increasing residence time the model study indicated that large 

uncertainties can arise when source distributions are not equivalent, particularly for 

anthropogenic compounds. In our study the chemical species chosen are all influenced 

by hemisphere-wide sources and sinks. Unfortunately the Hamrud model study was not 

able to assess CO2 residence times since the model did not include the seasonal variations 

in the biological sources and sinks. Thus further model studies are needed, ideally with 
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three dimensional models run over longer time periods. To minimize any possible local 

influence and source inhomogeneity issues in this study, we 1) excluded results when the 

curve fitting coefficient (R2) of the variability-residence time relationship is <0.5, thus 

reducing uncertainty from source-sink distribution because if one or more species used 

are influenced by local sources or sinks, R2 will decrease;  2) tested the robustness of the 

approach by adding three long-lived species and removing the two shortest lived species 

from the variability-residence time plot. Little difference is found between the CO2 

residence time at BRW (Figure 9) based on the method with five compounds (N2O, CH4, 

CH3Cl, C2H6, and C3H8) and with only three compounds (N2O, CH4, CH3Cl). However 

the difference becomes larger (~25% on average) when three long-lived species are 

added (CFC-11, CFC-12, and HCFC-22). Therefore we estimate an uncertainty of  ~25% 

related to the choice of compounds used for the variability-residence time relationship. 

Uncertainties from the residence times used for the variability-residence time 

relationship are estimated to be ~2-4% for the troposphere, and ~4-5% for the NH and 

stratosphere by applying 1,000 Monte Carlo simulations randomly for each region (see 

Methods section, Monte Carlo simulation, and Table 3). Uncertainties of the trend 

analysis are 0.5% ~ 6.2% depending on sites (see Methods section Trend analysis, and 

Fig.10 a,b). Thus we estimate an overall uncertainty of 35% for the integrated 

atmospheric CO2 residence time calculated by this method. 

    It is important to note that the method to determine integrated CO2 atmospheric 

residence time is based on the relative variation of monthly or annual data. Each point is 

independently derived from data within a confined timeframe. Therefore, long-term 

trends in CO2 related very slow processes affecting the removal of anthropogenic CO2 

will have little effect on the variability and hence the residence time calculated. In the 

case of CO2 whose atmospheric residence time is determined by multiple removal 

processes acting on different time scales, this approach constrains the residence time with 

respect to the short-lived pools (surface ocean absorption, plants and litter) rather than 

the slow pools that operate over longer timescales. This metric is therefore particularly 

useful for the assessment of rapid environmental change. The residence times generated 

by this method support the recently reported decreases in CO2 ocean uptake in the 

Southern Hemisphere (Landschützer et al., 2015). It is therefore expected that application 
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of this analysis to further measurement stations worldwide can help locate regions where 

climate relevant processes are changing and gauge their impact.” 

 

 

 

 

Figure 9 Comparison of CO2 residence time at BRW among three different combinations 

of compounds. Three combinations of compounds to define the variability-residence 

time relationship were used to test how much uncertainty comes from the choice of 

compounds. Choice #1 uses only three long-lived compounds (N2O, CH4, and CH3Cl); 

Choice #2 adds two short-lived compounds based on choice #1 (N2O, CH4, CH3Cl, C2H6, 

and C3H8); Choice #3 adds three long-lived and anthropogenic compounds (CFC-11, 

CFC-12, and HCFC-22). 
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Table 3. Monte Carlo simulation results. 

 

YEAR MEDIAN (MIN,MAX) DIFFERENCE IN % 
 

BRW MLO SMO PSA NH Stratosphere 

2006 2.1(0,7.9) 2.5(0.0,8.7) 2.5(0,8.7) 2.3(0,8.7) 4.2(0,15.4) 4.7(0,17.6) 

2007 2.0(0,7.8) 2.5(0.0,8.7) 2.5(0,8.7) 3.1(0,9.7) 3.9(0,13.5) 4.4(0,15.7) 

2008 2.0(0,7.9) 2.5(0.0,8.8) 2.5(0,8.8) 2.3(0,8.7) 3.7(0,15.2) 4.4(0,18.2) 

2009 2.0(0,7.7) 2.5(0.0,8.4) 2.5(0,8.4) 3.3(0,10.6) 4.0(0,16.4) 4.6(0,19.0) 

2010 2.1(0,7.9) 2.5(0.0,8.6) 2.5(0,8.6) 2.8(0,8.8) 4.1(0,16.8) 4.5(0,18.4) 

2011 2.0(0,7.8) 2.5(0.0,8.6) 2.5(0,8.6) 3.0(0,9.7) 4.2(0,17.1) 4.7(0,18.8) 

2012 2.1(0,8.0) 2.5(0.0,8.9) 2.5(0,8.9) 3.7(0,12.8) 4.7(0,18.9) 5.0(0,20.5) 

2013 2.4(0,8.2) 2.4(0.0,8.3) 2.4(0,8.3) 3.0(0,9.6) 4.1(0,16.6) 4.6(0,17.9) 

2014 2.0(0,7.9) 2.5(0.0,8.7) 2.5(0,8.7) 3.0(0,9.5) 3.9(0,15.4) 4.0(0,16.5) 

2015 1.9(0,7.7) 2.5(0.0,8.6) 2.5(0,8.6) 2.9(0,9.4) 4.3(0,17.2) 4.6(0,18.1) 
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Figure 10 (a) Trends of CO2 residence times at BRW, MLO, SMO and PSA estimated 

with ten fitting scales (L1, L2, …, L10), their average (black line) and uncertainty (blue 

shadow). 
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Figure 10 (b) Uncertainties of trend analysis of CO2 residence times at BRW, MLO, 

SMO and PSA.” 

 

 

  



Stratospheric ethane trend analysis 

63 

 

 

 

 

4. STRATOSPHERIC ETHANE 

TREND ANALYSIS 

My contribution to this work includes assembling the observation and model data, 

analyzing all the data, making all the figures and tables, drafting the chapter. Prof. 

Williams revised the chapter.  

  



Stratospheric ethane trend analysis 

 

64 

 

 

4.1 Introduction 

Ethane, the second most abundant hydrocarbon in the atmosphere after methane, has 

major sources from natural gas and oil production (~60%), biofuel combustion (20%) 

and biomass burning (18%), and 80% of its emissions are from the Northern Hemisphere 

(Xiao et al., 2008). Its major atmospheric sink is the reaction with the OH radical in the 

atmosphere. Ethane is an important precursor of atmospheric PAN (peroxyacetyl nitrate) 

which has a major effect on tropospheric ozone distributions, and thus further impacts 

air quality (Rudolph, 1995;González Abad et al., 2011). Due to the seasonal variation of 

the photochemically generated OH radicals, ethane has a global lifetime of 80 days, with 

a minimum in summer (~2 months) and a maximum in winter (~10 months) (Xiao et al., 

2008). Ethane has been reported with notably different temporal growth rates (or trends) 

over global ground stations, with an increase in the Northern Hemisphere of 0.42±0.19 

Tg/yr during 2009-2014 (Helmig et al., 2016).  González Abad et al. (2011) presented 

seasonal, latitudinal and hemispheric variations of ethane in the upper troposphere with 

measurements from the ACE campaign and GEOS-Chem model data. They concluded 

that the seasonal trend could be explained by emissions (anthropogenic and biomass 

burning) and destruction rates.  Glatthor et al. (2009) used ethane data derived from 

MIPAS/ENVISAT limb emission spectra from 54 days of observations at pressure levels 

of 200 hPa (10.5~12.6 km) and 125hPa (13.5~15.5km) during 2003 and 2004, to 

investigate emission plumes and vertical profiles. 

Although many previous studies have attempted to understand the distributions, 

emissions and lifetimes of ethane in the troposphere for particular intensive measurement 

campaigns, long-term trend analysis is missing. In this chapter, a long-term trend of 

stratospheric ethane is presented and the observational trend is compared with global 

model simulations.  
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4.2 Observed trends 

4.2.1 Ground observations 

The trend and seasonality analysis algorithm (“Prophet”) used in this study has been 

described in detail elsewhere (Taylor and Letham, 2018). It was applied to the same 

CARIBIC-2 and NOAA ground station datasets as used throughout this study (Li et al., 

2020). It has been shown that the “Prophet” algorithm performs well for non-continuous 

time series data, as is the case for the aircraft data. To test whether this algorithm also 

performs well for ground station datasets, the ethane trend (concentration versus time) 

and seasonality at Iceland were estimated by two independent algorithms (“Prophet”, 

and the other one from NOAA, see: www.esrl.noaa.gov/gmd/ccgg/mbl/crvfit/crvfit.html) 

with the same dataset from NOAA. Figure 4.1 shows the comparison between the results 

from the two algorithms. Ethane seasonality is well captured by both algorithms (Figure 

4.1). The variations of the ethane trend during 2009.05 – 2014.05 estimated by both 

algorithms match very well, whereas the slopes of the trends have some notable 

differences. The NOAA algorithm estimated 46.2 ppt/yr, and 37.0 ppt/yr was estimated 

by the “Prophet” algorithm, thus a 20% difference exists between the two algorithms. A 

clear decreasing ethane trend from 2014.06 is observed at Iceland with the “Prophet” 

algorithm. 

Some studies have focused on ethane trend analysis with either ground based sampling 

or ground based FTIRs (Fourier Transform Infrared Spectrometers) from solar and lunar 

measurements. A summary of these studies are shown in Table 4.1a. Angelbratt et al. 

(2011) reported that the trends of C2H6 partial column at four European sites 

(Jungfraujoch, Zugspitze, Harestua and Kiruna) during 1996-2006 were -1.09 ~ -

2.11 %/year. Simpson et al. (2012) concluded a strong global ethane decline of 21% over 

26 years (1984-2010), with stronger decline occurred from 1984 to 1999 (-7.2±1.7 ppt/yr) 
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than from 2000 to 2010 (-1.9±1.3 ppt/yr). Franco et al. (2015) showed the ethane trend 

at Jungfraujoch was -0.92%/year during 1994-2008, followed by a strong positive trend 

of 4.9%/year during 2009-2014, which may be related to the growth of shale gas 

exploitation in North America. Helmig et al. (2016) calculated a mean ethane growth 

rate of 2.9-4.7%/year during 2009.05-2014.05 at 32 northern hemispheric ground 

measurement sites, and concluded that North American oil and gas development was the 

primary source of the increasing emission of ethane. Franco et al. (2016) compared the 

ethane total column change at six sites across the Northern Hemisphere for the period of 

2003-2008 and 2009-2014, and revealed a sharp increase of 3-5%/year during 2009-2014 

compared with 2003-2008, which is associated with oil and gas industry emission. They 

also estimated a 1.2 Tg/year increase of anthropogenic ethane emission from the North 

America during 2008-2014. In summary, the data analyses to date are consistent and 

show an increased emission of ethane globally, with a specific rapid increase associated 

with oil and gas exploration in the US. 
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Figure 4.1 Ethane seasonality and trend at Iceland estimated by (a) “Prophet” algorithm 

(light blue shadow indicates uncertainty from trend fitting); and (b) NOAA algorithm, 

figure from Helmig et al. (2016).  
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Table 4.1 Summary of studies reporting ethane trends in the troposphere (a) and 

stratosphere (b). 

 

Trends (%/year) Time period References 

(a) Tropospheric trends 

-1.09 ~ -2.11 

(four European sites) 

1996-2006 Angelbratt et al. (2011) 

-0.81 (global) 1986-2010 Simpson et al. (2012) 

-0.92 (Jungfraujoch) 1994-2008 Franco et al. (2015) 

4.9 (Jungfraujoch) 2009-2014 Franco et al. (2015) 

2.9-4.7 

(32 ground sites) 

2009-2014 Helmig et al. (2016) 

3-5 

(six sites, ethane total column) 

2009-2014 compared with 

2003-2008 

Franco et al. (2016) 

(b) Stratospheric trends 

-3.31 ~ 0.43 

(stratospheric column) 

2000-2005 Gardiner et al. (2008) 

-1.75±1.30  

(8-16km above Jungfraujoch) 

2004-2008 Franco et al. (2015) 

-1.0±0.2 

(8-21km above Jungfraujoch) 

1995-2009 Helmig et al. (2016) 

9.4±3.2  

(8-16km above Jungfraujoch) 

2009-2013 Franco et al. (2015) 

6.0±1.1 

(8-21km above Jungfraujoch) 

2009-2015 Helmig et al. (2016) 
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4.2.2 Stratospheric observations 

While ground based stations will be affected by upwind, the stratospheric samples 

offer a more inherently averaged global perspective. Stratospheric ethane trend, 

estimated with all the CARIBIC samples taken in the northern hemispheric lowermost 

stratosphere with PV>2 PVU during 2006-2016, is shown in Figure 4.2. Blue light 

shadow indicates the uncertainty from the trend analysis, which is described in Materials 

and Methods section of Chapter 3 under “Trend analysis”. The black line indicates the 

average trend from ten trend analysis fittings. Pie charts show the spatial composition of 

the samples taken from three phases (separated by red lines). The uncertainty of the 

estimated stratospheric ethane trend is shown in Figure 4.3.  

There are three possible reasons for an observed trend: 1) a change in emissions from 

a emission category, a place, or continent, 2) a change in sinks (e.g. OH variation), 3) a 

change in the mixing between stratosphere and troposphere.  

As shown in Figure 4.2, during phase 1 (2006.02~2012.04), stratospheric ethane 

shows a rather constant decrease at rate of 6.9%/year, with a small turnover peaking in 

2010. This is followed by a drastic trend change in phase 2 (2012.04~2013.03) which 

displayed an increased rate of 42.7%/year, and in phase 3 (2013.03~2014.09) there was 

a decrease at a rate of 25.9%/year. Considering that CARIBIC flew on a global scale and 

the flights are not evenly distributed over regions, I cannot immediately conclude that 

the observed stratospheric trends represent changes in global ethane emissions or sinks. 

Some of the derived trends may be the result of a sampling bias, dependent on when 

certain regions were sampled. To investigate the real causes of the observed trend, the 

spatial compositions of sampling during three phases (shown as pie charts in Figure 4.2) 

were compared.  Asia, America and Europe are the largest ethane emitters in the world, 

contributing ~80% of ethane emissions in the Northern Hemisphere (Xiao et al., 2008). 

In phase 1, more samples were collected over the rest of the Northern Hemisphere, and 

only 11.1% were made over Asia. Compared to phase 1, samples of phase 2 were 

collected more over Asia and America, and this may contribute to an apparent increase 

of the observed trend because ethane emissions in Asia were increasing as documented 
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in the emissions inventory EDGAR v4.3.2_VOC_spec database (Huang et al., 2017) and 

a sharp increase of oil and gas emissions in the North America was observed (Helmig et 

al., 2016). In phase 3, fewer samples were collected over Asia, and more from the rest of 

the continents of the Northern Hemisphere, but the decreasing trend in phase 3 is still 

much more than that in phase 1. In order to verify and quantify this sampling bias 

associated trend, the measured trend data are compared to results from a global model 

where the modelled data are extracted at the same latitude, longitude, altitude and time 

as the original measurement (discussed in section 4.3.2). The model incorporates all 

known emissions via the emission inventory so any deviations between model and 

measurements are indicators of hitherto unknown emissions or atmospheric processes. 

The distributions of sampling cannot explain completely the changes in the observed 

trend. 

To the best of my knowledge, there are only three studies reporting the stratospheric 

(or upper tropospheric) ethane trends (Gardiner et al., 2008;Franco et al., 2015;Helmig 

et al., 2016), all from fourier transform spectrometer measurements. A summary of these 

studies are shown in Table 4.1b. Gardiner et al. (2008) presented annual trend in 

stratospheric ethane column (relative to year 2000) at six sites varying from 0.43 to -

3.31%/year until year 2005. Franco et al. (2015) calculated ethane trends at 8-16 km 

measured at Jungfraujoch of -1.75±1.30 (for 2004-2008) and 9.4±3.2 (for 2009-

2013) %/year, indicating an 11% sharp increase since 2009. Helmig et al. (2016) showed 

that UTLS column (8-21km) measured at Jungfraujoch was decreasing at -

1.0±0.2%/year (1995-2009) and started a sharp increase at rate of 6.0±1.1%/year since 

2009 until 2015, while the difference in trend growth rate between the two time periods 

is smaller for mid-tropospheric column (3.6-8 km): -0.8±0.3%/year (1995-2009) and 

4.2±1.0%/year (2009-2015). 
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Figure 4.2  Ethane stratospheric trend and flights spatial compositions. 

 

 

 

 

 

Figure 4.3  Uncertainty of stratospheric ethane trend analysis, indicated as blue shadow 

in Figure 4.2 .  
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  In order to understand what the driving factors for the observed trend are, stratospheric 

trends of some other compounds measured from the same samples are shown in Figure 

4.4. Some of these compounds share major emission sources with ethane, e.g. methane 

and propane are also emitted strongly from fossil fuel production, while other 

compounds to a lesser extent, e.g. i-butane and CO are emitted more from fossil fuel 

combustion. All these compounds share their major sink namely the oxidation with OH 

radical. Both ethane and methane show an increase from early 2012 until early 2013, 

indicating an enhanced fossil fuel emission, possibly from oil and gas production over 

North America (see section 4.2.1). A decrease of ethane, methane and propane occurred 

from spring to autumn in 2014, whereas not the case for i-butane and CO. This may rule 

out the influence of changes in atmospheric OH concentration (assuming sources of i-

butane and CO not changing much), since this would cause all the aforementioned 

compounds to change in a manner consistent with a changing common sink. 
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Figure 4.4  Stratospheric trends of (a) ethane, (b) propane, (c) methane, (d) i-Butane and 

(e) CO during 2011-2016. 
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4.3 Model simulations 

4.3.1 EMAC model description 

    The EMAC (ECHAM/MESSy Atmospheric Chemistry) model is capable of 

modelling the chemistry and dynamics of the troposphere and the stratosphere, and some 

recent updates of the model (version 2.51) have been made and described in (Jöckel et 

al., 2016).  In this study, hindcast simulations (RC1SD-base-10a) in a spatial resolution 

of 2.8°×2.8° in latitude and longitude, and vertical resolution of 90 model levels reaching 

up to 0.01 hPa (~80 km) were conducted. Gas-phase chemistry considered in the RC1SD-

base-10a simulations includes methane, alkanes and alkenes up to C4, ozone, odd 

nitrogen, some selected non-methane hydrocarbons (NMHCs), halogen chemistry, 

heterogeneous reactions, etc. In total, 310 reactions of 155 species are included in the 

model.  

    Two emission inventory data sets are considered in the simulations: one is MACCity 

(Granier et al., 2011;Diehl et al., 2012) which has a resolution of 0.5°×0.5° and considers 

a seasonal cycle (monthly resolved) covering the period 1950 to 2010. Starting in 2000, 

the data set is based on the “MACCity” emissions (Granier et al., 2011), and followed 

by the IPCC AR5 RCP 8.5 scenario for 2005 and 2010. The other data set is ACCMIP 

(Lamarque et al., 2010) and AR5 RCP 6.0 data (Fujino et al., 2006) which prescribe 

monthly values (without seasonal variability) that have been linearly interpolated from 

annual emission fluxes. From the year 2000, the emissions from the RCP 6.0 scenario 

are used. The emission inventories include six sectors (road, land, shipping, agricultural 

waster burning, aviation and biomass burning), and heights are characterized by the 

vertically distributed ground-based emission fluxes (Pozzer et al., 2009). For RC1SD-

base-10a simulations, emissions until 2011 are from MACCity and from 2012 

ACCMIP+RCP 6.0 were used.  
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In this study, two types of simulations were conducted: (1) constant meteorology and 

constant emission (hereafter climatology), sampled at the CARIBIC sampling location. 

Any trends (or changes) detected in this simulation would be caused by different sample 

location/timing. (2) real meteorological conditions from ECMWF and the emissions 

described above, sampled at the CARIBIC sampling location.  
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4.3.2 Comparison between model and observation  

    Figure 4.5 shows ethane stratospheric trends from observation and the two types of 

model simulations as described above. The trend from climatology (Figure 4.5 b) is 

relatively flat, with small fluctuations that represent changes from sampling location. 

Figure 4.5 (c) shows the modelled ethane trend with real meteorology and emissions. It 

is clear that the model underestimated ethane concentration and trend. On the other hand, 

the model captures some similar trend features as the observations, e.g. the decreasing 

trend until 2009, a peak about Δ50 ppt in middle 2010, and a peak appeared in early 2013. 

A further improvement of the model simulation to match the trend of the observations is 

needed, and this will be discussed in outlook section.  
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Figure 4.5  Ethane stratospheric trends from (a) observation; (b) model simulations with 

climatology; (c) model simulations with real meteorology and emissions.   
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5. CONCLUSIONS AND 

OUTLOOK 

    In this PhD project, some empirical methodologies are developed and applied to global 

long-term airborne observations. They help to address some key questions in 

atmospheric sciences.  

(1) What are the concentrations of OH and Cl radicals in the UTLS region and do 

they change with time? Multi-year global abundance of two key atmospheric 

(including tropospheric and stratospheric) radicals: OH and Cl, were estimated. 

No temporal trend was observed. These results are useful for understanding sinks 

and lifetimes of reactive compounds, troposphere-stratosphere exchange, and 

climate change. Future studies can apply similar methods to estimate other 

radicals, e.g. Br, which is important for stratosphere. This will require better 

measurements of compounds that react fast with Br radical. Apart from radical 

abundance, comprehensive studies on understanding global atmospheric 

oxidation capacity including both the troposphere and the stratosphere are needed.  

(2) How does the residence time of CO2 vary across the globe? CO2 has multiple 

removal processes in the atmosphere. The spatial and temporal distributions of 

the residence time of CO2 in the troposphere and stratosphere were estimated for 

different stations and hemispheres. This will help to improve our current 
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understanding on global carbon cycle and the changing climate. Future studies 

can investigate what the driving factors (e.g. changes in emissions, land or ocean 

sinks) for the variation of CO2 residence time are, by combining with other 

climate-related parameters. The method (variability-residence time relationship) 

can be a more robust analysis of the influence from source-sink distribution 

changes than with three-dimensional climate models since they are based directly 

on data. 

(3) How is the stratospheric ethane trend? Stratospheric ethane trends were 

determined from an observational UTLS dataset and interpreted with help from 

model simulations. A general decreasing trend from 2006 to 2016 is observed, 

with two peaks in 2010 and 2013. The state-of-the-art global model applied, 

underestimated ethane concentration and its variability. Model simulations can 

be improved by tuning the emissions from different regions, and try to match the 

observations.  

(4) It is clear to see that long-term observations on global atmospheric chemistry and 

physics are very important for monitoring climate change, and changes in human 

activities. Future studies can combine advanced statistical methods (such as 

machine learning algorithms) to understand what causes the observed trends. 

Apart from benefiting atmospheric sciences, long-term observations can help to 

understand health effects from different trace gases or climate change, and their 

socio-economic effects. The presented data-based methods can be an early 

warning system for rapid changes in planetary scale processes. 
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