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Abstract. Methane, ethane and propane are among the most abundant hydrocarbons in the atmosphere. These
compounds have many emission sources in common and are all primarily removed through OH oxidation. Their
mixing ratios and long-term trends in the upper troposphere and stratosphere are rarely reported due to the paucity of
10 measurements. In this study, we present long-term (2006-2016) global ethane, propane, and methane data from
airborne observation in the Upper Troposphere - Lower Stratosphere (UTLS) region, combined with atmospheric
model simulations for ethane at the same times and locations, to focus on global ethane trends. The model uses the
Copernicus emission inventory CAMS-GLOB and distinguishes 12 ethane emission sectors (natural and
anthropogenic): BIO (biogenic emission), BIB (biomass burning), AWB (agricultural waste burning), ENE (power
15 generation), FEF (fugitives), IND (industrial processes), RES (residential energy use), SHP (ships), SLV (solvents),
SWD (solid waste and waste water), TNR (off-road transportation), and TRO (road transportation). The results from
the model simulations were compared with observational data and further optimized. The Northern Hemispheric
(NH) upper tropospheric and stratospheric ethane trends were 0.33 + 0.27%/yr and -3.6 + 0.3%/yr, respectively, in
2006-2016. The global ethane emission for this decade was estimated to be 19.28 Tg/yr. Trends of methane and
20 propane, and of the 12 model sectors provided more insights on the variation of ethane trends. FEF, RES, TRO,
SWD and BIB are the top five contributing sectors to the observed ethane trends. An ethane plume for NH upper
troposphere and stratosphere in 2010-2011 was identified to be due to fossil fuel related emissions, likely from oil
and gas exploitation. The discrepancy between model results and observations suggests that the current ethane
emission inventories must be improved and higher temporal-spatial resolution data of ethane are needed. This dataset
25 is of value to future global ethane budget estimates and the optimization of current ethane inventories. The data are

public accessible at https://doi.org/10.5281/zenodo.5112059 (Li et al., 2021Db).
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1. Introduction

Ethane (C2Hg) is among the most abundant non-methane hydrocarbons (NMHC) present in the
atmosphere. Major sources of ethane to the atmosphere are via natural gas and oil production

30  (~62%), biofuel combustion (20%) and biomass burning (18%). Interestingly 84% of its total
emissions are from the Northern Hemisphere (NH) (Xiao et al., 2008). Oxidation by hydroxyl (OH)
radicals is the major atmospheric loss process for tropospheric ethane while in the stratosphere the
reaction with chlorine (Cl) radicals provides an additional loss processes (Li et al., 2018). Due to
the seasonal variation of ethane emissions and the photochemically generated OH radicals, ethane

35  has a clear annual cycle in concentration, showing higher levels in winter. Its global lifetime is
circa three months, with a minimum in summer (~2 months) and a maximum in winter (~10 months)
(Helmig et al., 2016; Li et al., 2018; Xiao et al., 2008). Ethane oxidation forms acetaldehyde, which
in turn contributes to the formation of PAN (peroxyacetyl nitrate) or peracetic acid depending on
the levels of NOx (Millet et al., 2010). PAN acts as a reservoir species of nitrogen oxides (NOx)

40  and can strongly affect tropospheric ozone distributions by transporting NOx from the point of
emission to remote locations. Furthermore PAN is known to be a secondary pollutant like ozone
with negative impacts on regional air quality and human health (Dalseren et al., 2018; Fischer et
al., 2014; Gonzalez Abad et al., 2011; Kort et al., 2016; Monks et al., 2018; Pozzer et al., 2020;
Rudolph, 1995; Tzompa-Sosa et al., 2017).

45  Several recent studies have estimated global ethane budgets using a combination of observations
and model simulations. Xiao et al. (2008) estimated a global ethane source of 13.0 Tg/yr based on
methane emissions for the 1990s. This study included information on sectoral and geographical
ethane emissions, although the inventory might partially be outdated, at least for North America,
due to the changes in oil and gas extraction since 2004 (Tzompa-Sosa et al., 2017). Simpson et al.

50  (2012) reported a total 21% decrease in global ethane emissions from 14.3 to 11.3 Tg/yr from 1984
to 2010, likely due to the decline in fugitive emissions from fossil fuel extraction and use. Monks
et al. (2018) estimated the global ethane emission in 2008 to be 15.4 + 2.3 Tg/yr. Hausmann et al.
(2016) calculated the contribution from oil and natural gas to the total ethane emission increase of
1-11 Tg/yr over 2007-2014. Franco et al. (2016) reported a global ethane emission of 18.2 Tg/yr

55  for 2014 and that North American anthropogenic ethane emissions increased by 75% over 2008-

2014. Helmig et al. (2016) calculated a growth rate 0.42 (0.19) Tg/yr of NH ethane emission
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between mid-2009 and mid-2014, and Pozzer et al. (2020) estimated a 2.1 Tg/yr increase of global
anthropogenic ethane from 13.2 to 15.3 Tg/yr over the same period.

Despite the general agreement in global emission estimates, multiple studies have pointed out that
60  the current inventories used in atmospheric chemistry models underestimate ethane emissions by
up to a factor of 2-3 (Angot et al., 2021; Dalseren et al., 2018; Emmons et al., 2015; Franco et al.,
2016; Monks et al., 2018; Pétron et al., 2014; Tilmes et al., 2016; Tzompa-Sosa et al., 2017).
Dalseren et al. (2018) concluded that the major source of uncertainty in these inventories comes
from the assumed speciation of NMVOCs (non-methane volatile organic compounds) and
65  disaggregation of carbon emissions into individual species based on little available data. Therefore,
in order to determine the global ethane trend with greater certainty, long-term global ethane

datasets with minimal local influences are required (Angot et al., 2021; Gardiner et al., 2008).

Previous studies attempting to understand the distribution, emissions, lifetime, and atmospheric
trends of ethane have tended to be from surface sites, either from a regionally focused intensive
70  field measurement campaign (e.g. Kort et al. (2016)) or from networks of remote sampling
stations (e.g. Franco et al. (2015), Helmig et al. (2016)). The advantage of surface sites is that
they are easily accessed and maintained, however, such measurements inevitably reflect the local
or regional situation and changes in emissions immediately upwind of a measurement location
can affect the results, masking any underlying long-term global trend. In addition, most ethane
75  measurement sites are located in developed countries, such as in North America and Europe,
while ethane observations in the rest of the world are sparse. This too hinders the assessment of
global ethane trends, for while one country’s emission may be declining another’s could be
increasing rapidly. For the aforementioned reasons it is advantageous to assess the global long-
term ethane trend from the upper troposphere and even the stratosphere where emissions can be
80  expected to be well mixed by atmospheric circulations. In particular the trend of ethane in the

more isolated and remote stratosphere is of interest when assessing long-term changes.

In this study, we use airborne observations covering the Northern Hemisphere (NH), including
over regions where ground measurements are not setup or not possible. We present long-term
global and geographically delineated (North America, Asia, Europe) ethane trends in the upper
85  troposphere and stratosphere for the decade 2006-2016 derived using airborne measurements and
global model simulations. In addition, the trends of methane and propane collected from the same
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observations are examined to better understand the observed variation of NH ethane trends, as they
have common sources and sinks in the atmosphere. All the data used in this study are publicly
available at https://doi.org/10.5281/zenodo.5112059. These data can be used for further analysis
on global and regional trends, emissions and lifetime of methane, ethane, and propane, their
contributions to climate change, stratosphere-troposphere exchange, and improvement of current

inventories and atmospheric models.

2. Materials and Methods

2.1 IAGOS-CARIBC observation

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). The flight altitudes are at ~10 km, which is in the Upper
Troposphere-Lower Stratosphere (UTLS) region. A custom built whole air sampler collects
pressurized air samples during each flight, and these samples are subsequently measured in the
laboratory with Gas Chromatography (GC) coupled with three detectors: GC-ECD for greenhouse
gas measurements (methane, carbon dioxide, nitrous oxide and sulphur hexafluoride) (Schuck et
al., 2009), and GC-FID and GC-AED for volatile organic compound measurements, including
ethane and propane (Baker et al., 2010; Karu et al., 2021). The precision of ethane and propane
data used in this study is 0.2% and 0.8%, respectively (Baker et al., 2010), and of methane 0.17%
(Schuck et al., 2009). Details regarding measurement procedure, calibration scales are well

documented in the cited references.

2.2 EMAC global model

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry and
climate simulation system that includes sub-models describing tropospheric and middle
atmosphere processes and their interaction with oceans, land and human influences (Jockel et al.,
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2010). It uses the second version of the Modular Earth Submodel System (MESSy?2) to link multi-
institutional computer codes. The core atmospheric model is the 5th generation European Centre
Hamburg general circulation model (ECHAMS, Roeckner et al. (2006)). For the present study we
applied EMAC (ECHAMS version 5.3.02, MESSy version 2.55.0) in the T63L47MA-resolution,
i.e. with a spherical truncation of T63 (corresponding to a quadratic Gaussian grid of approx. 1.8
by 1.8 degrees in latitude and longitude) with 47 vertical hybrid pressure levels up to 0.01 hPa (~80
km). The model has been weakly nudged towards the ERAS reanalysis data of the ECMWF
(Hersbach et al., 2020). The chemical mechanism comprises methane, alkanes and alkenes up to
C4, ozone, odd nitrogen, some selected non-methane hydrocarbons (NMHCs), heterogeneous
reactions, etc. In total, 310 reactions of 155 species are included in the model. The photolysis rates
are calculated following Sander et al. (2014). No chlorine chemistry is included in the model. To
account for realistic emissions, the CAMS-GLOB-ANT v4.2 emission inventory data is used for

model simulations (Granier et al., 2019; Guevara et al., 2020).

It has been shown by multiple studies that the ethane emissions due to fossil fuel combustion are
strongly underestimated in the emissions database (Guevara et al., 2021; Helmig et al., 2016;
Pozzer et al., 2020). In this work, we therefore increased the anthropogenic emissions of ethane of
a factor of 2.47 to match (for the year 2010) the total amount suggested by Pozzer et al. (2020)
although this value slightly underestimates the measured concentration as shown in Pozzer et al.
(2020). In the later sections of this paper, we further increased the total emission by 45% to match
the airborne observation data, and the estimated ethane emissions from natural and anthropogenic
sources are presented in Table 1, together with description for each sector and optimized sectoral

emissions (will be discussed in the Results and Discussion section).

In this study, two types of ethane trends were presented with the model simulation: (1) constant
meteorology and constant emission (hereafter called climatology), sampled at the IAGOS-
CARIBIC sampling location with S4D algorithm (sampling in 4 dimensions) described in Jockel
et al. (2010). Any trends (or changes) detected in this simulation would be caused by differences
in sample location and timing. (2) real meteorological conditions from ECMWF and the adjusted
emissions described above, sampled at the IAGOS-CARIBIC sampling location with S4D
algorithm (Jockel et al., 2010).
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2.3 Trend analysis

The trend and seasonality analysis algorithm (“Prophet”) used in this study has been described in
145  detail elsewhere (Taylor and Letham, 2018). The “Prophet” algorithm has been shown to perform
well with non-continuous time series datasets (Li et al., 2021a), as is the case for the aircraft data.
The trend analysis model has four components: trend (non-periodic changes), seasonality (periodic
changes), holiday effects, and error (idiosyncratic changes). In this study, effects of holidays are
not included. We used a linear model with change points for the trend component, and the trend
150  function consists of growth rate, adjustments of growth rate and offset parameter. The flexibility
of trend (e.g. overfitting or underfitting) can be adjusted by the parameter
“changepoint_prior_scale”. Seasonality is estimated by Fourier series (Harvey and Shephard,
1993). The uncertainty interval was set to be 95%. The code of trend analysis in Python for this
study can be found in the Supplementary Material. Figure S1 shows the ethane trend and
155  seasonality at Iceland estimated by “Prophet” algorithm. Compared with the trend and seasonality
estimated by NOAA algorithm (www.esrl.noaa.gov/gmd/ccgg/mbl/crvfit/crvfit.html) using the
same dataset in Figure 1(b) of Helmig et al. (2016), the seasonality of ethane is well captured by
both algorithms and the results match well with each other. The uncertainty from the trend analysis
is estimated by applying ten fitting levels on the trend (i.e. “changepoint prior_scale” = 0.1, 0.2,
160 0.3, ..., 0.9, 1.0). The difference between the most underfitting to most overfitting is taken as the
uncertainty and the average value of the ten fitting levels is used to represent the underlying long-

term trend.

3. Results and Discussion

165 3.1 Literature perspective of global ethane trends

Many studies have reported ethane trend analysis based on either ground-based sampling or FTIR
(Fourier Transform Infrared Spectrometer) measurements. A summary of these studies is shown in
Table 2. In the troposphere (Table 2(a)), the trends of CoHs partial column at four European sites
(Jungfraujoch, Zugspitze, Harestua and Kiruna) during 1996-2006 were between about -1.09 to -
170 2.11%/yr (Angelbratt et al., 2011). Simpson et al. (2012) concluded a strong global ethane decline

6

d

SuU0ISSNJsS|



https://doi.org/10.5194/essd-2021-246
Preprint. Discussion started: 26 August 2021
(© Author(s) 2021. CC BY 4.0 License.

175

180

185

190

195

200

Open Access

of 21% over 26 years (1984-2010), with a stronger decline occurring from 1984 to 1999 (-7.2 +
1.7 ppt/yr) than from 2000 to 2010 (-1.9 £ 1.3 ppt/yr). Franco et al. (2015) showed the ethane trend
at Jungfraujoch to be -0.92%/yr during 1994-2008, followed by a strong positive trend of 4.9%/yr
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%/yr from 2009 to 2014 at 32
NH 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 NH for the period of 2003-2008 and 2009-2014, and also
revealed a sharp increase of 3-5%/yr during 2009-2014 compared with 2003-2008, which was
associated with oil and gas industry emission. They also specifically estimated a 1.2 Tg/yr increase
of anthropogenic ethane emission from North America between 2008-2014. Hausmann et al. (2016)
presented a positive ethane trend of ca. 4.6%/yr at Zugspitze (47° N) and a negative trend of ca. -
2.5%/yr at Lauder (45° S) for 2007-2014, and inferred an ethane increase from oil and gas emission
of 1-11 Tg/yr for 2007-2014. Angot et al. (2021) showed an increase in ethane trend of ca. 5.6%/yr
at GEOSummit (73°N) for 2010-2014, followed by a temporary pause of ethane growth in 2015-
2018. Sun et al. (2021) presented a negative ethane trend of -2.6 £ 1.3%/yr over 2015-2020 in a
densely populated eastern Chinese city Hefei. In this study, we estimated an increasing NH upper
tropospheric ethane trend of 0.33 + 0.27%/yr (mean + 1SD) between February 2006 and February
2016.

In contrast to tropospheric ethane trends, trends in the stratosphere have been far less investigated.
Gardiner et al. (2008) (Table 2 (b)) presented annual trend in stratospheric ethane column (relative
to year 2000) at six sites and these varied from 0.43 to -3.31%/yr until the year 2005. Franco et al.
(2015) reported ethane trends at 8-16 km measured at Jungfraujoch of -1.75 + 1.30%/yr (for 2004-
2008) and 9.4 + 3.2%/yr (for 2009-2013), indicating an ~11% sharp increase since 2009. Helmig
et al. (2016) showed that the UTLS column ethane (8-21km) measured at Jungfraujoch was
decreasing at -1.0 = 0.2%/yr (1995-2009) and started a sharp increase at rate of 6.0 = 1.1%/yr from
2009 until 2015, while the difference in trend growth rate between the two time periods is smaller
for the mid-tropospheric column (3.6-8 km): -0.8 = 0.3%/yr (1995-2009) and 4.2 = 1.0%/yr (2009-
2015). In this study, we derived a NH lowermost stratospheric ethane decreasing trend of -3.6 +

0.3%/yr for the period February 2006 — February 2016.
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3.2 Overview of IAGOS-CARIBC observations

In total 6,607 Northern Hemispheric samples were collected during Feb 2006-Feb 2016. 51% of
them (3,365 samples) are identified as upper tropospheric samples (PV<2), the rest 49% (3,242)
samples are stratospheric samples. All samples are categorized into four groups based on their
sampling locations: North America (NAM), Asia (ASI), Europe (EUR) and Rest of the world
(ROW) (Table S1). Temporal and spatial distributions of sample number are shown in Figure S2.

The observed upper tropospheric ethane concentration shows clear seasonality (Figure 1) driven
by the atmospheric hydroxyl radical (OH) cycle and emissions. Upper tropospheric NAM and EUR
ethane concentrations increase from October/November peaking in April, decreases from April
until October. This is consistent with the FTIR observation (Franco et al., 2015). Upper
tropospheric ASI ethane peaks in June, two months later than NAM and EUR, and has two smaller
peaks in October and February. In contrast, the stratospheric ethane concentration does not show
any clear seasonality, except that NAM has a seasonal trend with 3-month later shift compared to

the upper tropospheric NAM trend.

3.3 Tropospheric trends

3.3.1 Upper tropospheric observation vs. model simulation

Figure 2 shows the upper tropospheric ethane trends and corresponding uncertainties (Figure S3
(a)) from the observations, the model and model optimizations (section 2.2), the top 5 contributing

model sectors, and the climatology.

As the air samples were not collected in exactly the same positions (e.g. altitude, latitude,
longitude), the observed trends of trace gases could be potentially influenced by biases between
the sampling locations. The trends presented in this study represent those from a selected number
of observations. In order to assess whether a sampling location bias is associated with the derived
trend, the measured trends were compared to results from a global model (EMAC) where the

modeled data were extracted at the nearest grid of latitude, longitude, altitude and time to the
8
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original measurement. Figure 2 (a) (grey line) shows the upper tropospheric ethane trend from the
EMAC simulation with constant meteorology and constant year-to-year emission with seasonal
cycle (climatology). Thus if a trend is indicated from the model data, then it is expected to be
associated with the sampling location rather than a real underlying trend. Although small variations
of the ethane trend are observed due to the sampling location, these are negligible compared to the
trend derived from the observations, implying that the different spatio-temporal sampling locations

did not influence the estimated trends.

We then focus on the ethane trends in the whole NH upper troposphere, and in addition, three
regions: NAM, EUR and ASI, whose emissions are estimated to be the dominant sources of global
ethane emissions, accounting for 58~63% in 2008 (Monks et al., 2018). A clear increasing trend in
ethane between Feb 2006-May 2010 of 19.2%/yr (+4.8, 1SD) relative to Feb 2006 and a decreasing
trend in May 2010-Feb 2016 of 7.5%/yr (1.1) relative to May 2010 were observed for the upper
troposphere (Figure 2 (a)). Such trend patterns are observed for all three regions of interest (NAM,
ASI, EUR in Figure 2 (b)(c)(d)). Interestingly they are the inverse of the trends observed at the
surface stations: a decreasing trend before 2009 and a sharp increase in 2009-2014 (Franco et al.,
2015; Franco et al., 2016; Helmig et al., 2016; Simpson et al., 2012). To understand the driving
factors behind the observed trends, we simulated the ethane concentration with the atmospheric

model (EMAC) for the IAGOS-CARIBIC samples (see section 2.2).

The trends from the model simulations and the optimized model results (increasing the input model
emissions by 45%) are shown in Figure 2 as red and blue lines. The initial model results
underestimate ethane concentration by about 45%, whereas the performance is much better with
the same model and observation dataset for the simulation of methane (Zimmermann et al., 2020).
The model incorporates all known emissions via emission inventories so any deviations between
model and measurements can be interpreted as indicators of hitherto unknown emissions or sinks,
atmospheric processes or errors in emission inventories. The optimized model results match
reasonably well with the measured NH upper tropospheric trend (Figure 2 (a)). However, this is
not the case for the regional scales. A significant discrepancy between model and observation for
NAM and ASI appears in 2010-2011 (Figure 2 (b)(c)). As the model includes fixed emissions or
emissions with prescribed changes, such an abrupt increase in the ethane trend for NAM and ASI

in 2010-2011 is presumably due to a short-term additional source that generated a large-scale
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ethane plume. A likely source is the Deepwater Horizon oil spill in 2010 that released 0.64 billion
liters oil into the Gulf of Mexico followed by a global transport of ethane to other continents
(Camilli et al., 2010; Ryerson et al., 2011; Unified Command Deepwater Horizon, 2010). The
model simulates an inverse trend compared to the observed trend for EUR (Figure 2 (d)), although
CAMS-GLOB-ANT dataset has already included emission inventories for some major European

cities (Guevara et al., 2021).

The top 5 contributing model sectors for ethane source trends are FEF (fugitives), RES (residential
energy use), TRO (road transportation), SWD (solid waste and waste water) and BIB (biomass
burning), and their optimized trends are shown in Figure 2. The pronounced peak in 2010-2011 for
the NH upper tropospheric ethane is related to the increase in FEF, RES and SWD, and the
decreasing trend in 2011-2013 can be explained by the decrease in FEF, RES and BIB (Figure 2
(a)). SWD and TRO contributed most for the trends in NAM, ASI and EUR, while FEF, BIB and
RES have similar contribution (Figure 2 (b)(c)(d)).

Figure 3 shows the sectoral contribution to regional and global ethane trends. The width of flow is
proportional to the quantity of sectoral contribution. Our model results estimated the average
contribution of biogenic (BIO), biomass burning (BIB) and anthropogenic sources (sum of all other
sectors) to the NH upper tropospheric ethane in 2006-2016 are 9%, 16%, and 75%, respectively.
This matches the estimated ~4%, 18%, and 78%, respectively, from Helmig et al. (2016). The
contribution of the top anthropogenic sources to upper tropospheric ethane are TRO (28.7%), SWD
(21.7%), FEF (14.0%), RES (6.0%), AWB (1.7%), and ENE (1.1%). Detailed relative
contributions of each sector are shown in Table S2. The contribution of TRO from this study is
more than that of ~10% estimated by Peischl et al. (2013); Warneke et al. (2012); Wunch et al.
(2016).

3.3.2 Model geographical sector contribution

Five geographical sectors, i.e. ASI, NAM, EUR, ROW and AIR+BIB+BIO (as they cannot be
separated into regions), were included to investigate the origin of the ethane emissions (Figure 4,
Figure S4). Ethane emission from ASI dominates the trends for the whole NH upper troposphere,
NAM, ASI and EUR, contributing 30%~55%, 35%~50%, 50%~65%, and 30%~40%, respectively.

10
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Ethane emissions from ROW and AIR+BIB+BIO contribute 10%~25% each to the overall ethane
trends. Emissions from EUR and NAM are the least contributors with each only 5%~20%

contribution to ethane trends.
3.3.3 Ethane, methane and propane trend comparison

Methane and propane share emission sources with ethane, including fossil fuel extraction, transport
and use, especially related to oil and natural gas (Bourtsoukidis et al., 2020; Dalsgren et al., 2018;
Helmig et al., 2016; Zimmermann et al., 2020). Further, these three compounds share the same

major sink in the atmosphere: oxidation by OH radical.

In 2006-2016, NH upper tropospheric ethane has a total change of 18.1 (mean) [min, max: -27.2,
29.4] ppt from observation, that corresponds to a change rate of 1.81 [-2.72, 2.94] ppt/yr, and 0.33
[-0.45, 0.55]%/yr relative to 2006. The observed NH upper tropospheric methane increases in total

63.2[62.7, 63.6] ppb, corresponding to a growth rate of 6.32 [6.27, 6.36] ppb/yr (3.52 [3.49, 3.55] %o

/yr relative to 2006). In the same period, the observed NH upper tropospheric propane increases in
total 7.0 [-7.3, 11.1] ppt, representing a growth rate of 0.70 [-0.73, 1.11] ppt/yr (1.02 [-0.82,
1.72]%/yr relative to 2006).

For the whole NH upper troposphere, ethane and propane have similar trends in 2006-2016 (i.e. a
rise and then a fall), whilst the observed methane trend follows an increase throughout that period
(Figure 5). A common peak of all three compounds appears in 2010-2011, which possibly indicates
an abrupt increase in oil and gas emissions. This peak is also observed for ASI, EUR and NAM
(not for NAM methane) (Figures S5, S6, S7), suggesting regional and global increase in fossil fuel
emissions. The contribution of OH radical variation to the peak in 2010-2011 is expected to be
small as several previous studies have shown the atmospheric OH concentration did not change
significantly in that period (IPCC, 2013; Li et al., 2018; Montzka et al., 2011; Rigby et al., 2017).
NAM ethane and propane trends from the middle of 2014 to 2016 show a clear decline, probably

due to a slowdown in U.S. natural gas emissions (Angot et al., 2021).
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3.3.4 Model simulation for ground stations

Observations of surface ethane mixing ratios at two ground stations (Mauna Loa (MLO), and

315  Hohenpeissenberg (HPB)) were compared with model simulations using the optimized emissions
from this study. The model predicts the ethane at the surface well, for both stations in NAM and
EUR. This confirms that the optimized ethane emission budget derived from the upper

tropospheric and stratospheric observation is realistic for surface-level ethane too.

320 3.3.5 Ethane emission budget

The global ethane emission budget was estimated to be 19.28 Tg/yr for February 2006 to February

2016, with biogenic emissions 0.78 Tg/yr, biomass burning 1.46 Tg/yr and anthropogenic

emissions 17.05 Tg/yr (Table 1). This budget matches well with the estimated ethane emissions

from other studies, e.g. 18.2 Tg/yr for 2014 from Franco et al. (2016) and somewhat higher than
325  the 15.3 Tg/yr (anthropogenic emission) for 2014 from Pozzer et al. (2020).

3.4 Stratospheric trends

3.4.1 Observation vs. model simulation

While ground based stations will be affected by upwind sources, the stratospheric samples offer a
330  remote and averaged global perspective. Stratospheric ethane trends, estimated with all the IAGOS-
CARIBIC samples taken in the NH lowermost stratosphere with potential velocity (PV) larger than
2 PVU during 2006-2016, along with modeled stratospheric trends, are shown in Figure 6
(corresponding uncertainties in Figure S3 (b)). The stratospheric climatology (Figure 6 (a)) varies
more than the tropospheric one, but it is again minor contribution for observed trends, so that
335  location biased trends can be discounted. The observed stratospheric ethane shows a general trend
of -3.6 (£0.3)%/yr in 2006-2016, with two exceptional peaks in 2010 and 2013. The peak in 2010
is not seen at regional levels (NAM, ASI, EUR, Figure 6 (b)(c)(d)), which would have indicated
global upward transport of the upper tropospheric ethane emissions (peaking in 2010-2011) into
the stratosphere. The second peak in 2013 is assumed to be due to the regional emission transport

340  into the lowermost stratosphere as such a peak is observed simultaneously over NAM and ASI. In
12
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general, the optimized model trend matches well with the observed NH stratospheric trend in 2006-
2013 (Figure 6 (a)). A noticeable discrepancy between the optimized model simulation and
observation appears since 2013. In the stratosphere, the OH radical concentration on average
decreases by a factor of 10 compared with tropospheric OH levels, whereas Cl radicals are more
abundant and therefore plays a greater relative role in ethane oxidation (Li et al., 2018). The
chlorine chemistry is not included in our model but the abundance of chlorine in the stratosphere
is a significant loss factor for ethane, thus part of the observed discrepancy can come from the
missing chlorine chemistry in the model. After 2013, the model prediction for ASI was far from
observation (Figure 6(c)), but this was not the case for other regions. This could also explain the

larger discrepancy between model and observation since 2013.

The top 5 contributing model sectors for stratospheric ethane trends, at global and regional scales,
are TRO (~28%), SWD (~24%), BIB (~15%), FEF (~13%), and RES (7%) (Figure 3, Table S2),

their optimized trends are shown in Figure 6.

Model geographical sector contributions for the stratospheric ethane trends are shown in Figure 7
and Figure S8. Similar to the upper troposphere, ASI ethane emissions contribute the most to the
global and regional stratospheric ethane trends (~45%). We attribute this to the Asian Monsoon
transport of air pollutants from the troposphere to the stratosphere, which is supported by other
studies (Bian et al., 2020; Lelieveld et al., 2002; Lelieveld et al., 2018; Park et al., 2009; Randel et
al., 2010). Ethane emissions from ROW and AIR+BIB+BIO contribute 15-20% each, and EUR
and NAM 10-15% each.

3.4.2 Ethane, methane and propane trend comparison

Figure 8 shows the observed stratospheric trends of ethane, methane, and propane in 2006-2016.
The observed NH stratospheric ethane has a total change of -191.3 [-221.2, -166.7] ppt
corresponding to a change rate of -19.13 [-22.12, -16.67] ppt/yr, and -3.59 [-4.15, 3.20]%/yr
relative to 2006. The observed methane in the NH stratosphere increases in total 36.9 [34.5, 38.0]
ppb, that represents a growth rate of 3.69 [3.45, 3.80] ppb/yr (2.09 [1.95, 2.15] %o/yr) relative to
2006. In the same period, the observed NH stratospheric propane declined in total 52.2 [51.3, 55.7]
ppt, that corresponds to a decline rate of 5.22 [5.13, 5.57] ppt/yr (5.58 [5.45, 6.09]%/yr) relative to
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2006. The regional trends of ethane, propane and methane at NAM, ASI and EUR are shown in
Figures S9, S10, and S11.

Similar to the upper tropospheric trends, ethane and propane shared similar trends in the NH
stratosphere, NAM and EUR. The 2010-2011 peak observed in the upper troposphere also appears
in the stratosphere, indicating a strong influence of troposphere-stratosphere exchange. It is noted
that the observed stratospheric trends on regional scales represent a mixture of local emission and

global atmospheric transport.

4. Data availability

The IAGOS-CARIBIC observational data of ethane, methane, and propane in the period February
2006 — February 2016, and optimized ethane mixing ratios in sectors from EMAC model
simulation for the same TAGOS-CARIBIC samples and time period, can be accessed at
https://doi.org/10.5281/zenodo.5112059 (Li et al., 2021b). Co-authorship may be appropriate if the

data are essential for a result or conclusion of a publication.

5. Conclusions

In this study, we present upper tropospheric and lower stratospheric ethane trends from airborne
observations and atmospheric modeling over the period 2006-2016. The model performance was
optimized by scaling to the observational data. We identified ethane sectoral sources to which
observed average trends over ten years (2006-2016) and three continents (North America,
Europe, and Asia) could be attributed from observation and modeling. Trends of ethane, propane
and methane from observation were compared to identify ethane emission sources. The major

findings are summarized as follows:

- The global ethane emission budget for February 2006 to February 2016 was estimated to
be 19.28 Tg/yr. In the Northern Hemisphere, the upper tropospheric ethane had an

increasing trend of 0.33 £ 0.27%/yr and the stratospheric ethane had a decreasing trend of
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-3.6 £ 0.3%/yr for 2006-2016. The current inventory underestimates ethane emission by
roughly a factor of three.

The top five contributing model sectors for upper tropospheric and stratospheric ethane
trends are FEF (fugitives), RES (residential energy use), TRO (road transportation), SWD
(solid waste and waste water) and BIB (biomass burning). Emissions from Asia dominate
the observed ethane trends for both upper troposphere and lower stratosphere.

A sharp increase in the observed upper tropospheric and stratospheric ethane trends at
global and regional scales in 2010-2011 was caused by fossil fuel related emissions, likely
from oil associated and natural gas sources. In contrast to methane, the global ethane
trends cannot be well simulated by advanced atmospheric chemistry modeling, which
suggests the need of accurate and frequent observations of global ethane and the

improvement of emission inventories.
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605  Table 1. Sectoral description and ethane emissions estimated from this study for Feb 2006-Feb 20016.

Sector  Description Emission (Tg/yr)
BIO Biogenic emission 0.78
BIB Biomass burning 1.46
(a) Anthropogenic by sector
AWB Agricultural waste burning 0.12
Power generation (power and heat plants, 0.06
ENE refineries, others)
FEF Fugitives 7.65
IND Industrial processes 1.30
RES Residential energy use 4.82
SHP Ships 0.03
SLV Solvents 0.00
SWD Solid waste and waste water 1.47
TNR Off-road transportation 0.02
TRO Road transportation 1.59
(b) Anthropogenic by geographical sector
ASI Emission from Asia 7.48
EUR Emission from Europe 2.32
NAM Emission from North America 1.46
ROW Emission from rest of the world 5.79
Total source 19.28
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Trends (%/year)

Time period

References

(a) Tropospheric trends

-1.09 ~-2.11
(four European sites)

-0.81 (global)

-0.92 (Jungfraujoch, 47° N)
4.9 (Jungfraujoch, 47° N)

2.9-4.7 (32 ground sites)
3-5 (six sites)

ca. 4.6 (Zugspitze, 47° N)

ca. -2.5 (Lauder, 45° S)

ca. 5.6 (GEOSummit, 73° N)
-2.6 £ 1.34 (Hefei, 32° N)

0.33+0.27

(Northern Hemispheric upper troposphere)

(b) Stratospheric trends

-3.31~0.43
(stratospheric column)

-1.75+1.30

(8-16km above Jungfraujoch)

-1.0£0.2

(8-21km above Jungfraujoch)

94+£32

(8-16km above Jungfraujoch)

6.0+1.1

(8-21km above Jungfraujoch)

-3.6+0.3
(Northern

stratosphere)

Hemispheric

lowermost

1996-2006

1986-2010
1994-2008
2009-2014
2009-2014
2009-2014
compared with 2003-2008
2007-2014
2007-2014
01.2010-12.2014
2015-2020
02.2006-02.2016

2000-2005

2004-2008

1995-2009

2009-2013

2009-2015

02.2006-02.2016

Angelbratt et al. (2011)
Simpson et al. (2012)
Franco et al. (2015)
Franco et al. (2015)
Helmig et al. (2016)
Franco et al. (2016)
Hausmann et al. (2016)
Hausmann et al. (2016)
Angot et al. (2021)

Sun et al. (2021)

This study

Gardiner et al. (2008)
Franco et al. (2015)
Helmig et al. (2016)
Franco et al. (2015)

Helmig et al. (2016)

This study
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Table 2. Summary of studies reporting ethane trends in the (a) troposphere and (b) stratosphere.
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Figure 2. Upper tropospheric ethane trends from observations, the model and model optimization
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analysis uncertainty.

for (a) the whole NH; (b) North America; (c) Asia; and (d) Europe. Light shadows indicate trend
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Figure 3. Sectoral contribution to ethane trends for the (a) upper troposphere and (b) stratosphere
in 2006-2016.
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Figure 4. Optimized geographical sector contribution (emissions from EUR, ASI, NAM, and ROW)

to NH upper tropospheric ethane trends for (a) the whole NH; (b) North America; (c) Asia; and (d)
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Figure 5. The observed (a) ethane; (b) methane; (c) propane trends for the whole NH upper

troposphere. Light shadows indicate trend analysis uncertainty.
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Figure 5. Observations and optimized model simulations for ethane mixing ratios at two ground
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650

27

suoissnasiq



https://doi.org/10.5194/essd-2021-246
Preprint. Discussion started: 26 August 2021
(© Author(s) 2021. CC BY 4.0 License.

655

600

500

400

300

200

100

500

Stratospheric ethane (ppt)

200

100

Open Access

m—— Observation === Climatclogy — === TRO_opt (b)NAM
m— Model m— FEF_opt SWD_opt
= Model_opt = RES_opt = BIB_opt
400
(a)Whole NH
300
200
\/\A/\__J__‘ \/\/
100 : _/_
e e
2006 2008 2010 2012 2014 2016 2006 2008 2010 2012 2014 2016
700
(c)ASI (d)EUR
600
500
400
3001 §
A\-—-ﬁ\—______—__ 200 \/
o e 100 V
_—_—_'——--—————_ ———
2006 2008 2010 2012 2014 2016 2006 2008 2010 2012 2014 2016
Year Year

Earth System
Science

Data

Figure 6. Stratospheric ethane trends from observation, model and model optimization for (a) the

whole NH stratosphere; (b) North America; (c) Asia; and (d) Europe. Light shadows indicate trend

analysis uncertainty.
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Figure 7. Optimized geographical sector contribution (emissions from EUR, ASI, NAM, and ROW)
to stratospheric ethane trends for (a) the whole NH stratosphere; (b) North America; (c) Asia; and
665  (d) Europe. Light shadows indicate trend analysis uncertainty.
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Figure 8. The observed (a) ethane; (b) methane; (c) propane trends for the whole NH stratosphere.

Light shadows indicate trend analysis uncertainty.
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