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sources of C,Hg are leakage from the production, transport
of natural gas loss (62%), biofuel consumption (20%) and
biomass burning (18%), mainly located in the Northern
Hemisphere [1-3]. Biogenic and oceanic sources are gen-
erally very small [1]. The main sink of C,Hg in the tropo-
sphere is oxidation via reaction with hydroxyl radicals
(OH), while in the stratosphere reaction with chlorine
atoms dominates [4].

Ethane has a large impact on tropospheric composition
and impacts the distribution of ozone (0O3) through several
pathways, making it a compound of great interest as a
sensitive indicator of tropospheric pollution and transport
[5]. By acting as a major sink for tropospheric OH, the
abundance of C;Hg impacts the lifetime of methane (CH,).
Thus C,Hg is an indirect greenhouse gas with a net global
warming potential of 5.5 (100-year horizon; [6]). Similarly,
C,Hg influences the atmospheric content of carbon mon-
oxide (CO; [4]). Ethane also has a significant impact on air
quality as it is an important source of peroxyacetyl nitrate
(PAN), a thermally unstable reservoir for nitrogen oxide
radicals (NOy; [1,7]). By providing the main NO, source in
many regions of the atmosphere, PAN has a major effect on
the production and loss of Os.

Atmospheric C;Hg abundances can be measured using
various techniques. Previous measurements of C,Hg
include Fourier Transform InfraRed (FTIR) spectrometer
observations by the balloon-borne Jet Propulsion Labora-
tory MKIV Interferometer [8], aircraft air samples collected
during the NASA's Global Tropospheric Experiment Field
Missions Pacific Exploratory Mission (e.g., PEM-West A; [9]
and TRACE-A; [10,11]), solar occultations recorded by the
Atmospheric Chemistry Experiment — Fourier Transform
Spectrometer (ACE-FTS; [12]), ground-based measure-
ments by gas chromatograph (e.g., [13-15]) and finally
limb-scans performed by the Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS) onboard
the European ENVIronmental SATellite (ENVISAT; [16]).
Analysis of these data records has significantly increased
our understanding of the long range transport of C;Hg.

Ethane has also been measured by ground-based FTIR
technique at several latitudes in both hemispheres, cover-
ing different time periods (e.g., [5,17-25]). Nevertheless,
strong latitudinal, seasonal and local fluctuations on small
spatial and temporal scales make C;Hg secular trend deter-
mination difficult from the existing observations. Indeed,
its concentration in the atmosphere is largely influenced
by strong vertical mixing and dilution with background air
during transport from emission sources.

In this paper, we present a 20-year long-term time
series of C;Hg derived from ground-based high-resolution
infrared solar spectra recorded with a Bruker 120HR FTIR
spectrometer operated under clear sky conditions at the
high-altitude International Scientific Station of the Jung-
fraujoch (referred to below as ISSJ; Swiss Alps, 46.5°N,
8.0°E, 3580 m a.s.l.; [26]). Such a long-term time series in
the remote atmosphere allows for air quality monitoring
and provides a valuable tool for model and satellite
validation. The solar spectra used here have been recorded
within the framework of the Network for Detection of
Atmospheric Composition Change monitoring activities
(NDACC; see http://www.ndacc.org).

This work furthers the C;Hg dataset previously pub-
lished in [19] and [27] for the ISS] station and it presents
an improved retrieval strategy in terms of reduced resi-
duals and enhanced information content, combining three
spectral domains for the first time at ISS]. A careful
selection of the available spectroscopic datasets is per-
formed in order to minimize the fitting residuals. A
thorough discussion of the retrieval strategy and data
characterization (information content and error budget)
is presented here along with trend analysis and prelimin-
ary comparison with the three-dimensional state-of-the-
art global chemical transport model (CTM) GEOS-Chem.

This paper is organized as follows. A detailed descrip-
tion of the optimized retrieval strategy is given in Section
2. Section 3 reports the characterization of the FTIR
geophysical products and provides a detailed error budget.
Supporting model simulations are described in Section 4.
Section 5 presents a preliminary comparison between FTIR
and GEOS-Chem seasonal cycles of the C;Hg burden above
Jungfraujoch as well as the entire 1994-2014 time series of
daily-mean total columns and corresponding trends.
Section 6 concludes this study with a short summary
and discussions of the results, identifying avenues for
future work.

2. FTIR data set
2.1. Instrumental setup

All the spectra analyzed here have been recorded at
ISS], located in the Swiss Alps at 3580 m altitude on the
saddle between the Jungfrau (4158 m a.s.l.) and the Ménch
(4107 m a.s.l.) summits. This station offers excellent con-
ditions to perform solar observations, particularly in the
infrared, because of weak local pollution (no major indus-
tries within 20 km) and very high dryness thanks to the
high-altitude and the presence of the Aletsch Glacier.
Indeed, the amount of water vapor (H,0), a strong inter-
ference in the infrared, is at least 20 times lower than
at the sea level. Due to these factors, the ISS] station
allows for investigating the atmospheric background con-
ditions over central Europe and the mixing of air masses
from planetary boundary layer and free troposphere (e.g.,
[28,29]).

Here we use observations performed with a commer-
cial Bruker IFS120HR instrument [26]. This spectrometer,
affiliated to the NDACC network since 1991, is equipped
with HgCdTe and InSb cooled detectors covering the
650-4500 cm ! region of the electromagnetic spectrum.

The Bruker observational database investigated in the
present study consists of more than 11,500 spectra
recorded between September 1994 and August 2014 with
an optical filter covering the 2400-3100 cm ™! range enco-
mpassing the perpendicular v; fundamental stretching
band of C,Hg. Spectral resolutions, defined as the recipro-
cal of twice the maximum optical path difference, alter-
nate between 0.004 and 0.006 cm~!. The signal-to-noise
(S/N) ratio varies between 300 and 4500 (average spectra
resulting from several successive individual Bruker scans,
when solar zenith angles vary slowly). The optimization of
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the retrieval strategy has been based on a subset of about
600 spectra during 2003.

2.2. Retrieval strategy

The C;Hg column retrievals and profile inversions have
been performed using the SFIT-2 v3.91 fitting algorithm.
This retrieval code has been specifically developed to
derive mixing ratio profiles of atmospheric species from
ground-based FTIR spectra [17]. It is based on the semi-
empirical implementation of the Optimal Estimation
Method (OEM) developed as in [30]. Vertical profiles are
derived from simultaneous fits to one or more spectral
intervals of at least one solar spectrum with a multilayer,
line-by-line calculation that assumes a Voigt line shape
[31].

For the first time at ISS], C;Hg retrievals have been
carried out using three micro-windows simultaneously
(see Table 1). The first micro-window (MW1) is centered
on the well-known strong and sharp ”Qs sub-branch of the
perpendicular v; fundamental stretching band [32] and
extends from 2976.660 to 2977.059 cm . This PQ3;-MW1
is the only one taken into account previously for the
Jungfraujoch station [19,27] and at many other FTIR sites
(e.g., [21-23,33]). The second micro-window (MW?2)
includes the PQ; sub-branch around 2983.3cm™!, as
suggested in [34] and used in [24] in combination with
MWT1, and extends from 2983.200 to 2983.500 cm™ ..
Finally, a third micro-window (MW3) encompasses the
'Qy C,Hg sub-branch around 2986.7 cm~ !, extending from
2986.450 to 2986.850 cm~'. The MW3 has only been
fitted at dry high-latitude sites [25,35] because of strong
H,O interferences. Within these micro-windows, the
major interfering species whose vertical profiles are scaled
during the retrieval process are CH,4, H,0, O3 and methyl
chloride (CHsCl).

The model atmosphere adopted above the altitude of
the ISS] station consists of a 39-layer scheme extending
from 3.58 km up to 100 km with progressively increasing
thicknesses. The pressure-temperature profiles are pro-
vided by the National Centers for Environmental Predic-
tion (NCEP, Washington DC, USA, http://www.ncep.noaa.
gov/) while the solar line compilation supplied by [36] has
been assumed for the non-telluric absorptions.

The C,Hg a priori mixing ratio profile corresponds to a
mean of a 2007-2009 CHASER (Chemical AGCM for Study
of atmospheric Environment and Radiative forcing; [37])
simulation (Fig. 1a; see Section 4.1). A priori profiles for all
interfering molecules are based on the 1980-2020 simula-
tion of the WACCM model (version 6 of WACCM profiles;

Table 1

List of the micro-windows used for the FTIR retrieval of C,Hg at
Jungfraujoch and the interfering species taken into account. Simple
scaling of the corresponding vertical profiles of the interfering species
is allowed throughout the iterative retrieval process.

Micro-windows (cm~") Interfering species

2976.660-2977.059
2983.200-2983.500
2986.450-2986.850

H,0, 05, CHsCl, CH,
H,0, 05, CH5Cl, CH,
H,0, 0, CH5Cl, CHy4

the Whole Atmosphere Community Climate Model; e.g.,
[38]) for the ISS] station.

In a usual OEM, the covariance matrix should reflect
the natural variability of the target gas profile [39]. It is
specified for each layer as a percentage of the a priori
profile and an ad hoc correlation length, which is inter-
preted as a correlation between layers decaying along a
Gaussian. For C;Hg, we have adopted the relative standard
deviation profile derived from the CHASER results (Fig. 1b)
as the diagonal values of the covariance matrix and a
Gaussian inter-layer correlation with a half-width length
of 4km for extra diagonal elements of the covariance
matrix.

It is worth noting that this C;Hg retrieval strategy has
been optimized in such a way to limit the fraction of
retrieved profiles presenting negative mixing ratios. By
setting up an inter-layer correlation of 4 km and the S/N
ratio for inversion at 300, the retrieved information con-
tent at Jungfraujoch is slightly constrained deliberately but
the retrieval process is stabilized and strong oscillations in
the lower levels of the retrieved profiles are avoided. This
way, less than 9% of solar spectra have been rejected
because of ungeophysical retrieved mixing ratio values.
Moreover, statistics have shown that there is no correla-
tion between the seasonality and the fraction of rejected
solar spectra. Hence we ensure here homogeneous data
coverage and sampling throughout the entire time series
(see Section 5.2).

2.3. Spectroscopy

Ethane has a complicated spectrum with 12 interacting
normal vibration modes, which makes it difficult to
accurately predict the spectrum. Therefore, it is essential
to take a closer look at the spectroscopic parameters. First
C,Hg line parameters go back to the work of [40] with the
assignment of C;Hg transitions but no ?Q-branches were
included. In 1987, to support the Atmospheric Trace
Molecule Spectroscopy (ATMOS) Experiment, an empirical
linelist for the 9 strongest ?Q-branches of C;Hg covering
the 2973-3001 cm~! region was developed [41]. Pacific
North West National Laboratory (PNNL, Washington,
USA, http://nwir.pnl.gov) measured CHg cross-sections
from 700 to 6500 cm~! at a 0.1 cm~! resolution while a
quantum mechanically based linelist for the Qs branch at
2976 cm~! was developed [32] and included in the
HITRAN 2004 database [42]. The latest HITRAN C,Hg
update (July 2007) contains Pine and Rinsland ?Qs branch
as well as Brown's empirical linelist for the 8 other
PQ-branches but still lacks information for weaker absorp-
tions features.

Quantum-mechanical analysis of the C;Hg spectrum
remains very difficult and is still lacking, except for the
PQs branch. The current state of C,Hg parameters in
HITRAN 2004 and HITRAN 2008 [43] is rather unsatisfac-
tory in the 3 pm region for all spectral features other than
the PQs; branch. A new set of C,Hg cross-sections was
therefore developed [44], based on new high resolution IR
spectra recorded with and without additional synthetic air
at the Rutherford Appleton Laboratory Molecular Spectro-
scopy Facility (RAL, UK, http://www.stfc.ac.uk/ralspace/)
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Fig. 1. (a) C;Hg a priori profile with 1-¢ standard deviation derived from a 2007-2009 CHASER simulation used for the FTIR retrievals at Jungfraujoch.
(b) Averaged relative standard deviation of C;Hg VMR derived from the same CHASER simulation and used as diagonal elements of the covariance matrix

for the FTIR retrievals.

using a high resolution FTIR spectrometer. These cross
sections for C;Hg have been measured in the 3 pm spectral
region and calibrated in intensity by using low resolution
spectra from the PNNL IR database as a reference. Finally,
Lattanzi et al. [45] published a linelist including an
improved representation of P- and R-branch lines of
C,He. However, based on the quality of fits to Harrison's
lab spectra, it has been evaluated that the Q-branch
features which we use for our retrieval strategy are poorly
represented compared to HITRAN 2008, (evaluation of this
linelist can be found at http://mark4sun.jpl.nasa.gov/report/
Evaluation_of_Lattanzi_C2H6_linelist.pdf).

In 2011, an empirical pseudo-line-list (PLL) was fitted to
Harrison's C;Hg lab spectra (the PLL and description can be
found at http://mark4sun.jpl.nasa.gov/pseudo.html). The
PLL generally provides a convenient and accurate way of
interpolating/extrapolating in temperature and pressure to
conditions not covered by lab measurements (Harrison's
measurements in the case of this study for C;Hg). In the
present work, these pseudo-lines have been combined and
tested with three versions of HITRAN (i.e. 2004, 2008 and
2012; [42,43,46]).

As the 2950-3020 cm ™! region encompasses absorption
features from many atmospheric gases, the related spectro-
scopic parameters need to be as complete and accurate as
possible in order to best simulate the atmospheric spectra.
To this end, in addition to the C,Hg PLL, two updates have
been included in our linelist. The first one consists of an
update for three O3 lines (encompassed in MW1) provided
by P. Chelin (Laboratoire de Physique Moléculaire pour
I'Atmosphére et I'Astrophysique, Paris, France, Personal
Communication, 2004) in the framework of the UFTIR
(Time series of Upper Free Troposphere observations from
an European ground-based FTIR network) project. The
second update concerns the CH5Cl line positions and line
intensities for the v4, v4 and 3vg CHs3Cl bands in the
3.4 pm region (see [47,48]). Fourier transform spectra have
been recorded at high resolution at the Laboratoire de

Dynamique, Interactions et Réactivité in France. Measure-
ments of line positions and line intensities have been
performed for both isotopologues ?CH; 3°Cl and 'CH;
37Cl in the v, V4, 3U6 bands and line intensities have been
compared to the recent integrated intensities from PNNL.

Table 2 summarizes the residuals (relative to observa-
tions) and mean retrieved columns associated with the use
of the HITRAN 2004 (including the August 2006 updates; e.
g., [49]), 2008 and 2012 compilations with the different
spectroscopic improvements mentioned above. Note that
the CHsCl update tested here is already part of the original
HITRAN 2012 release. These tests have been performed on a
subset of 229 representative solar spectra from the year
2003. Fig. 2 displays mean observed and calculated spectra
as well as residuals, and illustrates the improvement of
residuals brought by each update compared to the initial
HITRAN 2008 database. By comparing residuals for each
micro-window, we can evaluate the major contributions
brought by the C;Hg PLL and O3 updates (Fig. 2b) compared
to the original HITRAN 2008 parameters (Fig. 2a). Finally,
Fig. 2c shows a refinement of residuals on the edges of MW1
and MW3 due to the use of the CH5Cl update. From Table 2
it appears that HITRAN 2008 along with the three updates
minimizes the residuals in all micro-windows and hence is
currently the best spectroscopic database to employ for ISS]
solar spectra. It is worth noting that the increased residuals
observed with the HITRAN 2012 compilation compared to
the set up using HITRAN 2008, especially in MW2 (see
Table 2), are due to changes in H,O parameters, more
particularly in temperature and pressure-dependency para-
meters of the H,0 feature at 2983.316 cm ™.

3. Data characterization and error budget
3.1. Characterization of the FTIR retrievals

The averaging kernel matrix (A) is resulted by the
inversion process of FTIR solar spectra and characterizes
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Root mean square (RMS) residuals of the calculated spectra relative to observations (in %) for each micro-window when fitting a representative subset of
229 solar spectra from the year 2003 and using different combinations of spectroscopic parameters (see first column). These residuals are displayed in
Fig. 2 for the HITRAN 2008 compilation and updates. Note that HITRAN 2004 includes the August 2006 updates and that the CH3Cl update tested here is
already part of the original HITRAN 2012 release. The averages of the resulting column values ( x 10'® molec cm~2) are listed in the last column. A typical
and representative standard deviation of 25% is associated with these mean columns.

Spectroscopic parameters RMS (%) Mean column ( x 10" molec cm™~2)
MW1 MW?2 MW3
HITRAN 2004 0.2118 0.2974 0.5213 1.08
HITRAN 2004 +C,Hg PLL 0.1905 0.2283 0.1626 1.00
HITRAN 2004 +C;Hg PLL+ 053 0.1406 0.2283 0.1648 0.99
HITRAN 2004+ C;Hg PLL+ 03+ CH5Cl 0.1158 0.2357 0.1410 1.01
HITRAN 2008 0.4705 0.1772 0.5200 1.03
HITRAN 2008 +C,Hg PLL 0.1329 0.1332 0.1627 0.97
HITRAN 2008 + C;Hg PLL+0O3 0.1316 0.1331 0.1623 0.98
HITRAN 2008+ C>Hg PLL+ 05+ CHsCl 0.1067 0.1179 0.1379 0.99
HITRAN 2012+ C,Hg PLL+03 0.1230 0.2151 0.1657 0.96

the information content of the retrievals. It describes how
the retrieved concentration and vertical distribution of an
absorber in the atmosphere are related to the true profile
(x,) and also provides the contribution of the a priori (x,)
to the retrieved profile (x,) according to Eq. (1).

Xr = Xg+AX; —Xq) (1

Fig. 3 displays the mean averaging kernels for each
vertical layer (Fig. 3b; expressed in moleccm™?/
molec cm~2) and calculated on the basis of the 2008-
2010 individual retrieved profiles, as well as the leading
eigenvalues and eigenvectors (Fig. 3a). The vertical sensi-
tivity of our retrieval strategy is illustrated by the total
column averaging kernel drawn in black dashed line in
Fig. 3b (here with values divided by 10 for visibility
purpose). It indicates very good sensitivity to the true
state of the atmosphere below ~13 km altitude, with 99%
of the information content independent from the a priori
profile (x,) and mainly provided by the first eigenvector.
The second and third eigenvectors and their associated
eigenvalues indicate that the sensitivity of the retrievals
extends in the lower stratosphere up to ~20 km, with
some additional vertical resolution.

With a mean degree of freedom for signal (DOFS) of
211 +0.27 (1-0 confidence interval calculated over all
2008-2010 fitted spectra) and the two leading eigenvalues
equal to 0.99 and 0.86, two independent pieces of infor-
mation may be deduced from the averaging kernels. A first
partial column is derived in the lower troposphere (from
the ISS] elevation up to ~8.5 km altitude) and a second
one spanning the 8.5-22 km altitude range is identified in
the upper troposphere - lower stratosphere. The sensitiv-
ity of our retrieval strategy is slightly diminishing for
altitudes above ~13 km, but a large part of the informa-
tion content (at least 60%) is still provided by the mea-
surements at the 22 km level. Although independent
partial columns are available from the retrieval process
at ISS], we will only consider total columns of C;Hg in
this study.

When compared with other recent works using pseudo-
lines to retrieve C;Hg amounts, the content of information
obtained from our retrievals is consistent with results from

e.g., [25] at Eureka, Canada (80.0°N, 86.4°W, 610 m a.s.l;
DOFS=2.00 + 0.20) who also employed the three micro-
windows, and represents a significant improvement com-
pared to previous works carried out at ISS], with typical
DOFS of about 1.5 when using the Qs feature alone.
The simultaneous use of the three non-contiguous micro-
windows allows for a significant gain in retrieved infor-
mation content compared to three non-simultaneous
retrievals which would be subsequently averaged. The DOFS
obtained from the individual use of each micro-window is
1.51 + 0.24, 1.86 + 0.25 and 1.70 + 0.23 for MW1, MW2 and
MW3, respectively.

3.2. Error budget

Table 3 summarizes the major sources of uncertainty
that may affect the C;Hg columns retrieved from the ISS]
solar spectra, as well as estimates of their respective
contribution to either systematic or random component
of the error budget. The total errors are the square root
of the sum of the squares of each of the contributing
uncertainty sources. Most of the error contributions
(excepting when specified below) have been calculated
on the basis of all solar spectra from year 2003 according
to the sensitivity tests listed in the last column of Table 3.
The C,Hg retrieval is also characterized at ISS] by an
assumed variability of 29.2% and a daily relative standard
deviation (calculated here for the days with at least three
observations) equal to 4.0%.

The major contribution to the systematic component of
the error budget comes from uncertainties on the C;Hg
spectroscopy. An error of 4% on the line intensity from the
original spectra measurements has been reported in [44].
In addition, the uncertainty induced by the conversion of
C,Hg cross-sections into pseudo-lines is estimated at 4%
(see [52]), including the random error in the pseudo-line
spectroscopic parameters and the systematic error due to
an imperfect representation of the physics by the pseudo-
lines. We have combined the 4% from [44] in quadrature
with the 4% from the conversion into pseudo-lines, giving
a conservative uncertainty of 5.6% on the C;Hg absorption.
When assuming this uncertainty during the inversion
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Fig. 2. Mean observed (green dots) and calculated (red lines) spectra and associated residuals (obs. — calc.; blue lines) for a representative subset of 229
spectral fits within the three micro-windows used for the C;Hg retrieval at ISS]. Spectroscopic compilations used here are (a) the original HITRAN 2008
database, (b) HITRAN 2008 combined with the C;Hg PLL as well as O3 update and (c) HITRAN 2008 combined with C,Hg, O3 and updated CH3Cl lines. Note
the improvements brought by the different updates on the residuals, whose mean values are also provided in Table 2. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this paper.)

process, the retrieved C,Hg columns are affected by sys-
tematic anomalies of 5.6%.

Retrieved column biases due to line intensity uncer-
tainties related to the interfering species have been gauged
independently by assuming the maximum errors quoted
in the HITRAN 2008 (for H,O, CH4 and Os) and HITRAN
2012 (for the CH3Cl updated line parameters, included in

this official release) databases during the fitting process.
The column anomalies corresponding to each interfering
gas have been combined in quadrature and contribute for
0.9% to the systematic component of the error budget.
Other contributions to the total systematic error are
minor. The total columns are retrieved from high quality
solar spectra using the SFIT algorithm within uncertainties
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Table 3

Error budget of the C,Hg retrievals at ISS], including the impact of systematic and random uncertainties on total columns retrieved from all individual solar
spectra recorded during the year 2003, according to specifics given in the last column. The contributions of measurement noise, smoothing and model
parameters have been estimated on the basis of a representative subset of solar spectra following the formalism of [50].

Error source Error (%) Comments

Assumed variability 29.2

Relative standard deviation 4.0 For the days with at least 3 observations

Systematic errors

C,Hg spectroscopy and conversion into pseudo-lines 5.6 + 5.6% uncertainty on line intensity

Line intensity of interfering gases 0.9 HITRAN 2008 uncertainties (up to 10% for H,0, 20% for Os, 30% for
CH4 and 20% for CHsCl)

ILS 0.1 + 10% misalignment and instrument bias

Forward model 1.0 Retrieval algorithm-related

C,Hg a priori profile 1.2 C,Hg a priori profiles derived from GEOS-Chem and WACCM

Total Systematic Error 59

Random errors

Temperature profiles 13 NCEP profile uncertainty (see text)

H,0 a priori profile 0.1 Changes by a factor of 2 in H,O a priori slope

Solar Zenith Angle (SZA) 0.8 +0.2° bias

Measurement noise 1.6

Smoothing 1.1

Model parameters 0.2

Total Random Error 24

estimated at + 1% (see [53]). The impact of an assumed
instrumental misalignment of + 10% at the maximum
path difference on the retrieved columns is almost negli-
gible (0.1%). Finally, the impact of the selection of the a

priori C,Hg state on the retrieved columns is estimated by
adopting other realistic C;Hg mixing ratio profiles simu-
lated by the GEOS-Chem and WACCM models as a priori,
which leads to small divergences by up to 1.2%.
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As random errors, we have assumed a 0.2° error in the
solar pointing and have adopted the temperature-profile
uncertainties quoted by NCEP (4 1.5°C between the
ground and 20 km altitude, +2.0°C for the 20-30 km
altitude range, and from +5°C at 35km up to +9°C at
the stratopause). The corresponding biases on the retri-
eved C,Hg columns amount to 0.8 and 1.3%, respectively.
As in [54], we have also made the tropospheric slope of the
H,0 a priori profile vary by a factor of 2; such perturba-
tions only induce 0.1% bias in the C;Hg columns, high-
lighting the independence of the C;Hg retrieval to the
tropospheric water vapor content for a dry high-altitude
site.

According to the formalism of [50] and such as detailed
in Section 2.2.2 in [51], we have computed the gain and
sensitivity matrices of a subset of solar spectra repre-
sentative of the ISS] dataset in terms of S/N ratio, DOFS,
solar zenith angle, residuals, etc., eventually providing the
respective contributions of measurement noise (1.6%),
smoothing (1.1%) and forward model parameters (0.2%)
to the total random error.

The estimated total systematic and random errors
affecting our retrieved C,Hg columns amount to 5.9
and 2.4%, respectively. The latter represents a significant
improvement compared to [19], where only the 2976-
2977 cm~ ! micro-window with the ?Q5 branch for inver-
sion of the ISS] solar spectra is used and where the random
component of the error budget is estimated in a similar
way at 6.6% (and also found 5.9% of total bias for the
systematic component).

4. Supporting model simulations
4.1. CHASER

The CHASER model [37,55], developed mainly in the
Nagoya University and the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC), is a chemistry coupled
climate model, simulating atmospheric chemistry and
aerosols in cooperation with the aerosol component model
SPRINTARS (Spectral Radiation-Transport Model for Aero-
sol Species; [56]). It has also been developed in the
framework of the Model for Interdisciplinary Research on
Climate-Earth System Model, MIROC-ESM-CHEM [57].
CHASER simulates detailed chemistry in the troposphere
and stratosphere with an on-line aerosol simulation
including production of particulate nitrate and secondary
organic aerosols.

For this study, the model's horizontal resolution is
selected to be 2.8° x 2.8° with 36 vertical layers extending
from the surface up to about 50 km altitude. As the overall
model structure, CHASER is fully coupled with the climate
model core MIROC, permitting atmospheric constituents
(both gases and aerosols) to interact radiatively and
hydrologically with meteorological fields in the model.
For replicating the past meteorological conditions in the
model, this study employs a nudged chemical transport
model version of CHASER in which wind fields and
temperatures calculated by the MIROC's AGCM are relaxed
to meteorological reanalysis data. In this study, the NCEP
final reanalysis data set is used as a nudging constraint

with the HadISST data set (Hadley Centre Sea Ice and Sea
Surface Temperature) for distributions of sea surface tem-
peratures and sea ice. Chemistry component of CHASER
considers the chemical cycle of O,-NO,~HO,-CH4-CO with
oxidation of Non-Methane Volatile Organic Compounds
(NMVOCs), halogen chemistry and NH,-SO,—NO3 system
simulating 96 chemical species with 287 chemical reac-
tions. In the model, NMVOCs include C;Hg, CoH,4, propane
(C3Hg), C3Hg, C4Hpo, acetone, methanol and biogenic
NMVOCs (isoprene, terpenes).

Anthropogenic emissions (for NO,, CO, CH4, NMVOCs,
NHs, SO, black carbon and organic carbon) are specified
using the EDGAR-HTAP2 (Emission Database for Global
Atmospheric Research, targeted for 2008: http://edgar.jrc.
ec.europa.eu/) and fire emissions are based on the MACC's
reanalysis data (Monitoring Atmospheric Composition &
Change; https://gmes-atmosphere.eu/about/project_struc
ture/input_data/d_fire/) for individual years/months. For
biogenic NMVOC emissions, we employ calculation by the
land ecosystem/trace gas emission model VISIT (Vegeta-
tion Integrative SImulator for Trace gases; [58]).

4.2. GEOS-Chem

GEOS-Chem (version 9-01-03: http://acmg.seas.har
vard.edu/geos/doc/archive/man.v9-01-03/index.html) is a
global 3-D CTM capable of simulating global trace gas and
aerosol distributions. GEOS-Chem is driven by assimilated
meteorological fields from the Goddard Earth Observing
System version 5 (GEOS-5) of the NASA Global Modeling
Assimilation Office (GMAO). The GEOS-5 meteorology data
have a temporal frequency of 6 h (3 h for mixing depths
and surface properties) and are at a native horizontal
resolution of 0.5° x 0.667° with 72 hybrid pressure-o levels
describing the atmosphere from the surface up to 0.01 hPa.
In the framework of this study, the GEOS-5 fields are
degraded for model input to a 2° x 2.5° horizontal resolu-
tion and 47 vertical levels by collapsing levels above
~80 hPa. The chemical mechanism applied here is the
standard full chemistry GEOS-Chem simulation, including
detailed 03-NO,-Volatile Organic Compound (VOC) -
aerosol coupled chemistry (see [59,60] for full description)
with updates by [61].

Ethane is emitted from anthropogenic and pyrogenic
sources in GEOS-Chem. The RETRO (REanalysis of the
TROpospheric chemical composition) emission inventory
[62] is the global default for anthropogenic NMVOC emis-
sions aside from C,Hg and C3Hg. Ethane and C3Hg emis-
sions in RETRO are low compared to the GEOS-Chem
inventories from [3], which are unbiased relative to the
pre-2004 observations presented as in [3]. Thus we used
the C,Hg and C3Hg emission inventories from [3]. Ethane
emissions from biomass burning are from the Global Fire
Emissions Database (GFED3) monthly biomass burning
emissions [63].

The GEOS-Chem model output presented here covers
the period July 2005-May 2013, for which the GEOS-5
meteorological fields are available. We have used a one-
year run for spin-up from July 2004 to June 2005, restarted
several times for chemical initialization. The model out-
puts consist of C;Hg mixing ratio profiles at a 3-h time
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frequency, saved at the closest 2° x 2.5° pixel of the ISS]
station. To account for the vertical resolution and sensi-
tivity of the FTIR retrievals, the individual concentration
profiles simulated by GEOS-Chem are interpolated onto
the vertical grid of FTIR. They are then averaged into daily
profiles and eventually smoothed by applying the FTIR
averaging kernels A (see Eq. (1)) according to the formal-
ism of [39]. The averaging kernels used to convolve the
model outputs are seasonal averages over March-May,
June-August, September-November and December-Feb-
ruary obtained from the 2008-2010 individual FTIR retrie-
vals. The following comparison between FTIR and
smoothed GEOS-Chem data involves the days with obser-
vations available within the July 2005-May 2013 time
period only (i.e. 915 days of observations).

5. Ethane time series

In this section, we first present a preliminary compar-
ison between C,Hg FTIR total columns and simulations by
the GEOS-Chem model by illustrating the seasonal cycle of
C,Hg at ISS]. We have taken into account the vertical
resolution and specific sensitivity of the FTIR retrievals
before comparison with the model data. We then report
the entire 1994-2014 time series of daily-mean total
columns and corresponding trends.

5.1. Seasonal cycle

The seasonal cycle of C;Hg abundances above ISS] is
illustrated in Fig. 4, which displays on a 1-year time base
the monthly means of FTIR total columns and associated
1-0 standard deviation as error bars. The running mean of
the FTIR daily average data (not shown here), computed
using a 2-month integration length and a 15-day time step,
is drawn in solid blue line. The shaded area corresponds
to the 1-0 standard deviation around the running mean.

The FTIR data subset used in Fig. 4 spans the July 2005-
May 2013 time period in order to coincide with the GEOS-
Chem simulation. A similar running mean and standard
deviation have also been calculated on the basis of the
daily-averaged total columns simulated by GEOS-Chem
(after smoothing by the FTIR averaging kernels). These
are represented by the red curve and by the shaded area in
Fig. 4, respectively.

The seasonal cycle of C;Hg apparent in the FTIR total
column data and model output are in good agreement,
characterized by a maximum in March-April and a mini-
mum in August-September. Since fossil fuel production is
the main source of C,Hg emissions [3] and does not
present a particular seasonal cycle during the year [64],
the strong seasonal cycle of C,Hg burden is primarily
driven by the photochemical oxidation rate by OH radicals,
which is enhanced during summer [65,66]. At mid and
high latitudes, C;Hg accumulates during wintertime and
peaks in late winter due to its relatively long lifetime and
slow exchange with lower latitudes [19]. Consistent values
of seasonal amplitude, i.e. the difference between the
maximum and minimum running means divided by the
annual average over the whole time period, are associated
with these seasonal modulations: 50.4% and 57.3% for
FTIR and GEOS-Chem, respectively. A direct comparison
between the daily-mean C,Hg total columns derived from
the CTM and ground-based observations is presented in
Fig. 5 and shows a correlation R of 0.77.

However, it appears clearly on Figs. 4 and 5 that the
C,Hg burden simulated by GEOS-Chem is systematically
lower than the FTIR measurements. Over the mid-2005-
mid-2013 time period, the daily-averaged modeled C,Hg
columns present a systematic bias of —26.7 + 16.5% rela-
tive to the FTIR daily means, and the two data sets cannot
be reconciled by accounting for the systematic errors
affecting the observations (see Table 3). The systematic
bias is hypothesized to be driven by an underestimation of
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the C,Hg emissions used by the model that were devel-
oped only considering data collected prior to 2004. Incor-
porating updated and more accurate emission inventories
into GEOS-Chem is the focus of ongoing work and is
beyond the scope of this paper.

The retrieved columns of C,Hg at ISS] are consistent
with ground-based FTIR measurements from other sta-
tions in terms of amounts and seasonal cycle, taking into
account the latitude and elevation of the ISS] station (see
[5,20-25,67]). At high-altitude stations such as ISS], lower
burden and seasonal amplitude are generally observed due
to high concentrations of C;Hg in the lowest tropospheric
layers [23]. For instance, monthly-mean columns ranging
between 1.76 +0.40 and 3.36 + 0.30 x 10'® molec cm 2
and a corresponding seasonal amplitude of 63% were
obtained from ground-based FTIR solar spectra recorded
over 1995-2000 at two Northern Hemisphere mid-
latitude (44°N) stations located almost at the sea level in
Japan [21]. The amplitude of the seasonal cycle is generally
larger at high-latitude sites because of the enhanced fossil
fuel emissions [67] and very weak oxidation rate by OH
radicals in winter, allowing C;Hg to accumulate substan-
tially during this season. At Eureka, [25] retrieved monthly-
mean C,Hg columns between 1.2 and 2.85 x 10'® molec
cm~2 from FTIR observations for 2007-2011, and the
amplitude of the seasonal cycle was 93%.

5.2. Long-term trend

Fig. 6 presents the long-term time series of daily-
averaged C,Hg total columns (in molec cm~2) retrieved
from the ISS] solar spectra for the September 1994-August
2014 time period, which consists of 11,859 measurements
spread over 2224 days of observation. The error bars

associated with these daily means correspond to the 1-¢
standard deviation of the measurements within each day.
This FTIR database homogeneously covers the investigated
time span. We have used the statistical bootstrap resam-
pling tool developed as in [22] to fit the whole daily time
series in order to determine the C,Hg long-term linear
trend (as well as the associated uncertainty) and the
seasonal modulation. This bootstrap method combines a
linear function and a 3rd order Fourier series taking into
account the intra-annual variability of the data set.

Moreover, a running mean of the daily average data with
a 3-year wide integration time and a 6-month step has
revealed a minimum in the time series between the end of
2008 and the beginning of 2009. Therefore we have fitted
both 1994-2008 and 2009-2014 time periods separately
with the bootstrap tool that has returned two statistically-
significant trends of C,Hg total columns at the 2-6 con-
fidence level: —9.56 + 1.91 x 10'> molec cm 2 year~! and
4354+ 0.81 x 10" molec cm~2 year ', respectively. Then
we have used both 1995.0 and 2009.0 columns modeled
by the bootstrap tool as references in order to calculate the
relative annual trends.

Analysis of the 1994-2008 time span reveals a regular
decrease of the C;Hg amounts above ISS] by —0.92 + 0.18%
year~ ! relative to 1995.0. This negative trend is consistent
with measurements and corresponding trends of atmo-
spheric C;Hg burden presented in [66,68], both studies
attributed the decline of global C,Hg emissions from the
mid-1980s to reduced fugitive emissions from fossil fuel
sources in Northern Hemisphere rather than a decrease in
biomass burning and biofuel use (the other major sources
of C;Hg). These fugitive emissions mainly include natural
gas loss due to evaporation, venting and flaring as well as
equipment leaks during the production and processing of
natural gas and oil. Consistent trends derived from FTIR
solar spectra have already been reported at ISS] by pre-
vious studies, but over shorter time periods: —2.70 +
0.30% year ! over 1985-1995 [27], —1.20 + 0.65% year !
over 1995-1999 [19], —1.05 + 0.35% year ' over 1995-2004
[22] and —1.51+0.23%year™! over 1996-2006 [23].
Global C,Hg emissions did not decline as rapidly between
2000 and 2010 period compared to the 1980s and 1990s
[66,68], and this is consistent with our reported negative
trend, which is smaller than reported in previous ISS]
studies.

Conversely, for the 2009-2014 time period, the boot-
strap tool reveals a strong positive trend of C,Hg total
columns of 4.90 + 0.91% year ! relative to 2009.0 above
ISSJ. We have also applied the bootstrap tool to the
3.58-8.88 and 8.88-22.10 km partial columns of C,Hg
above ISS] (see Section 3.1) and have found very similar
positive trends relative to 2009.0, suggesting a vertically-
homogeneous increase of C,Hg throughout the tropo-
sphere (and lower stratosphere). To our knowledge, this
recent increase of the C,Hg burden in the background
atmosphere has not been reported and its origin is still
unidentified.

A hypothetical source may be enhanced fugitive emis-
sions of C;Hg linked to the recent growth in the exploita-
tion of shale gas and tight oil reservoirs. The growth has
been especially massive in North America. Indeed, positive
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anomalies of CH,4 related to the oil and gas industries have
been recently detected from space over regions of North
America where the drilling productivity began to grow
rapidly after 2009 (see [69]). This hypothesis is supported
by measurements derived from 1986 solar occultation
observations performed over North America (16°-88°N
and 173°-50°W) between 2004 and the middle of 2013
by the ACE-FTS instrument [70]. We employed the version
3.5 ACE-FTS data [71], which includes an improved retrie-
val strategy for C,Hg, within the 8-16 km altitude range.
Applying the bootstrap tool to the ACE-FTS partial columns
over the 2004-2008 and 2009-2013 time periods, we have
calculated statistically-significant trends (at the 2-¢ level)
of —1.75+ 130 and 9.4 + 3.2% year~' relative to 2004.0
and 2009.0, respectively, which are consistent with the
FTIR trends when accounting for the associated uncer-
tainty ranges. Trends derived from 906 ACE-FTS measure-
ments between 10° and 40°S do not reveal any recent
increase of the C,Hg burden. Instead these data show a
statistically significant decrease (—1.62+ 1.08% year™')
over the 2004 to mid-2013 time period. This suggests that
the observed increase of C,Hg is limited to the Northern
Hemisphere.

It is worth noting that the GEOS-Chem CTM does not
reproduce this recent increase in the abundance of C;Hg
above ISS], suggesting emission inventories for C;Hg and
other light alkanes may not be properly accounting for the
enhanced fugitive emissions from recent natural gas and
oil production.

6. Discussions and conclusions

In this study, we have developed and optimized a new
strategy based on an improved spectroscopy to retrieve
C,Hg total and partial columns from ground-based FTIR
solar spectra recorded at the dry and high-altitude ISS].
The selected spectroscopic parameters accounted for in
the three micro-windows include C;Hg pseudo-lines based

on cross-section laboratory spectra as well as updated line
features for Oz and CHsCl. Such an improved spectroscopy
has yielded substantially reduced fitting residuals, enhanced
information content (with a mean DOFS of 2.11 4+ 0.27 for the
whole data set) and less solar spectra discarded because of
ungeophysical mixing ratio profiles.

We have applied this strategy to the long-term FTIR
time series available at ISS] (spanning 1994-2014) and
compared the retrieved total columns to C;Hg columns
simulated by the GEOS-Chem CTM, taking into account the
vertical sensitivity of the retrievals by convolving the
modeled profiles with the FTIR averaging kernels. The
observations and the model present consistent seasonal
cycles, but GEOS-Chem under-predicts the observed CoHg
burden throughout the seasonal cycle. This suggests an
underestimation of C,Hg emissions in the model and
points to the need for improved inventories for further
GEOS-Chem simulations and sensitivity tests.

Finally, we have presented the 20-year ISS] time series
of C,Hg column abundance. Using a bootstrap resampling
tool, we have calculated a statistically-significant negative
trend in C,Hg total columns until 2009, consistent with
prior studies and with our understanding of global C;Hg
emissions. However, the ISS] time series has also revealed
a strong positive trend in C;Hg over the last 6 years of the
record, from 2009 onwards. Such a recent increase in the
remote atmosphere is still unreported and, because of the
involvement of C;Hg in the global VOC-HO,-NO, chem-
istry responsible for generating or destroying tropospheric
03, investigating both its cause and its impact on air
quality should be a high priority for the atmospheric
chemistry community.

This C;Hg increase extends beyond previous positive
short-term anomalies already observed in the Northern
Hemisphere, which occur every 3-5 years and are gener-
ally associated with variability in biomass burning emis-
sions [66,72]. The seasonal cycle of C;Hg above ISS] is
primarily driven by the photochemical cycle of its main
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sink (OH radicals). We argue that it is unlikely that the
recent increase can be attributed to sharp fluctuations of
OH concentration in the atmosphere because the global
OH levels have not exhibited large interannual variability
since the end of the 20th century [73]. Indeed, neither CO
nor other species that have oxidation by OH as their major
removal pathway such as hydrogen cyanide (HCN) and
acetylene (CyH,), do not present an upturn in their
retrieved columns above ISS] over the last years. However,
CH,4, which is closely linked to C,Hg [66,72], has also
presented globally a renewed rise after 2006 [74]. We
hypothesize that the observed recent increase in C;Hg
above ISS] could represent a change in C;Hg throughout
the Northern Hemisphere and may be the product of a
large increase in fugitive emissions related to the recent
upturn in the development of North American shale gas
and tight oil reservoirs.

The lifetime of C;Hg is approximately 2 months, and
this makes C,Hg influenced by vertical mixing and long-
range transport. Ethane is therefore a convenient tracer of
anthropogenic activity for remote sensing [65]. Measure-
ments of C;Hg in the remote troposphere can also be used
to identify air masses that have originated in regions with
significant oil and gas production [66]. Air masses
impacted by intense episodes of biomass burning have
already been detected in the retrieved CoHg columns at
ISSJ, associated with severe tropical emissions from Asia
during the strong El Nifio event of 1997-1998 [19]. Our
future work will focus on combining an analysis of C;Hg
measurements from ground-based FTIR solar spectra and
observations from ACE-FTS with dedicated GEOS-Chem
simulations with updated inventories. The goal will be to
identify the cause of the recent increase in C;Hg and
evaluate the magnitude of emissions required to produce
the observed changes.
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