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a b s t r a c t

Infrared absorption cross sections for ethane have been measured in the 3mm spectral

region from spectra recorded using a high-resolution FTIR spectrometer (Bruker IFS 125/

HR). Results are presented for pure ethane gas from spectra recorded at 0.004 cm�1

resolution and for mixtures with dry synthetic air from spectra obtained at 0.015 cm�1

resolution (calculated as 0.9/MOPD using the Bruker definition of resolution), at a

number of temperatures and pressures appropriate for atmospheric conditions.

Intensities were calibrated using three ethane spectra (recorded at 278, 293, and

323 K) taken from the Pacific Northwest National Laboratory (PNNL) IR database.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Ethane (C2H6) is the second most abundant hydro-
carbon in the atmosphere, after methane. It was first
prepared synthetically in 1834 by Faraday [1] from the
electrolysis of a potassium acetate solution, but mis-
takenly identified as methane. In the late 1840s, Frankland
and Kolbe [2] managed to produce ethane, but it was
mistaken for the methyl radical. The error was corrected
in 1864 by Schorlemmer, who showed experimentally that
the product of all these reactions was in fact ethane [3].

Atmospheric ethane has both an anthropogenic and
biogenic source with the main emissions being through
biomass burning, natural gas loss and biofuel use [4,5].
Ethane is a major component of natural gas and is
industrially used as a significant petrochemical feedstock.

The lifetime of ethane in the atmosphere is estimated
to be approximately two months [5]. As a consequence
ll rights reserved.

: þ441904 432516.
concentrations are significantly higher in the lower
troposphere. Ethane has a large hemispheric asymmetry
with the largest southern hemispheric source attributed
to transport from the northern hemisphere [4,6]. The
major sink mechanism in the troposphere is through
reaction with hydroxyl radicals [7]. The background
concentration of ethane has been observed to fluctuate
diurnally in synchronisation with the OH radical concen-
tration [8,9]. The predominant destruction mechanism for
ethane in the stratosphere is reaction with chlorine atoms
[10], however this has been estimated to be only 2% of the
global ethane sink [4]. Breakdown products of ethane
oxidation include formaldehyde and carbon monoxide [7].
Both ethane and carbon monoxide are found in elevated
concentrations within biomass burning plumes [9,11].

Ethane has only a negligible direct radiative forcing
effect; however, like many VOCs (volatile organic com-
pounds) it has a significant impact on air quality. Ethane is
a strong source of peroxyacetyl nitrate (PAN) in polluted
urban air and to a lesser extent in ground level rural air
[12]; PAN is a reservoir for nitrogen dioxide. PAN has a
major effect on hydroxyl radical and ozone concentrations
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[13]. Hence ethane indirectly contributes to the produc-
tion of tropospheric ozone which is a strong greenhouse
gas and is also toxic [14].

Early estimates for ethane emissions varied extensively
(see summary in Boissard et al. [15]). Recent estimates for
the global emission inventory of ethane using 3D chemical
transport models are between 12 and 13.5 Tg yr�1

[4,16,17]. Ground based measurements have been taken
from sea air [18] and polar firn air [19] to obtain
background ethane concentrations. Numerous airborne
flask-measurement campaigns over the Pacific and Atlan-
tic oceans, as well as over southern Africa and parts of the
Americas [20–22] in the dry season, have investigated
biomass burning sources, evolution and transport. Never-
theless these measurements are unable to provide full
global coverage.

Ethane is a species of significant interest to astron-
omers having been identified in the atmospheres of the
giant planets and Saturn’s moon, Titan. The 3mm ethane
band can be seen in emission in Jupiter’s auroral arcs [23].
The Cassini spacecraft has detected light hydrocarbon
lakes [24] on the surface of Titan, and ethane (via the 3mm
band) in its atmosphere [25]. There is also evidence for a
vast tropospheric ethane cloud at high latitudes [26].
Accurate infrared spectroscopic data are essential for
mapping and identifying the important role ethane plays
in the complex atmospheric photochemistry observed
over Titan. VOCs, including ethane, have also been
observed in emission in the 3mm region of the spectra
of several comets [27].

A number of prominent Q branches of the n7 band of
ethane in the 3mm region were identified by Coffey et al.
from aircraft and ground-based infrared solar absorption
spectra [28]. Due to their increased strength compared to
Q branches of the n9 band at 822 cm�1, this band was
identified as being of particular importance for remote-
sensing.

First profiles of tropospheric ethane from a low Earth
orbit (using a 2976.06–2977.14 cm�1 microwindow) were
obtained by the Atmospheric Trace Molecule Spectroscopy
(ATMOS) Fourier transform spectrometer during the
Atmospheric Laboratory for Applications and Science
(ATLAS) 3 shuttle flight, 3–12 November 1994 [29].

High-resolution ground-based measurements of
ethane have been performed using Fourier transform
spectroscopy at both Jungfraujoch [30,31], where total
vertical columns were recorded, and in Northern Japan [9]
where the outflow of continental air from Asia was
monitored.

The Atmospheric Chemistry Experiment (ACE), on
board the Canadian satellite SCISAT-1, uses a high-
resolution Fourier transform spectrometer for remote
sensing of the Earth’s atmosphere. This instrument covers
the spectral region from 750 to 4400 cm�1 [32]. Due to
this extended spectral coverage, it is possible to carry out
retrievals of ethane in the strong 3mm region [28,33]
using the n7 band, where there are fewer spectral
interferers than for the n9 band (780–868 cm�1), which
is used by satellite emission instruments such as MIPAS
[34]. Indeed, all aliphatic hydrocarbons have their stron-
gest-intensity modes in the C–H stretching region.
Retrievals of concentration profiles from satellite data
require accurate laboratory spectroscopic measurements
in the form of either line parameters or absorption cross
sections. The HITRAN database is a good source of such
spectroscopic data; however the current state of its
ethane parameters is rather unsatisfactory in the 3mm
region [35]. Only the nine strongest PQ branches are
currently contained in HITRAN. Brown [36] developed an
empirical linelist from unpublished Kitt Peak spectra for
these branches in the 2973–3001 cm�1 region. Pine and
Rinsland [37] subsequently developed a quantum-me-
chanically based linelist for the PQ3 branch near
2976 cm�1. PQ branches outside the 2973–3001 cm�1

range are not included in HITRAN, and most P and R
structure is missing.

ACE currently retrieves ethane using a 2975.5–
2977.5 cm�1 microwindow, centred on the PQ3 branch.
However, ethane is a very strong absorber in the tropo-
sphere, and its spectral features in limb spectra tend to
dominate those of other VOCs in the 3mm region.
Therefore, the future retrievals of other VOCs with weaker
spectral features in this region (assuming that suitable
spectroscopic data are available) will require accurate
characterisation of ethane over a wider region than
currently provided by HITRAN.

In this work we have recorded a new set of high
resolution infrared spectra of ethane (with and without
additional synthetic air) that cover an appropriate range
of temperature and pressure for atmospheric retrievals.

2. Experimental

2.1. Spectrometer

All absorption spectra were recorded at the Molecular
Spectroscopy Facility, Rutherford Appleton Laboratory
using a high-resolution FTIR spectrometer (Bruker IFS
125/HR) with a KBr beamsplitter, indium antimonide
(InSb) detector, and the internal mid-IR radiation source
(globar). An optical filter restricted the optical throughput
to the spectral region between 2400 and 3500 cm�1. The
overall intensity of infrared radiation falling on the InSb
detector was therefore maximised in the region of interest
without saturating the detector.

2.2. Gas cell

A 26-cm-long single-pass stainless-steel absorption
cell, a double-walled cylinder with wedged ZnSe windows
sealed on sprung PTFE o-rings, was used for all measure-
ments. The wedged windows eliminate interference
fringes (channel spectra) caused by reflections at the
surface. The o-ring mounting of the windows is critical to
prevent leaks at temperatures down to �200 K.

The cell was mounted inside the sample compart-
ment of the spectrometer, which was evacuated too0.2
Pa in order to minimise the absorbance of impurity
gases, and condensation of these gases on the cell
windows at the lower measurement temperatures. Cell
temperatures below room temperature were achieved
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Table 1
Summary of the pressures, temperatures, and instrument parameters for all scans.

Ethane pressure

(Torr)

Total pressure

(Torr)

Temperature

(K)

Resolution

(cm�1)

Aperture size

(mm)

Apodisation

functiona

No. of

scans

Scan time

(h)b

0.0689 0.0689 197 0.004 1.3 NB weak 60 2

0.0765 0.0765 215 0.004 1.3 NB weak 60 2

0.0901 0.0901 250 0.004 1.3 NB weak 60 2

0.1002 0.1002 270 0.004 1.3 NB weak 60 2

0.1124 0.1124 295 0.004 1.3 NB weak 60 2

0.2208 52.13 195 0.015 2.5 NB medium 100 1

0.2220 76.35 195 0.015 2.5 NB medium 100 1

0.2208 103.86 194 0.015 2.5 NB medium 100 1

0.2372 49.44 215 0.015 2.5 NB medium 100 1

0.2389 119.15 215 0.015 2.5 NB medium 100 1

0.4030 206.91 215 0.015 2.5 NB medium 100 1

0.2375 281.11 215 0.015 2.5 NB medium 100 1

0.3066 200.10 250 0.015 2.5 NB medium 100 1

0.2896 400.68 250 0.015 2.5 NB medium 100 1

0.2974 626.45 250 0.015 2.5 NB medium 100 1

0.3029 376.54 270 0.015 2.5 NB medium 100 1

0.3024 601.36 270 0.015 2.5 NB medium 100 1

0.3066 371.71 296 0.015 2.5 NB medium 100 1

0.3058 763.48 297 0.015 2.5 NB medium 100 1

a NB=Norton–Beer.
b Approximate. Note that each sample spectrum requires a corresponding background spectrum taken with the same spectrometer settings. The scan

time is effectively doubled.
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by circulating ethanol from a liquid-nitrogen-cooled
ethanol bath through the space between the cell walls.
The temperature was controlled by regulating the liquid-
nitrogen flow via a solenoid valve which was switched
by the output of a comparator that compares the
temperature in the ethanol bath against a user pre-set
temperature. This setup allows automatic temperature
control of the cell from �194 K to room temperature for
extended periods of time. The actual cell temperature
was monitored by five platinum resistance thermo-
meters (PRTs) in thermal contact at different points on
the exterior surface of the cell.
2.3. Sample purity and preparation of gas mixtures

Ethane (99.995% purity) was supplied by Sigma-
Aldrich. Synthetic air was provided by Air Products in
the form of Air Zero Plus (20.9% O270.2%, H2Or0.5 ppm,
CH4r0.05 ppm, COþCO2r0.1 ppm, 99.99990% overall
purity).

Measurements were performed on small amounts of
pure ethane as well as on mixtures with dry synthetic air
in order to simulate atmospheric pressure-broadened
spectra. Mixing ratios were chosen so that self-broadening
could be neglected.

Gas handling and pressure measurements were carried
out in a gas line, directly attached to the absorption cell.
The mixtures of ethane and air were produced by
introducing a small amount of ethane directly into the
cell and then adding dry synthetic air. Pressures were not
measured directly in the cell, but close by, further along
the gas line, using full scale 10, 100 and 1000 Torr Baratron
capacitance manometers (MKS).
2.4. Recording of spectra

Details of the pressures, temperatures, and instrument
parameters for all scans are contained in Table 1. Air-
broadened spectra were recorded at 0.015 cm�1

resolution, whereas pure gas spectra were recorded at
0.004 cm�1 resolution (calculated as 0.9/MOPD using the
Bruker definition of resolution). Pre- and post-sample
background scans were also recorded as the cell was
under vacuum.

2.5. Error budget

The contributions to the errors are given below.

2.5.1. Temperature

The measured average temperature variation of the
(outer surface of the) cell was 0.2 K (0.1%) at room
temperature and about 1 K (0.5%) at 194 K. Errors for the
spanned temperature range varied more or less linearly
with temperature.

2.5.2. Pressure

The uncertainties in the pressure readings are esti-
mated to be 0.5%.

Due to the method of preparing ethane/synthetic air
mixtures (see above), it is likely that the ethane is not
evenly mixed. In particular, some of the ethane left in the
gas line is probably forced into the cell when the synthetic
air (at substantially higher pressure) is added, resulting in
a higher amount of ethane in the cell than indicated by the
pressure gauge. We prefer to isolate the cell from the gas
line shortly after filling it to decrease the risk of impurities
reaching the cell if there are small leaks in the gas line.
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Since ethane is the absorbing species, it is particularly
important that the amount in the cell is known accurately.
This will be considered further in Section 3.1.

Spectra were recorded in blocks of 5 or 10 scans and
subsequently co-added, and it was observed that the
ethane concentration in the cell did not drop, ruling out
any adsorption of ethane onto the cell walls/windows.
There was no noticeable leakage of the cell after scans of
an hour. Thermal transpiration effects due to the position-
ing of the pressure gauges relative to the cell and the
diameter of the connecting tubing relative to the mean
free path of molecules can be safely neglected [38].
2.5.3. Pathlength

The optical pathlength was determined by direct
measurement. The overall error is estimated to be 0.1%.
2.5.4. Photometric errors

Photometric errors can arise from problems in deter-
mining the exact position of the baseline, i.e. the system
response changes from when a background spectrum is
taken until when a sample spectrum is measured. These
changes might be due to drifts in the light source
brightness, detector and electronics response, or changes
in the transmittance of the optical path, e.g. impurities.

For these experiments, small changes in the back-
ground spectra were noticed with time. It is possible that
these changes, which more or less varied linearly with
time, were due to organic vapours (outgassing from
polymers and pump oil) being deposited on the cell
windows. In this work, background (empty cell) spectra
were recorded immediately prior to and after the sample
spectra. By using averaged backgrounds to calculate the
ethane transmittance spectra, most of these changes
cancelled. However, the transmission spectra still required
small corrections to ensure 100% transmittance outside
the ethane absorption band.

A major source of photometric error is the non-linear
photometric response of the detector. By using a narrow
optical filter to restrict the optical throughput to the
spectral region of interest, it was possible to maximise the
signal without saturating the detector.

Overall, the photometric uncertainty is estimated to be
73%.
2.5.5. Adsorption

The possibility of ethane adsorbing onto cell walls/
windows was ruled out in Section 2.5.2. High purity
synthetic air (Section 2.3) was used in these experiments
to minimise the adsorption of any impurities, e.g. water
vapour, inside the cell at low temperatures. Such impu-
rities could also arise from small leaks in the gas-delivery
system. There is no evidence for substantial cell adsorp-
tion, however it is very difficult to rule out completely.
2.5.6. Overall uncertainty

The overall uncertainties in the absorption cross
sections reported in this paper are estimated to be 74%.
3. Results and discussion

3.1. Data analysis

Transmission spectra were calculated by dividing
averaged single-channel sample scans by appropriate
single-channel background scans. As mentioned in Section
2.5.4, a further correction was necessary to ensure that the
baseline extended to 100% transmittance outside the
absorption band. Spectral frequencies were calibrated
against an archival Kitt Peak room temperature spectrum
of pure ethane, with a small amount of added CO.

The y-axes of the cross sections derived in this work
were calibrated using spectra from the Pacific Northwest
National Laboratory (PNNL) IR database (see http://
nwir.pnl.gov). There are several reasons for using PNNL
spectra as intensity reference standards. Each PNNL
spectrum is a composite of about 10 pathlength-concen-
tration burdens, and great care has been taken to ensure
that concentrations are known accurately. For this work,
only one spectrum was recorded at each temperature and
pressure. Since high-resolution spectra take much longer
to record than the lower-resolution PNNL spectra, it was
not feasible to take multiple measurements at each
temperature and synthetic air pressure for this study.

As outlined in Section 2.5.2, the method used to
prepare ethane/synthetic air mixtures resulted in a small
discrepancy between the measured ethane pressure and
the amount actually in the cell after synthetic air was
added. Since cross sections were initially determined
using the measured ethane pressure, this calibration
procedure effectively normalised the measurements to
the true ethane partial pressure within the cell.

Furthermore, it has been demonstrated in the litera-
ture that integrated band intensities for isolated bands
comprising primarily fundamentals are independent of
temperature, or at least show insignificant dependence
[39–43]. The spectra in the PNNL database do not extend
to temperatures as low as 190 K, but it is a natural
consequence of references [39–43] that this independence
extends to such low temperatures. Although overtones,
combination bands, and hot bands can have small
temperature dependences, these are not observed in our
measurements or in the PNNL ones (at 278, 293, and
323 K). Integrated band intensities are, of course, inde-
pendent of the synthetic air pressure, which only modifies
the widths of the ethane spectral lines.

The calibration procedure proceeded by converting trans-
mission spectra to PNNL units (ppm�1 m�1), i.e. the absor-
bance for a sample concentration of 1 ppm over an optical
pathlength of 1 m at 296 K, using the following equation:

ePNNLðu; TÞ ¼ �
T

296

0:101325

Pl
log10 tðu; TÞ ð1Þ

where t(u, T) is the transmittance at wavenumber u (cm�1)
and temperature T (K), P is the pressure of the absorbing gas
(Pa), and l is the optical pathlength (m).

All ePNNL(u, T) were integrated between 2545 and
3315 cm�1; the resulting integrals agreed with each other
to within 5%. In the PNNL database there are three ethane
spectra recorded at 278, 293, and 323 K. These were
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Fig. 1. Absorption cross section data for the 3mm band of ethane at 215 K.

Fig. 2. Absorption cross sections showing the pressure dependence of the PQ3 branch of the 3mm band of ethane at 215 K.
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integrated over the same range (2545–3315 cm�1); the
resulting integrals agreed with each other to within 0.5%.
All ePNNL(u, T) were calibrated by normalising their
integrals against the average of those of ethane from the
PNNL database. It was found that the ePNNL(u, T) needed to
be reduced by on average 6% to agree with the PNNL data.

Finally, the spectral absorption cross sections, s(u,T),
with units cm2 molecule�1, were calculated by

sðu; TÞ ¼ �x104kBT ln tðu; TÞ
Pl

ð2Þ

where kB is the Boltzmann constant (=1.3806504�10�23

J K�1) and x is the factor required to scale each spectrum
to PNNL values. All other symbols (and corresponding
units) are as defined for Eq. (1). A selection of cross
sections is given in Figs. 1 and 2. The first figure gives an
overview of the entire ethane 3mm band at 215 K, whereas
the second shows the pressure dependence of the PQ3

branch. All the spectral absorption cross sections
corresponding to the experimental conditions in Table 1
are available electronically upon request from the authors.

3.2. ACE retrievals

Version 3.0 ethane retrievals (using the HITRAN line-
list) for two ACE occultations (ss11613 and ss4786) were



ARTICLE IN PRESS

Fig. 3. Plots of version 3.0 ethane retrievals for two ACE occultations (ss11613 and ss4786) using both the HITRAN linelist and the new cross sections over

the same microwindow (2975.5–2977.5 cm�1). Note that retrievals using the cross sections are consistently lower than those using the linelist.
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compared to ethane retrievals using the new cross sections
over the same microwindow (2975.5–2977.5 cm�1). As can be
seen in Fig. 3, in which volume mixing ratio (vmr; in ppb) is
plotted against altitude (in km), retrievals using the new cross
sections are consistently lower than those using the HITRAN
linelist. In fact, for these two occultations, the vmrs are on
average 11.6% lower and the corresponding standard
deviations 13.2% lower. Since the new cross sections are
consistent with PNNL in terms of intensity, we are confident
of their accuracy.

Unfortunately, these new cross sections suggest that
previous and current operational ACE ethane retrievals are
too high. It is planned to update and optimise these
retrievals by updating and improving the microwindow
set. This reinforces the need of satellite remote-sensing
missions for accurate laboratory spectroscopic data.
4. Conclusions

High-resolution infrared absorption cross sections for
ethane (between 2545 and 3315 cm�1) have been mea-
sured with an estimated overall uncertainty of about 4%.
The data were recorded for the pure gas at 0.004 cm�1

resolution and for mixtures with dry synthetic air at
0.015 cm�1 resolution using a range of temperatures and
pressures appropriate for atmospheric conditions. Inten-
sities were calibrated against three ethane spectra taken
from the PNNL IR database. These cross sections will be
used to obtain more accurate ethane retrievals from ACE
solar occultation spectra than currently possible using the
rather incomplete line parameters from the HITRAN
database. They will also enable the retrieval in the 3mm
region of other VOCs with weaker spectral features that
are easily dominated by those of ethane.
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