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a b s t r a c t

Infrared absorption cross sections for methanol, CH3OH, have been determined near 3.4

and 10 mm from spectra recorded using a high-resolution FTIR spectrometer (Bruker IFS

125HR) and a multipass cell with a maximum optical path length of 19.3 m. Methanol/

dry synthetic air mixtures were prepared and spectra were recorded at 0.015 cm�1

resolution (calculated as 0.9/MOPD) at a number of temperatures and pressures (50–

760 Torr and 204–296 K) appropriate for atmospheric conditions. Intensities were

calibrated using composite methanol spectra taken from the Pacific Northwest National

Laboratory (PNNL) IR database. The new measurements in the 10 mm region indicate

problems with the existing methanol spectroscopic line parameters in the HITRAN

database, which will impact the accuracy of satellite retrievals.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Methanol, the simplest of the organic alcohols, was
first isolated in 1661 by Robert Boyle from the destructive
distillation of boxwood [1]. Whereas the two-carbon
analogue, ethanol, is a popular recreational drug, metha-
nol is highly toxic to humans, causing blindness and/or
death. Methanol is one of the main chemical commodities
traded around the world, and is produced on an industrial
scale, starting from synthesis gas, a mixture of CO and H2,
formed from the reaction of natural gas (principally CH4)
with steam or O2. At high pressures, methanol is formed
by the reaction of CO and H2 over a catalyst (Cu and Zn/
Mn/Al oxides).

Methanol is a common organic solvent, and is finding
growing use [2] as a transportation fuel, a fuel additive, a
hydrogen carrier in fuel cells, and in various processes
ll rights reserved.
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such as biodiesel transesterification and wastewater deni-
trification. Its main use, however, is as a feedstock in the
manufacture of other chemicals, including formaldehyde,
(� 40% of methanol supplies) and acetic acid. It also has
important uses in the production of methyl methacrylate
(MMA) and dimethyl terephthalate (DMT), both esters
of methanol [1]. MMA is used in the manufacture of
poly(methyl methacrylate) (PMMA), also known as Plexiglas
or Perspex, used principally as a substitute for glass and also
incorporated into paints, lacquers, enamels, and coatings.
DMT is used in the manufacture of polyesters and plastics,
e.g. polyethylene terephthalate (PET), used extensively in
making plastic containers.

Methanol is not only important to our modern way of life,
but also to interstellar chemistry because its formation
provides a pathway to more complex organic molecules
that are necessary for life. In the interstellar medium,
methanol forms predominantly by successive hydrogenation
of solid CO on the surfaces of dust grains [3]. Interstellar
methanol was first discovered by Ball et al. in 1970 [4] in
radio emission toward the galactic centre, and has since
been detected in cometary atmospheres [5,6]. Empirical
line intensities of methanol in the 300–500 cm�1 region
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have recently been obtained to support astronomical obser-
vations taken from orbit by the Heterodyne Instrument for
Far Infrared (HIFI) instrument on the Herschel Space
Observatory [7].

Closer to home, methanol is the second most abundant
organic molecule in the Earth’s atmosphere after methane
[8], and its primary emissions contribute approximately 6%
of the total terrestrial biogenic emissions of organic carbon
[9]. According to Jacobs et al. [10], methanol emissions
amount to 206 Tg yr�1, arising from plant growth (62%),
plant decay (11%), atmospheric oxidation of methane and
other hydrocarbons (18%), biomass burning and biofuels
(6%), and vehicles and industrial activities (2%).

The background concentration of methanol in the free
troposphere ranges from �0.4 to �0.7 parts per billion (ppb)
[11]. The main sink mechanism for methanol is oxidation by
the OH radical to produce formaldehyde, HCHO. The effec-
tiveness of this reaction is the primary reason for methanol’s
short lifetime, which is about one week [10].

Methanol has a negligible direct radiative forcing
effect due to its short atmospheric lifetime. However, like
many volatile organic compounds (VOCs) it has a signifi-
cant impact on air quality and is implicated in the
production of tropospheric ozone, which is toxic and a
strong greenhouse gas. The 2007 IPCC report [12] lists
tropospheric ozone as the third most important anthro-
pogenic factor (after methane and carbon dioxide) in
driving climate change. In the troposphere, methanol
reacts with the OH radical, thereby lowering the amount
of OH available to react with strong greenhouse gases
such as CH4; the result of this is to lengthen the CH4

lifetime. Methanol, therefore, has an indirect contribution
to radiative forcing; the 2007 IPCC report gives a calcu-
lated value of 2.8 for the indirect 100-year GWP (see
Table 2.15 in Ref. [11]).

Increasingly satellite instruments are able to directly
observe VOCs in the atmosphere. In particular, the Atmo-
spheric Chemistry Experiment (ACE), on board SCISAT-1,
currently detects more organic molecules than any other
satellite instrument. The principal ACE instrument is a
high-resolution Fourier transform spectrometer that cov-
ers the spectral region from 750 to 4400 cm�1 [13]. The
ACE-FTS detected the first near global distribution of
methanol in the upper troposphere (March 2004 to
August 2005) [14]. Volume mixing ratios (VMRs) are
typically about 0.5 ppb, but can be as high as 4.0 ppb in
biomass burning plumes [15]. More recently the Tropo-
spheric Emission Spectrometer (TES) [16] and the Infrared
Atmospheric Sounding Interferometer (IASI) [17] have
been able to detect enhanced methanol in the thermal
infrared by nadir sounding [18]. TES and IASI offer superb
global coverage (night and day) compared to ACE, but ACE
has the advantage of providing vertical information.

Retrieving the concentrations of atmospheric species from
satellite spectra require accurate laboratory spectroscopic
measurements in the form of either line parameters or
absorption cross sections. Currently v3.0 ACE methanol
retrievals cover 5–25 km in altitude and make use of the
spectroscopic line parameters in the HITRAN database [19],
as derived by Xu et al. [20] in the 10 mm region; this band
system is principally associated with the strong fundamental
n8 mode at 1033 cm�1 (CO stretch) [21]. The 10 mm region of
an ACE spectrum is dominated by saturated ozone lines,
which limit the position of the principal retrieval microwin-
dow to the region between 984.9 and 1005.1 cm�1, at the
edge of the band. On the other hand, retrieval microwindows
for the nadir-viewing TES and IASI instruments cover the
strong Q branch near 1033 cm�1.

For the majority of the methanol 10 mm line para-
meters in HITRAN, the estimated line intensity uncertain-
ties are in the range Z10% and o20%. The air-broadened
(gair) and self-broadened (gself) half-widths were given
assumed values of 0.1 and 0.4 cm�1 atm�1, respectively,
with the air-broadened pressure shift (dair) given a value
of zero. Since the line parameters were derived from a set
of room-temperature spectra, the coefficient (nair) for the
temperature dependence of gair was given an assumed
value of 0.75. As these last four parameters have assumed
values, HITRAN provides no indication of their errors.
Uncertainties in all the spectroscopic line parameters
[22], not just the line intensity, contribute to errors in
the ACE methanol retrieval, but there is no simple way of
knowing how gair, gself, nair, and dair contribute to this
overall error without performing laboratory measure-
ments of the 10 mm band system at low temperature.

Typical errors in the ACE methanol VMRs are �20–30%
[14]. In order to improve the accuracy of ACE retrievals,
new spectroscopic data for the methanol band near
3.4 mm, which lies in a less-congested region of the
spectrum, have been obtained in the form of absorption
cross sections over a range of pressures and temperatures
(50–760 Torr and 204–296 K). Currently the HITRAN
database contains no data in this spectral region, largely
because of the difficulties in making unambiguous assign-
ments for individual lines; the most intense spectral lines
in this region are densely packed into an interval of
�500 cm�1. This band system is associated with three
CH stretch fundamental modes, n3 at 2844 cm�1 (sym-
metric), n2 at 3000 cm�1 and n9 at 2960 cm�1 (both
asymmetric). There have been a number of efforts to
model and quantify the CH stretch region of methanol
[23–25]; most recently, a new line-by-line model for the
n3 band has been constructed [26].

Ideally, in the future ACE retrievals will make use of both
absorption bands at 3.4 and 10 mm, so it is crucial that the
intensities for these two regions are consistent. Additional
measurements have been made in the 10 mm region over a
range of pressures and temperatures (50–760 Torr and 204–
296 K) to compare with the existing HITRAN data. This work
provides the first low temperature quantitative measure-
ments of methanol for atmospheric remote-sensing pur-
poses. Such measurements are difficult because methanol
has a low vapour pressure at low temperatures (�1.0 Torr
at 230 K and �0.05 Torr at 203 K) [27], so that long optical
pathlengths must be used for spectroscopic measurements
in order to achieve sufficient signal-to-noise ratios.

2. Air-broadened spectral measurements of methanol

Air-broadened methanol absorption spectra were
recorded at the Molecular Spectroscopy Facility (MSF),
Rutherford Appleton Laboratory (located in Oxfordshire,
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UK), using a Bruker Optics IFS 125HR high-resolution Fourier
transform spectrometer (FTS) with an internal mid-infrared
radiation source (globar). A calcium fluoride (CaF2) beam-
splitter and indium antimonide (InSb) detector were utilised
for measurements near 3.4 mm, with a potassium bromide
(KBr) beamsplitter and a mid-band mercury cadmium tell-
uride (MCT) detector used for measurements near 10 mm.
The FTS was set to a resolution of 0.015 cm�1 (calculated as
the Bruker instrument resolution of 0.9/MOPD), with suitable
optical filters and the aperture diameter (2.5 mm) chosen so
that the intensity of infrared radiation falling on the detectors
was maximised in the spectral region of interest without
saturation or loss of spectral resolution. Norton–Beer weak
apodisation and Mertz phase corrections were applied to all
interferograms. Due to the non-linear response of MCT
detectors to the detected radiation, which results in baseline
perturbations, all interferograms measured using the MCT
detector were re-transformed using the non-linearity correc-
tion in Bruker’s OPUS software. The FTS instrumental para-
meters and settings are summarised in Table 1.

The vapour pressure of methanol at low temperatures
is very small, so spectral measurements require long
pathlengths to compensate. For this reason, this work
makes use of the MSF short-path absorption cell (SPAC),
which has previously been used for acetone [28,29] and
acetonitrile [30,31] measurements. The SPAC, so-named
to distinguish it from the LPAC which has an even longer
pathlength capability, is a coolable, multipass White cell,
with two externally adjustable mirrors, capable of achiev-
ing an optical pathlength between 1.7 m and 19.3 m (in
steps of 1.6 m). In these experiments the SPAC was
operated from room temperature down to 204 K. For each
measurement, the actual cell temperature (which can be
automatically controlled for extended periods of time)
was monitored by six platinum resistance thermometers
situated at positions throughout the inner sample vessel
Table 1
FTS and SPAC configurations.

SWIR (3.4 mm) LWIR (10 mm)

Detector Indium antimonide

(InSb)

Mercury cadmium

telluride (MCT)

Beam splitter Calcium fluoride

(CaF2)

Potassium bromide (KBr)

Optical filter F754 (Northumbria

Optical Coatings Ltd.)

LP 5.75 mm

(Northumbria Optical

Coatings Ltd.)

�2600–3300 cm�1

bandpass

�800–1700 cm�1

bandpass

Source Globar (mid infrared)

Resolution 0.015 cm�1

Aperture size 2.5 mm

Apodisation

function

Norton–Beer weak

Phase correction Mertz

Cell windows Barium fluoride (BaF2)

Transfer optics

chamber

windows

Potassium bromide (KBr)

Mirror coatings Gold

Pressure gauges 3 MKS-690A Baratrons (1, 10 and 1000 Torr)

(70.05% accuracy)

Thermometry 6 PRTs, Labfacility IEC 751 Class A
of the SPAC. The sample pressure in the cell was measured
by three MKS-690A Baratron capacitance manometers
(full scale 1, 10 and 1000 Torr) connected to the gas line,
close to the SPAC inlet.

Methanol (Merck Uvasol, Z99.9% purity) was purified
to remove dissolved air using multiple freeze–pump–
thaw cycles with liquid N2. A small amount of cold
methanol vapour was introduced into the sample cell
from a small glass tube via a gas-handling line, which was
connected to a turbomolecular vacuum pump to evacuate
the line and cell between measurements. Sample mix-
tures were prepared by adding dry synthetic air (‘Air Zero
Plus’, Air Products, 99.99990% overall purity; used with-
out additional purification) to the methanol vapour.

Details of the pressures, temperatures, optical path-
lengths, and the number of scans taken for each sample
are contained in Table 2. Additionally, evacuated-cell back-
ground scans were recorded before and after the scan blocks
for each sample, and scans of pure nitrous oxide (N2O) were
recorded at each temperature to calibrate the frequency
scale. The temperatures and pressures of the sample mix-
tures were logged by computer every few seconds. The
variations in these quantities were used to estimate their
experimental uncertainties (see Table 2).

3. Determination of absorption cross sections for
methanol

Transmittance spectra were calculated by dividing aver-
aged single-channel sample scans by appropriate averaged
single-channel background scans. Channel fringes were
observed in all scans, but these normally cancelled when
transmittance spectra were calculated. When they did not
cancel exactly, the method outlined previously for acetone/
acetonitrile measurements [28–31] was used to remove
these fringes. Once transmittance spectra were calculated,
a small baseline correction was sometimes necessary to
account for small signal drifts between single-channel
sample and background scans.

Spectral frequencies were calibrated using pure N2O
spectra recorded during the experimental run. The positions
of isolated N2O absorption lines, in the ranges 1140–
1320 cm�1 and 2780–2820 cm�1 were taken from the
HITRAN 2008 database [19]. The wavenumber accuracy of
the methanol measurements is comparable to the accuracy of
the selected N2O lines, which is between 0.001 and
0.0001 cm�1.

Spectral absorption cross sections, s(u,Pair,T), with
units cm2 molecule�1, were calculated using the equation

s u,Pair,Tð Þ ¼ �x
104kBT

Pl
lnt u,Pair,Tð Þ ð1Þ

where t(u,Pair,T) is the transmittance at wavenumber
u (cm�1), temperature T (K) and synthetic air pressure
Pair, P is the pressure of the absorbing gas (Pa), l is the
optical pathlength (m), kB is the Boltzmann constant
(¼1.3806504�10�23 J K�1), and x is a normalisation factor
to account for the difficulty in accurately determining the
absorber amount in the cell. (This procedure makes
the assumption that the integrated band intensity in
each spectral region is invariant to temperature. A full



Table 2
Summary of the sample conditions for all scans.

Temperature

(K)

Initial

methanol

pressure

(Torr)a

Total pressure

(Torr)

Pathlengthb

(m)

No. of

scansc

SWIR

(3.4 mm)

204.570.7 0.0137 50.9270.10 19.31 320

204.370.4 0.0137 75.8270.10 19.31 322

204.470.4 0.0137 101.6270.10 19.31 380

214.270.9 0.0531 50.5270.10 19.31 300

214.270.8 0.0562 102.6770.15 19.31 286

214.370.9 0.0560 260.070.4 19.31 244

248.171.0 0.4924 205.370.3 3.31 300

247.871.0 0.5080 402.570.5 3.31 300

247.871.0 0.5051 600.370.6 3.31 300

272.170.6 0.5001 369.670.4 3.31 400

272.370.7 0.5169 600.170.6 3.31 400

296.070.2 0.8210 760.870.2 1.71 350

LWIR (10 mm) 204.070.8 0.0107 50.1770.10 19.31 200

203.970.8 0.0107 74.9770.10 19.31 300

203.970.9 0.0107 98.5470.15 19.31 300

219.271.1 0.0166 49.9570.10 19.31 300

219.471.2 0.0166 99.3570.15 19.31 300

219.571.0 0.0130 249.270.8 19.31 280

249.070.6 0.1881 201.770.2 1.71 400

249.470.7 0.1864 400.770.5 1.71 300

249.270.7 0.1924 604.470.6 1.71 300

273.171.0 0.2392 369.770.4 1.71 300

272.970.9 0.2293 599.770.8 1.71 300

295.470.2 0.2872 761.370.2 1.71 300

a MKS-690A Baratron readings are accurate to 70.05%.
b The error in the optical pathlength is estimated to be 70.2% at room temperature.
c Note that each sample requires the measurement of a similar number of background scans taken with the same

spectrometer settings. One scan takes about 33 s.
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justification for this is presented in Section 4.) The methanol
partial pressures cannot be monitored throughout the
measurements in the same manner as the total pressures,
so the initial pressures (before the addition of synthetic air)
are used for P, the pressure of the absorbing gas, in Eq. (1).
When methanol vapour is first added to the cell, some of it
condenses on the cold metal surfaces. The addition of warm
synthetic air initially leads to a slight increase in tempera-
ture followed by a decrease as this additional gas provides a
more efficient cooling pathway to achieve thermal equili-
brium. The subsequent small readjustment in cell tempera-
ture can lead to changes in methanol vapour pressure,
which has the largest effect at the lowest temperatures.
This change in pressure is difficult to quantify, but generally
the actual amount of absorber present in the cell during a
measurement is smaller than the initial pressure, especially
at low temperature, i.e. x is above 1. The values of x were
determined by normalising the absorption cross sections
using the following relationships:
Z 1177 cm�1

877 cm�1

s u,Pair,Tð Þ ¼ 1:841� 10�17 cm molecule�1
ð70:1%Þ

ð2Þ

Z 3250 cm�1

2600 m�1

s u,Pair,Tð Þ ¼ 2:127 � 10�17 cm molecule�1
ð70:1%Þ

ð3Þ

The values on the right hand sides of Eqs. (2) and (3)
are the average integrated band strengths of two Pacific
Northwest National Laboratory (PNNL) methanol spectra
(recorded at 278 and 298 K) in the ranges 877–1177 cm�1

and 2600–3250 cm�1, respectively, converted from
PNNL units (ppm�1 m�1 at 296 K) using the factor
kB�296� ln 10�104/0.101325. The uncertainty in parenth-
eses represents the spread from the mean of the two PNNL
integrated band intensities for each spectral range. Note that
the integrated band strength at 323 K is �2% lower than at
the other two temperatures. The reason for this is unknown,
but since the measurement was made at a higher tempera-
ture than any of the measurements reported in this work, it
was decided not to include it in the average calculation.

The choice of using low-resolution, 760 Torr N2-broa-
dened methanol spectra from the PNNL IR database (http://
nwir.pnl.gov) [32] as accurate intensity standards was taken
for a number of reasons. Each PNNL spectrum is a composite
of multiple pathlength–concentration burdens, and great
care has been taken to ensure that sample concentrations
have been determined accurately. Once normalised, the two
new methanol cross sections at �296 K and �760 Torr
agree very well with the PNNL spectrum at 298 K and
760 Torr; the higher resolution of the present measurements
results in slightly sharper spectral features.

As mentioned earlier, these cross sections cover a
number of methanol vibrational band systems. The
10 mm band system is associated with the strong funda-
mental mode n8 (CO stretch) [21], whereas the congested
3.4 mm band system is associated with three CH stretch
fundamental modes, n3, n2 and n9. Both spectral regions

http://nwir.pnl.gov
http://nwir.pnl.gov


Fig. 1. Methanol absorption cross section near 3.4 mm at 204.5 K and

50.92 Torr.

Fig. 2. Methanol absorption cross section near 10 mm at 204.0 K at

50.17 Torr.
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also contain numerous combination and overtone bands.
Figs. 1 and 2 provide plots of the absorption cross sections
at �204 K and �50 Torr in the 3.4 mm and 10 mm regions,
respectively.

In principle, one could obtain an estimate of the random
errors by taking many measurements at each temperature
and (broadening) pressure combination, as is the case for
measurements in the PNNL IR database. However, we
do not do this; a measurement is taken at one methanol
concentration for each pressure - temperature combination
due to time constraints and the need to maximise the
signal-to-noise at the longest pathlengths. Uncertainties in
the sample temperatures and total pressures range from
0.07 to 0.5% and 0.03 to 0.3%, respectively (Table 2). The
photometric uncertainty is estimated to be 1–2%. The
pathlength error at room temperature is estimated to be
0.2%, increasing slightly as the cell is cooled because the
mirrors and optical components change position as they
contract. The exact temperature dependence of the sys-
tematic error this introduces into the optical pathlength at
low temperatures has not been quantified, but should be
small; it is accounted for by normalising against PNNL
methanol spectra, which have a stated experimental accu-
racy of 1.5% (1s). We estimate an overall uncertainty in the
new methanol cross sections of 5% (1s).

This set of spectral absorption cross sections for
methanol are available electronically upon request from
the authors, and will be made available to the community
via the HITRAN database.

4. Justification for the assumed temperature invariance
of the integrated band intensity

As mentioned in the previous section, the normal-
isation procedure assumes that the integrated intensity
over each band system is independent of temperature.
This assumption is a good one for isolated bands compris-
ing primarily fundamentals [33,34], and has been used
successfully for past measurements. However, the metha-
nol spectrum contains complex hot-band and overtone
structure, due to the low-energy torsional energies near
�300 cm�1; the contribution of hot bands to the spec-
trum at 296 K is estimated to be 33% [26]. The presence of
overtone, combination and hot bands can introduce a
small temperature dependence to the overall integrated
band intensity. In order to check the validity of this
approximation for methanol, additional spectra were
recorded for pure samples over a number of tempera-
tures. By using pure methanol samples, it was possible to
monitor absorber pressures throughout the scans, unlike
for the air-broadened measurements. Ideally, pure spectra
should be recorded at very high resolution determined
by the Doppler linewidth, however this was not possible
due to the lack of time available to record the large
number of scans necessary to obtain adequate signal-to-
ratio ratios. Instead, it was decided to record spectra at
lower spectral resolution, thus allowing the aperture
diameter to be increased, shortening the scans, and
improving the signal-to-noise. Methanol pressures were
chosen such that the Doppler-resolved lines would not be
saturated if they were to be recorded at very high
resolution (�0.002 cm�1), otherwise errors would be
introduced into the derived band intensities when
recorded at lower resolution.

Spectra of the band near 3.4 mm were recorded for
various temperatures between 214 and 293 K at a resolu-
tion of 0.0225 cm�1 (MOPD¼40 cm, aperture diameter¼
3.15 mm) and 171 cm pathlength. Spectra for the 10 mm
band were recorded for a number of temperatures
between 212 and 296 K at resolutions of 0.0225 cm�1



Fig. 3. Integrated band intensities for the three composite PNNL spectra

(the average of those at 278 K and 298 K is given a value of one),

compared with the relative band intensities for the low-resolution, pure

measurements described in Section 4. Also plotted are relative band

intensities from simulations using HITRAN line parameters in the 10 mm

region; partition sums come from two sources: the HITRAN database file

‘‘parsum.dat’’ and the new data from Villanueva et al. [26].

Fig. 4. Comparison between the air-broadened laboratory transmittance

spectrum (10 mm) of methanol at 295.4 K (0.2872 Torr methanol,

761.3 Torr total pressure) with the corresponding synthetic spectrum

calculated using the HITRAN linelist.
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(aperture diameter¼5 mm) and 0.1 cm�1 (MOPD¼9 cm,
aperture diameter¼5 mm), and pathlengths 171 and
26 cm, respectively. The chosen methanol pressures
resulted in absorptances of the order of 40–50%, 25–
30%, and 10–15%, respectively. The signal-to-noise
obtained for the 10 mm/0.0225 cm�1 spectra created
difficulties in positioning the spectral baselines. For this
reason additional measurements were taken at lower
resolution (0.1 cm�1) using a short pathlength cell, pro-
viding better overall signal-to-noise.

Integrated band intensities for the three composite
PNNL spectra (at 278, 298 and 323 K) are plotted in Fig. 3;
the average of those at 278 K and 298 K is given a value of
one; note that these values are the same for each band.
These three PNNL data points provide no support for any
temperature dependence in the range 278–323 K.
Superimposed on Fig. 3 are the relative band intensities
for the pure measurements (absorption cross sections
were calculated using Eq. (1) with x set to 1). These
integrated band intensities do not provide any evidence
for temperature dependence, although, due to experi-
mental error, a small dependence of the order of 2 or 3%
cannot be ruled out. Note that it was anticipated that
these lower resolution measurements would provide a
simple means of investigating the temperature dependence
of the band strength, however they do not provide accurate
absolute band intensities. For example, a synthetic pure
methanol spectrum calculated at 296 K and 0.1 cm�1

resolution using HITRAN line parameters gives an inte-
grated band intensity �10% lower than that calculated
at 296 K and air-broadened to 760 Torr. Therefore, to
adjust for the variation in absolute intensity, the three
datasets (3.4 mm/0.0225 cm�1, 10 mm/0.0225 cm�1 and
10 mm/0.1 cm�1) have been adjusted by 2%, 15%, 10%,
respectively, in order to better agree with the PNNL values.
The large adjustment for the second dataset, with the
poorest signal-to-noise, is due to the difficulty in determin-
ing the true baseline.
5. Comparison with simulations using HITRAN line
parameters (10 lm)

Simulated methanol spectra using HITRAN line para-
meters in the 10 mm region and partition sums from the
file ‘‘parsum.dat’’, which is distributed with the HITRAN
database, reveal a significant temperature dependence in
the integrated band intensity, which drops 30% from 296
to 204 K. There is no information in the database as to
how these partition sums were calculated. When using
the new partition sums from Villanueva et al. [26], this
temperature dependence is less pronounced; the band
intensity drops only 22% from 296 to 204 K. The values
from Villanueva et al. agree well (�0.2%) with those from
Pearson and Xu [26], who used a different approach in the
computations, and should be the most suitable for spectral
simulations at the temperatures presented in this work; this
points to a problem with the HITRAN values. Relative band
intensity values for the two cases are plotted for a number of
temperatures in Fig. 3. Integrated band intensities from the
low resolution, pure methanol spectra and the three com-
posite PNNL spectra (also presented in Fig. 3) do not support
the temperature dependence of the integrated band
strengths calculated using HITRAN, suggesting a problem
with the HITRAN line parameters.

Note that the PNNL band intensities are �5% higher
than those calculated from HITRAN at room temperature.
This is due to differences in the baseline, weak lines
missing from the HITRAN database, and line parameter
errors. Fig. 4 illustrates this clearly by superimposing the
air-broadened laboratory transmittance spectrum at
295.4 K (refer to Table 2 for full sample conditions) with
the corresponding synthetic spectrum. Considering the
difficulty in assigning lines in such a complex spectral
region, it is unsurprising that the agreement is not ideal.

Even after scaling the band intensities of the synthetic
spectra (at 10 mm) to better match the absorption cross
sections for the lowest temperatures, differences remain.
It is expected that the new, low temperature measure-
ments provide a higher level of accuracy because the
HITRAN line intensity uncertainties are in the range
Z10% and o20%, and other lineshape parameters, for



Fig. 5. Comparison between the methanol absorption cross section

(10 mm) at 219.1 K and 49.95 Torr, and that calculated using the HITRAN

linelist.

Fig. 6. Comparison between ACE profiles using the new methanol cross

sections (10 mm only) and the v3.0 data product for occultations ss6153

and sr6539.
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example the coefficient for the temperature dependence
of the air-broadened half-width, have assumed values.
Fig. 5 provides a comparison between the cross section at
219.1 K and 49.95 Torr, and a synthetic, normalised spec-
trum calculated using HITRAN.

It is not entirely clear where the problem with the
HITRAN calculations lies. Although the partitions sums
provided with HITRAN are incorrect, those provided by
Villanueva [26] are expected to be good over the tem-
perature range of the measurements presented in this
work (o300 K). The other possibility is the methanol
linelist itself. As outlined by Xu et al. [20], the derivation
of the HITRAN linelist was rather difficult and it is not
ideal. The n8 band was modelled using an isolated-band
approach without vibrational interactions. However, this
approach did not reproduce the spectrum within experi-
mental error. Many combination and overtone bands have
visible intensity in the spectrum; many of these are
perturbation-induced or gain intensity via anharmonic
and Coriolis interactions with n8, and cannot be modelled
using an isolated-band approach. These weaker lines were
simply given empirical positions and intensities in the
linelist. For the final HITRAN linelist, calculations were
merged with observed positions and intensities where
possible. However, the observed intensity does not neces-
sarily correspond to the assigned transition if underlying
contributions from weaker combination and hot bands
have not been accurately taken into account.

It is hoped that the new measurements presented in
this work will generate renewed interest in improving the
methanol line parameters in HITRAN.

6. ACE retrievals

The choice to normalise all cross sections to the same
value is expected to provide a more accurate basis for
retrieving methanol abundances from atmospheric IR
spectra recorded by satellite instruments, e.g. the ACE-
FTS. ACE methanol v3.0 retrievals use partition function
data from the HITRAN database file ‘‘parsum.dat’’. Based
on the previous arguments, it is expected that retrievals
using the new cross sections will give slightly lower
VMRs. Indeed, this is observed. Fig. 6 provides a compar-
ison between ACE profiles using the new methanol cross
sections (10 mm only) and the v3.0 profiles for occulta-
tions ss6153 and sr6539. The forward models differ only
in the source of methanol spectroscopy. These occulta-
tions were included in the first publication detailing ACE
measurements of methanol [15], which focussed on
enhancements inside aged southern tropical to mid-lati-
tude biomass burning plumes during October 2004;
occultation ss6153 is located east of South Africa, with
sr6539 north of New Zealand. It is anticipated that the
absorption cross sections in the 3 mm region will improve
the ACE methanol retrieval and provide more accurate
background concentrations.
7. Conclusions

High-resolution infrared absorption cross sections for
methanol (in the 3.4 and 10 mm regions) have been
determined with an estimated uncertainty of 5%. Spectra
were recorded for mixtures of methanol with dry syn-
thetic air at 0.015 cm�1 resolution (calculated as 0.9/
MOPD) over a range of temperatures and pressures
appropriate for UTLS conditions and a multipass cell with
a maximum optical pathlength of 19.3 m. Intensities were
calibrated against methanol spectra in the PNNL IR
database. These cross sections will enable retrievals of
methanol from atmospheric spectra recorded by IR
remote sensing instruments on board satellites, such as
the ACE-FTS. The new measurements in the 10 mm region
indicate problems with the existing methanol spectro-
scopic line parameters in the HITRAN database, which will
impact the accuracy of satellite retrievals. Until these
problems are resolved, it is recommended that future
retrievals make use of these new data.
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