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Abstract. Time series of total column abundances of hy- sites belonging to the Network for the Detection of Atmo-
drogen chloride (HCI), chlorine nitrate (CIONYD and hy-  spheric Composition Change (NDACC) and located between
drogen fluoride (HF) were determined from ground-based80.05 N and 77.82S. By providing such a near-global
Fourier transform infrared (FTIR) spectra recorded at 17overview on ground-based measurements of the two major
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stratospheric chlorine reservoir species, HCl and CIQNO 1 Introduction

the present study is able to confirm the decrease of the at-

mospheric inorganic chlorine abundance during the last fewShort-lived reactive inorganic chlorine (e.g. Cl and CIO) is
years. This decrease is expected following the 1987 Mon+eleased in the stratosphere via photo-dissociation of chlori-
treal Protocol and its amendments and adjustments, wheraated source gases by UV radiation (e.g. chlorofluorocarbons
restrictions and a subsequent phase-out of the prominent afCFCs), hydrochlorofluorocarbons (HCFCs), carbon tetra-
thropogenic chlorine source gases (solvents, chlorofluorocarchloride (CCl), methyl chloride (CHCI), methyl chloro-
bons) were agreed upon to enable a stabilisation and recovefprm (CHzCCl3), and halons). Reactive chlorine plays a
of the stratospheric ozone layer. The atmospheric fluorinecrucial role in the thinning of the stratospheric ozone layer
content is expected to be influenced by the Montreal Pro-and particularly in polar ozone depletion as it is involved
tocol, too, because most of the banned anthropogenic gasdés ozone-destroying catalytic cycledi¢lina and Rowlangd
also represent important fluorine sources. But many of thel974 Crutzen et al.1978. In the 1970s and 1980s, the
substitutes to the banned gases also contain fluorine so th&mission of anthropogenic halogenated source gases charac-
the HF total column abundance is expected to have continueterised by a strong ozone depletion potential (ODP) increased
to increase during the last few years. massively. So in order to stabilise the stratospheric ozone

The measurements are compared with calculationdayer and enable its recovery, the Montreal Protocol and its
from five different models: the two-dimensional Bremen amendments and adjustments have been progressively imple-
model, the two chemistry-transport models KASIMA and mented to reduce or even stop the production and release of
SLIMCAT, and the two chemistry-climate models EMAC the important chlorinated source gases.
and SOCOL. Thereby, the ability of the models to repro- Figurel shows the time development of the mean global
duce the absolute total column amounts, the seasonal cyclesyrface volume mixing ratios of total organic chlorine (¢)CI
and the temporal evolution found in the FTIR measurementsand total organic fluorine (Gf according to the halocar-
is investigated and inter-compared. This is especially inter-bon scenarios that were used as boundary conditions for the
esting because the models have different architectures. Themodel simulations, between 1992 and 2010. Additionally,
overall agreement between the measurements and models fireir relative annual growth rates are shown. {€ldefined
the total column abundances and the seasonal cycles is gooldlere as 3CFC-11 + 2CFC-12 + 3CFC-113 + 2CFC-114

Linear trends of HCIl, CION@ and HF are calculated + CFC-115 + 4C( + 3CHzCCl3 + HCFC-22 + 2HCFC-
from both measurement and model time series data, with 441b + HCFC-142b + Halon-1211 + GBI and CF is rep-
focus on the time range 2000-2009. This period is choseresented by CFC-11 + 2CFC-12 + 3CFC-113 + 4 CFC-114
because from most of the measurement sites taking part it 5CFC-115 + 2HCFC-22 + HCFC-141b + 2HCFC-142b
this study, data are available during these years. The preci+ 2Halon-1211 + 3 Halon-1301 + 2 Halon-1202 + 4 Halon-
sion of the trends is estimated with the bootstrap resampling402. According to the Al scenario frofVMO (2007,
method. The sensitivity of the trend results with respect toCCl, is assumed to have reached its tropospheric maximum
the fitting function, the time of year chosen and time seriesin 1993, whereas GHs expected to have reached a plateau
length is investigated, as well as a bias due to the irregulawith a small positive growth rate of about 0.1 % per year in
sampling of the measurements. 2010 (Fig.1). The older scenario Ab froMO (2003 as-

The measurements and model results investigated hergumes CGl to have reached its maximum only in 1995. In
agree qualitatively on a decrease of the chlorine species bgontrast, CE peaks earlier than in the Al scenario, already
around 1%yrl. The models simulate an increase of HF in 2005, so that the growth rate in the Ab scenario in 2010
of around 1%yrl. This also agrees well with most of the is already negative. A small part of the difference between
measurements, but some of the FTIR series in the Northerthe two scenarios probably results from the fact that in the
Hemisphere show a stabilisation or even a decrease in th&/MO (2003 Ab scenario, Halon-2402 and Halon-1202 are
last few years. In general, for all three gases, the measuretot considered.
trends vary more strongly with latitude and hemisphere than Once released from chlorinated source gasesy(CCHlo-
the modelled trends. Relative to the FTIR measurements, thene atoms undergo a number of reactions in the stratosphere
models tend to underestimate the decreasing chlorine trenderming different species which are summarised as the total
and to overestimate the fluorine increase in the Northerrinorganic chlorine budget (¢I= HCI + CIONG; + CIO +
Hemisphere. 2Cl0O7 + OCIO + 2Cp + Cl + HOCI + BrCl). The largest

At most sites, the models simulate a stronger decreaseontribution to Cf comes from the reservoir species HCl and
of CIONQ, than of HCI. In the FTIR measurements, this CIONO,. However, it is the shorter-lived, highly reactive
difference between the trends of HCl and CION@pends ClOy species (i.e. Cl + CIO + 2 @0D,) that efficiently de-
strongly on latitude, especially in the Northern Hemisphere. stroy ozone.

In addition to chlorine atoms, fluorine is released by the
decomposition of CFCs and HCFCs. However, in contrast to
chlorine, fluorine forms long-lived substances such as £0OF
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There have been several investigations of HCI trends from

‘ELL 3500 L 3500 long-term ground-based measureme#@@nder et al.1987,
= Rinsland et al.199% Wallace and Livingstonl991; Wallace
g 3400 3400 et al, 1997. As they were performed before the Montreal
@ 3300 3300 Protocol and its amendments took effect, they report increas-
8 ——WMO (2007) . ; :
£ 2200 WMO (2003) REF1 [ 3500 ing HCI totql column abundances. Later studies confirmed
7 | [=——WMO (2003) REF2 L~ stratospheric HCI or total Glto have reached a plateau at the
L1 g end of the 1990s and to be decreasing since (deyvchurch
o % et al, 2003 Froidevaux et a).2008 Lary et al, 2007).
© In the investigation byrinsland et al(2003, time series of
--1E HCl and CIONG from Fourier transform infrared (FTIR) to-
1995 2000 2005 2010 § tal column measurgments at9 statiqns belongi_n_g to the Net-
Year work for the D_etect|on of Atmospheric C_omposmon Change
= . . : (NDACC) until 2001 were compared with HALOE data at
g 21007 2100 55km and calculations from a 2-D model. The measure-
= 2000- L 2000 ments agreed on a stabilisation of the stratospheric inorganic
) I chlorine content so thaRinsland et al.(2003 were able
8 1900+ 1900 to confirm the effectiveness of the Montreal Protocol and
£ —— WMO (2007) I amendments. The FTIR measurements within NDACC have
S 18004 WMO (2003) REF1 L 1800 . . . ..
»n ] —— WMO (2003) REF2 L= been continued until present, and more stations have joined
N the network. Therefore, the present study is able to continue
2 Y and extend the investigations Rfnsland et al(2003 by re-
1 >~ 1 ® porting measurements at 17 sites until the end of 2009. The
0 ) § primary question addressed is whether the expected decrease
(o)
O

of the total global inorganic chlorine abundance can be con-
firmed now with the FTIR measurements. Furthermore, five
atmospheric chemistry models were included in the study in
Fig. 1. Time series of monthly mean Cg{top) and CF; (bot- order to investigate and inter-compare their ability to repro-
tom) surface volume mixing ratios (in pptv) and growth rates (in duce the HCI, CION@, and HF total column amounts, their
% per year) from different halocarbon scenarios between 1992 ang@easonal cycles and their temporal evolution, as measured by
2010. The one called “WMO (2003) REF2” corresponds to the sce-the FTIR instruments.
nario Ab inWMO (2003 and was used by KASIMA and the 2-D In the framework of theSPARC CCMVal(2010 initia-
model. The "WMO (2003) REF1" time series of GGind Cly are  tive, a comparison between different chemistry-climate mod-
based on that same scenario until the year 2000, but were correctegig (CCMs) was performed for HCI and CIONO The
e oo acsrin s st el S CCM taking Gt n e present study EVAC arc
Yy . S 101 | . . . ..
WMO (2007 and was used by SLIMCAT and EMAC in this study. o< O Were also involved in this activity. The CCM calcu-
lations were compared with FTIR measurements above the
Jungfraujoch and with satellite data sets with respect to the
mean annual cycle, mean profiles and total column abun-
and ultimately HF whose only known sink is transport to dances. So the present study extendsSRARC CCMVal
the troposphere followed by rainout. Due to its long strato- (2010 comparison with respect to additional geolocations
spheric lifetime, fluorine, and in particular HF, is not in- and compares the CCM results of EMAC and SOCOL with
volved in catalytic ozone destruction. It is often used as athose of other kinds of models (a 2-D model and two
tracer for stratospheric dynamics and transport, and hence aghemistry-transport models, CTMs).
a reference for chemically more active trace gases like HCI This paper does not aim at explaining in detail differ-
(Chipperfield et a.1997). Because fluorine is also contained ences between models or between models and measure-
in CFC substitutes, the HF total column abundance is exdments. Such an analysis requires much more detailed inves-
pected to have continued increasing during the time rangdigations, which are beyond the scope of this study. Instead,
considered in the present study. it intends to show the global inorganic chlorine decrease seen
Thus, measurements of the time development of the resein the FTIR measurements at 17 NDACC sites, the increase
voir species (HCl and CION&Xor the inorganic chlorine and  in HF, and to analyse the overall ability of different state-
HF for the inorganic fluorine) provide a means of verifying of-the-art atmospheric chemistry models to reproduce these
the effectiveness of the above-mentioned international regumeasurements.
lations. An overview of the measurements and models is given
in Sect.2 and 3, respectively. Sectiod compares the time

1995 2000 2005 2010
Year

www.atmos-chem-phys.net/12/3527/2012/ Atmos. Chem. Phys., 12, 358557, 2012



3530 R. Kohlhepp et al.: Trends of HCI, CIONG,, and HF total column abundances

gas along the line-of-sight. The spectral line shape gives ad-
ditional information about the vertical distribution of the ab-
sorber in the atmosphere, based on the pressure-broadening
characteristics of the line. The vertical distribution can be re-
trieved with limited resolution only. The so-called inversion
of the spectra, to derive the vertical distribution or total col-
umn abundance of the target absorber gas from the spectra,
generally uses one or a few selected spectral micro-windows.
The purpose is to optimise the information content regard-
ing the target gas and to minimise the impact of interfering
species. The retrievals are based on a non-linear least squares
line-by-line fit of the spectra. The more recent retrieval algo-
rithms use a semi-empirical implementation of the optimal
estimation method developed by Rodgers (2000). Only a
few different retrieval codes are used within the NDACC in-
Fig. 2. Geographical distribution of the measurement sites. frared community, namely SFIT1 and SFIT2, PROFFIT and
GFIT. SFIT1 and SFIT2 were developed jointly at the NASA
Langley Research Center, Hampton, VA, United States, the
series of measurements and models with respect to the medyational Center for Atmospheric Research (NCAR) at Boul-
differences between the data sets and also the mean seasodgr, CO, United States, and the National Institute of Water
cycle and its amplitude of the three gases. The trends of HCland Atmospheric Research (NIWA) at Lauder, New Zealand
CIONO,, and HF are presented in Segtbut before, anin-  (Rinsland et al.1998. SFIT1 is the older version, which
vestigation of the dependency of the trend results on some indoes not retrieve any vertical profile information: it only per-
fluencing factors is made (Se8). The results are discussed forms a scaling of the a priori vertical profile. PROFFIT was
in Sect.7 and concluding remarks are given in Set. developed at the Institute for Meteorology and Climate Re-
search of the Karlsruhe Institute of Technology (KIT), and
it was demonstrated that the results are equivalent to those
2 Instrumentation derived with SFIT2 Hase et al. 2004 Duchatelet et al.
2010. GFIT was developed by G. Toon at the Jet Propulsion
The observational data used in this paper were obtainedaboratory and performs a profile scaling similar to SFIT1
from ground-based solar absorption measurements of highgnashenfelder et g12006.
spectral-resolution Fourier transform infrared (FTIR) spec- The data analysis needs corresponding pres-
trometers operated at 17 sites. They all belong to the Netsure/temperature profiles: These are taken from the
work for the Detection of Atmospheric Composition Change National Center for Environmental Prediction (NCERit
(NDACC,; http:/iwww.ndacc.organd are located between et al, 2005 or from local or nearby radiosonde data (see
77.82 S and 80.05N (see Tablel and Fig.2). For these supplement to the present publication). The spectroscopic
measurements, the atmosphere must be free of clouds anshrameters of the absorption lines are usually taken from
the sun needs to be above the horizon. This implies that durthe HITRAN databaseRothman et a).1992 1998 2003
ing polar night, no measurements are possible. Of course005, or from the ATMOS line list Brown et al, 1996.
this dependency on direct sunlight leads to an irregular sam- Since the retrieval of vertical profile information is based
pling of the measurements, with considerable gaps especiallgn the absorption line shapes, it is fundamental to know the
during the winter at the polar sites. instrumental line shape function (ILS) precisely. Therefore,
The spectrometers cover the spectral range approximatelgbsorption spectra of HBr in a cell at low pressure are regu-
600 to 4300cm?. In the network, it is common prac- larly recorded. These spectra can also be used as a proxy for
tice to record spectra within limited spectral bands, usingcomparison since the HBr cells have identical origi@eft
a set of appropriate optical bandpass filters, in order to im-fey et al, 1998. The analysis of the resulting HBr absorption
prove the signal-to-noise ratio. The spectral range is covdine shape, usually done with the program LINEFHake
ered with two liquid-nitrogen-cooled detectors, namely anet al, 1999, yields precise knowledge of the instrument’s
Indium-Antimonide (InSb) detector for the short wavelength alignment and the associated instrumental line shape func-
part of the range and a Mercury-Cadmium-Telluride (MCT) tion.
detector for the long wavelength end of the range. Different kinds of FTIR instruments have been used for
The high-resolution spectra include many distinct andthe measurements analysed in this study (please see the de-
overlapping absorption lines of a large number of atmo-scription of the sites below), called Bruker 120M, 120HR,
spheric constituents. The area under the absorption lines prand 125HR, and Bomem DA8. The instrumental differ-
vides information about the total abundance of the absorbeences between the Bruker spectrometers are small, especially

Atmos. Chem. Phys., 12, 352557, 2012 www.atmos-chem-phys.net/12/3527/2012/
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Table 1. Overview of the geographical coordinates of the 17 sites and the time ranges covered by the HCly GA@INBF measurements.

Measurement site Latitude  Longitude AltitudeHCI CIONO, HF Meas.
a.s.l. meas. meas. meas. used
(m) since since since until
Eureka, Canada 80.08I 86.42 W 610 1997 1997 1997 2009
Ny Alesund, Svalbard, Norway 78.9R 11.93 E 15 1992 1992 1992 2009
Thule, Greenland, Denmark 7658 68.748 W 225 1999 1999 1999 2009
Kiruna, Sweden 67.81N 204 E 419 1996 1996 1996 2009
Poker Flat, Alaska, USA 65.2N 147.43W 610 1999 1999 2004
Harestua, Norway 60.20N 10.8 E 596 1994 1994 1994 2009
Zugspitze, Germany 47.4N 1098 E 2964 1995 1996 1995 2009
Jungfraujoch, Switzerland 46.55 798 E 3580 1984 1986 1984 2009
Toronto, Canada 43.60N 79.84W 174 2002 2002 2009
Tsukuba, Japan 36.081 140.12E 31 1998 1998 2009
Kitt Peak, Arizona, USA 31.90N 111.6 W 2090 1981 1980 1980 2009
Izafa, Tenerife, Spain 28.30 16.48 W 2367 1999 1999 1999 2009
Mauna Loa, Hawaii, USA 19.5/N 15558 W 3397 1991 1995 2009
Réunion Island, France 21.88 55.5 E 50 2004 2004 2009
Wollongong, Australia 34.455 150.88E 30 1996 1996 1996 2009
Lauder, New Zealand 45.08 169.68E 370 1990 1990 1992 2009
Arrival Heights, Antarctica 77.82S 166.65 E 250 1992 1997 1997 2009

between 120HR and 125HR. The latter is the newer versiortings for the retrieval of HCI, CIONg@ and HF at each site
with improved electronics which in the end helps to reduceare described.

the noise in the spectra. The 120M instrument is the mo-

bile version which is therefore smaller and more compact2.1 Eureka (80.03 N)

than the 120HR. In general, it is more difficult to adjust the .
120M than the 120HR spectrometer, which may lead to gEnvironment Canada operated a Bomem DA8 FTS at the Eu-

slightly worse ILS of the 120M. However, this would affect '€ka NDACC observatory every spring and nearly every fall
mostly the profile retrievals, not the total column abundancedrom 1993 until 2008. Details of this instrument, observa-
dealt with in this study. So there are no significant discrepanions and retrieval methods are giverHast et al(201]). In
cies expected between the different Bruker instruments. FurdUly 2006, the Canadian Network for the Detection of Atmo-
thermore, when a new instrument was installed at one siteSPheric Change (CANDAC) installed a Bruker 125HR FTS
if possible, an intercomparison was performed with the old'n the observatory, now known as the Polar Environment At-
one so that the here presented data sets can be assumed®gSPheric Research Laboratory (PEARL). This instrument
show self-consistent time series. The discrepancies betwedf@k€S measurements at 0.0.035*émesolut|on.throughout

a Bruker 125HR and a Bomem DAS8 instrument were inves-the sunlit parts of the year _(mld-February to mld-Oqtober). It
tigated in detail for the total column abundances of the thre¢VaS run simultaneously with the Bomem DA8 during three

gases analysed here by eBgtchelor et al(2010) and were campaigns in 2007 and 2008 before the removal of the DA8
found to amount to less than 3.5 %. in February 2009. Full details of the instrument and retrieval

. . . parameters are given iBatchelor et al(2009. Measure-
. Con_cernlng the vertical averaging kernel_s, the CorresloonOlfnents shown for Eureka in this work include daily average
ing height-dependent sensitivity of the retrieval, the degree%tal column densities from the Environment Canada Bomem
of freedom for signal, and the overall errors associated withDA8 between Eebruary 1997 and March 2006. and from the
the measurements, no detailed information is given here~ A\ pac Bruker 125I-¥R from July 2006 onwards. The bi-
It can be 'fou.nd in the references given for every site, Ofases between the use of the HITRAN 1992 spectral database
other publications, for example Kohlhepp et al(2011) for (for analysis of the DA8 data) and HITRAN 2004 (for anal-
Kiruna. In addition, a paper comprising the retrieval settings_ . f the 125HR d h b ifiedR |
and errors for many gases, including HCI, ClOp@nd HF ysis of the 125 _ata) ave been quantifie tetal
at all NDACC IRWG sites i’s in pre aratior’1 at the momer'1t (2017 based on retrievals from DA8 spectra recorded for one
] p P ) " day and for the microwindows indicated for the DAS8 in the
Hereafter, some characteristics of the various observatioRgples 1 to 3 of the supplement to the present publication.

sites are given from north to south. Tatildists their coor-  They are—0.4 % for HCI, +15.6 % for CION®, and 0.0 %
dinates and measurement time periods used in this study. Iy, HE.

the Supplement to this publication, the most significant set-
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2.2 Ny,&lesund (78.92 N) (2007). CIONO, is not measured operationally at the Poker

. Flat site and hence no results are reported in this paper.
At the AWIPEYV research base in N§lesund on the Sval-

bard archipelago, FTIR measurements have been performegle Harestua (60.20N)

since 1990. In the period 1990 to 1995 a Bruker 120M was

used. This spectrometer was replaced by a 120HR in 1995chalmers University of technology has conducted continu-
The instruments are operated by the AWI Potsdam and theus solar FTIR measurements at the Harestua site within
University of Bremen. Measurements in solar absorption gefNDACC since the end of 1994, with 50—70 measurements
ometry are performed from the end of March until the end of per year. The measurement site is a former solar observatory,
September each year. During polar night, measurements igjtuated on a hill at 600 m altitude, 50 km north of Oslo. The
lunar absorption geometry are performed, which are not useghstrument used is a Bruker 120M spectrometer connected
here. The observation range is 600 to 8000 ¢ndepending  to a solar tracker. Between 1994 and 2004 the original solar
on the instrument setup, which is changed for the differenttracker of the site was used (coeliostat) but it was later re-

experiments. placed by a custom-built solar tracker allowing remote con-
trol of the measurements. The site is frequently located un-
2.3 Thule (76.53N) derneath the edge of the polar vortex and the columns mea-

. . ured therefore show a large variability during spring time.
The NDACC FTS stationed at Thule, Greenland, is operatedS g y g spring

by the National Center for Atmospheric Research (NCAR). .
The instrument and observing system are describéthim 2.7 Zugspitze (47.42N)

?r']g??] et ‘3"(20%?' dThe mstrzgnelr(;t IS a Btrukir9$20M. FTS A high-resolution solar absorption infrared sounding system
at has been blind compareGdldman et al. 1999 prior has been operated continuously on the Zugspitze since March

to installation at Thule in 1999. The system operates au- 995 as part of NDACC under the responsibility of the Insti-

tonomously to record solar absorption spectra in the mid-IR(ﬁute for Meteorology and Climate Research (IMK-IFU) of
0,

on approx. 30% (.)f the days between .20 I_:ebruary and 2 he Karlsruhe Institute of Technology (KIT). The measure-

Octoper. Observations are tg_ken up to five times per day der'nents are performed with a Bruker IFS 125HR interferom-

pending upon weather conditions. eter on typically 120-140 days per year. Details have been

2.4 Kiruna (67.8% N) described bysussmann and Séfer(1997).

Since March 1996, a Bruker IFS 120HR FTIR spectrometer-8 Jungfraujoch (46.55 N)

has been operated continuously by the Institute for Meteorol- )

ogy and Climate Research (IMK-ASF) of the Karlsruhe In- 1€ Jungfraujoch spectra of relevance to the present study
stitute of Technology (KIT, formerly Research Center Karls- havg\been pbtamed under the responsibility of the University
ruhe) at the Swedish Institute of Space Physics (IRF) in°f Li€ge, with two FTIR spectrometers, namely a homemade
Kiruna, northern Sweden, in collaboration with the IRF instrument which began routine observations in 1984 and a
Kiruna and the University of Nagoya (Japan). A side-by- commercial 1220HR model from Bruker, operated since 1990.
side comparison was performed in 1998 with the travelling The measurement density has increased from a yearly aver-
NDACC standard spectrometéMéier et al, 2005. The in-  29€ of 50 days between 1985 and 1990 to 114 days from
strument is remotely controlled since July 2004. It was UIO_1991 onwardsl. The spegtral resolution varies between 0.003
graded to a 125HR spectrometer in July 2007. Experimentand 0.006 cm®, depending on the species and on the ge-
details have been published elsewhere (Blgmenstock et ©metry of observation. More details on the instrumentation
al., 2006. On average, measurements are taken on about 862N be found irzander et al(2008. The Jungfraujoch time

days per year. series used here for HCI and ClOM@re completely consis-
tent with those of th&insland et al(2003 study; hence the
2.5 Poker Flat (65.12 N) description of the strategies and algorithms used to produce

the Jungfraujoch data set given in Appendix A2 of that paper
The FTS spectrometer, a Bruker 120HR, is located at thestill applies.
Poker Flat Research Range (PFRR) of the Geophysical In-
stitute at the University of Alaska Fairbanks (GI/UAF) under 2.9 Toronto (43.66 N)
the responsibility of Japan’s National Institute of Information
and Communications Technology (NICT). The solar absorp-The Toronto Atmospheric Observatory (TAO) was estab-
tion spectra used here have been recorded between 1999 afished in 2001 with the installation of a Bomem DAS8 FTS.
2004. The FTS automatically records spectra typically onSpectra have been recorded routinely since May 2002. A
about 100 days per year between February and October. Thadescription of the operations and data analysis can be found
error analysis for HCl and HF was reportedggawa et al.  in Wiacek et al(2007). Side-by-side comparisons with two

Atmos. Chem. Phys., 12, 3528557, 2012 www.atmos-chem-phys.net/12/3527/2012/
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lower-resolution FTSs were performed in 2005 and are deinstruments were operated by the University of Denver from
scribed inWunch et al.(2007 and Taylor et al.(2008. At 1991 to 2007, and have been operated by NCAR since then
present, CION@ has not been retrieved at Toronto. (Hannigan et a).2009. CIONG; is not retrieved at Mauna
Loa due to its low abundance at low latitude.
2.10 Tsukuba (36.08N)
2.14 LaReéunion (21.80S)
The solar absorption spectra at Tsukuba, Japan were obtained
with a Bruker 120M FTS from March 1998 to October 2006 The observing system of the Belgian Institute for Space
and with a Bruker 120HR FTS since May 2001. The organ-Aeronomy (BIRA-IASB) at St Denis on lle de La&Rnion
isations responsible for the analysis of HC| and HF are To-is a Bruker IFS 120M spectrometer. Until 2008, this sys-
hoku University and the National Institute for Environmental tem was deployed at St Denis on a campaign basis; in May
Studies (NIES) in Japan. The spectral fitting algorithm to 2009, the system was installed for quasi-permanent opera-
derive the vertical column densities is based on SFIT1.09etion. The data included in the present work come from two
and is improved with a vertical shift procedure of the initial measurement campaigns, one in 2004 (August to October)
profile to minimise the residual of the spectral fittildurata ~ and a second one in 2007 (May to October), and from contin-
et al, 2009. In this paper, the data have been derived fromuous measurements since May 2009. The instrument and op-
the spectra recorded with the Bruker 120M from March 1998eration characteristics during the 2004 campaign have been
to December 2005 and with the Bruker 120HR from Januarydescribed irbenten et al2008. In 2007 and 2009, the same
2006 to December 2009. Measurement density is 80 days pdénstrument was operated in an almost identical way, apart
year on average. CIONGhas not been retrieved at Tsukuba. from the fact that the instrument is no longer located in a
container on the roof of a university building but in a dedi-
2.11 Kitt Peak (31.90 N) cated laboratory inside the same building. The observations
are taken at different spectral resolutions, depending on the
Measurements of HCI, CIONand HF from Kitt Peak are  solar zenith angle. CION£Xetrievals have been unsuccess-
recorded with the 1-m OPD (optical path difference) FTS fyl so far, due to the high humidity at the site and the low
(Brault, 1978 in the US National Solar Observatory (NSO) CIONO, abundances at this low latitude.
facility in southern Arizona, USA, under the responsibility of
NASA Langley Research Center. A five-year gap in observa-2.15 Wollongong (34.45S)
tions has occurred, limiting the analysis of the database for
the trend in chlorine loading. Limited measurements havelhe NDACC site at Wollongong is operated by the local Uni-
restarted in 2009 and have been combined with the previversity. It used a Bomem DA8 FTS from 1996 to 20G#if-

ous measurements to produce the total column time series dfth et al, 1998 Paton-Walsh et al2004 2003. During
daily average measurements shown in this paper, with addi2007 the instrument was replaced with a Bruker 125HR FTS.

tional measurements anticipated in the near future. In August 1999, the optical band pass filter that was used
to record spectra on the MCT detector was changed from
2.12 lzaia (28.30 N) one that transmitted in the 700-1350thrange to two sep-

arate filters transmitting in the 700-1050cthand 1000—
Since the beginning of 1999, a Bruker IFS 120M FTIR spec-1350 cnt! ranges.
trometer has been operated continuously at thédzab-
servatory on Tenerife Islan&¢hneider et al2005. Since  2.16 Lauder (45.04 S) and Arrival Heights (77.82 S)
2005, a Bruker 125HR instrument has been used, which was ) ]
run side-by-side with the 120M spectrometer in April and The instrument at Arrival Heights was a Bomem from 1991
May 2005. The responsibility for the FTIR experiment lies {0 1996 and is since then a Bruker 120M Fourier Trans-
with IMK-ASF of the Karlsruhe Institute for Technology form Spectrometer (FTS), jointly operated by NIWA and the

Antarctic Institute. For Lauder, the instrument was an ABB

2.13 Mauna Loa (19.54N) Bomem MB104 in 1986, 1987, and 1989, a Bomem DA2
between 1990 and 1992, a Bruker 120M Fourier Transform
The Mauna Loa Observatory is located on the big island ofSpectrometer until 2001 and a Bruker 120HR from then.
Hawaii at an altitude of 3.40km. The observatory is main- Retrievals performed on Lauder data taken between 1986
tained by NOAA's ESRL (Earth Systems Research Labora-and 1991 have been analysed with a column scaling algo-
tory, formerly CMDL, Climate Monitoring and Diagnostics rithm (SFIT1). Fits of the broad absorption of CIONO
Laboratory). From 1991 to 1995, a Bomem DA8 was locateduse the technique of pre-fitting interfering gases in a region
at the site and was replaced by a Bruker 120HR in 1995. FTSiround the absorption at the 780cthwindow and then fit-
data from this site were used in the 1995 Mauna Loa stratoting CIONG, in a smaller microwindow thereRgisinger et
spheric ozone inter-comparisoM¢Peters et al.1999. The al.,, 1995. HBr cell and ILS measurements (LINEFIT) are
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Table 2. Overview of the models. Please note that the vertical domains are pressure altitudes as most models operate on a pressure grid.

Model Model type Horizontal ~ Vertical Strat. Init. year Bound. cond. Chemical kinetics
resolution domain vertical (GHGI/CFC scenario)
(approx.) resolution
Bremen 2-D model 9.5 0-100 km ~3.5km 1958 IPCC(200]) A1IB/WMO  Sander et al2009
2-D model (2003 Ab
KASIMA CT™M 5.6°x5.6° 7-120km ~0.75-3km 1972 IPCC (2001 A1B/WMO  Sander et al(2002
(T21) (2003 Ab
SLIMCAT CT™ 5.6°x5.6° 0-60km ~2km 1977 IPCC (2001 A1B/WMO  Sander et al(2002
(2007 A1
EMAC CCM 2.8x2.8 0-80km ~2km 1958 IPCC (2001 A1B/WMO  Sander et al(2002
(T42) (2007 A1
SOCOL CCM 3.6x3.6° 0-80km ~1-5km 1960 IPCC(200]) A1B/WMO  Sander et al.(2002 2006,
(T30) (2003 Ab Atkinson et al.(2004 2006

done on a monthly basis at both instrument sites. At Ar-evolution of the global surface volume mixing ratios of the
rival Heights, solar measurements are made from August t@mzone-depleting substances (ODS) was prescribed accord-

March. ing to different so-called baseline scenarios. This means the
scenarios represented the best guess for both past and fu-
ture source gas emissions at the time of their publication. A
3 Models

comparison between them is shown in FigKASIMA and

. . .. the 2-D model applied the Ab scenario fraMMO (2003,
ing a two-dirr?ensional (2-D) altitude-latitude mod)tla’l simiIF;r ification where updates from newer observations for some
; gth 4 iRinsland et al(200 led the B source gases were made between 2000 and 2004. The ODS
0 the one used iRinsland et al(2003, called the Bremen in SLIMCAT and EMAC follow the scenario A1 ofVMO

2(')% rr:ggsllé (tg%\/tlrs];eﬁﬁlsnlll\jgszr:jalsl(jﬂljc): ACTth:éS:ryotSBS' (2007). All the ODS data were provided in the framework of
P ' ' W the SPARC (Stratospheric Processes And their Role in Cli-

chemistry climate models (CCMs), EMAC and SOCOL (see mate Change) CCMVal (Chemistry-Climate Model Valida-

Table2). Thereby, the influence of the differing architecture .\ » vin Y initiative Eyring et al, 2006 2007 and were
of the models on the trend estimation can be investigated. Orr]ecommended for use as lower boundary conditions in the
the other hand, the two CTMs KASIMA and SLIMCAT can y

help to estimate the influence of the irregular sampling of theﬁ'}rgﬁtlgtlons for the 2006 and 2010 WMO Ozone Assess-

measurements on the trend results (S&é). This is possi- . ,
ble because those two models use reanalyses calculated from 0" the comparison with the FTIR measurements, the

actual measurements so that the state of the atmosphere sifilode! data were interpolated to the locations of the instru-
ulated by the models can be assumed to be as close as posg?_ents from the adjacent grid points.
ble to reality (please see the specific descriptions below). In
contrast, the 2-D model uses only one repeating annual cycle3.1  Bremen 2-D model
The two CCMs calculate their own independent and consis-
tent meteorology and dynamics which is not necessarily ofThe 2-D model used in this study is the Leeds-Bremen inter-
rather probably not corresponding to the real meteorologicabctive transport, chemistry and radiation model most recently
situation. described byChipperfield and Fend2003 and Sinnhu-
For the trend calculation and comparison with the FTIR ber et al.(2009. It uses the dynamical core of the so-
measurements, results from the Bremen 2-D model arealled “two-and-a-half-dimensional” THINAIR modeKin-
used between 2000 and 2008, from EMAC, KASIMA and nersley 1996 together with the chemistry scheme from the
SLIMCAT between 2000 and 2009, and from SOCOL be- SLIMCAT model Chipperfield 1999. The stratospheric dy-
tween 2000 and 2004. namics are forced by the amplitudes of waves 1 to 3 of the
For all five models, the time evolution of the greenhouse Montgomery potential at the 380 K isentrope (essentially the
gases and ozone-depleting substances was prescribed asame as the amplitudes of the 100 hPa geopotential waves).
boundary condition at the lower model boundary. The emis-Here we use the daily Montgomery potential from meteo-
sion scenario for the most important anthropogenic greensological analyses with a repeating annual cycle for the pe-
house gases, i.e. GOCH,, and NO, was the IPCC sce- riod of May 1980 to April 1981. There is no quasi-biennial
nario A1B for all simulations considered here (see also Ta-oscillation (QBO) in the model, i.e. the modelled tropical
ble 2). It assumes very rapid economic growth, low popu- stratospheric wind is always in a weak easterly state. As we
lation growth, and the rapid introduction of new and more have used no inter-annual variability in the dynamical forc-
efficient technologiesNakicenovic et a].2000. The time  ing here, all inter-annual variability comes from changes in
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the source gases and aerosol surface area. In this simulation, For this study the model was integrated (run 509) from
the following halogen-containing gases are treated explicitly:1977 to 2010 at a horizontal resolution of 5:6%.6° and
CFC-11, CFC-12, CFC-113, C&£ICH3CCls, Halon-1301,  with 32 levels from the surface to about 60 km. The model
Halon-1211, HCFC-22, and G&I. In contrast, HCFC-141b was forced using ECMWF reanalyses: ERA-40 from 1977—
is not treated explicitly, but proportionately added to4Cl 1988 and then ERA-Interim from 1989-2009. This run did
so that the additional chlorine atoms are accounted for. Analnot have an explicit treatment of tropospheric convection but
ogously, the CFC-114, CFC-115, and HCFC-142b surfaceghe model assumed that long-lived tracers in the troposphere
mixing ratios are considered in the HCFC-22 value. Thiswere well-mixed (se&lossaini et al.2010).
model run is the same as used in the 2006 WMO Ozone As-
sessmentWMO, 2007). Data are available every fifth day 3.4 EMAC
until the end of 2008 only.

The chemistry climate model EMAC (ECHAM/MESSYy At-
3.2 KASIMA mospheric Chemistry model) has been developed at the Max-

) Planck-Institute for Chemistry in Mainddckel et al, 2006.

The 3-D chemistry transport model KASIMA (Karlsruhe i i 5 combination of the general circulation model (GCM)
Simulation Model of the Middle Atmosphere) used in this fcyams (Roeckner et a).2006 with different submod-
study is a global circulation model including stratospheric g5  for example the chemistry submodel MECCA (Mod-
chemistry for the simulation of the behaviour of physical and je Efficiently Calculating the Chemistry of the Atmosphere)
chemical processes in the middle atmosphEmiker etal,  (sander et a)2009 linked by the Modular Earth Submodel
1999 Reddmann et 812001 Ruhnke et al.1999. The me- gy gtem (MESSy) interfacaiickel et al, 2005. The simula-
teorological component is based on a spectral architecturgon performed here includes a comprehensive stratospheric
with the pressure altitude= —HIn(p/po) as the vertical  chemistry. The volcanic stratospheric aerosols and the so-
coordinate, wheré/ = 7km is a constant atmospheric scale |5y jrradiance were constant, the QBO was not included and
height, p is the pressure, aneh = 101325 hPais a constant  aqgitional bromine with respect to the very short-lived sub-
reference pressure. _ ~ stances (VSLS) was not added. Sea surface temperature
~ For the present study, the KASIMA version as described(ssT) and sea ice cover (SIC) datasets have been used from
in Reddmann et a(2001) which yields realistic stratospheric  yne of the IPCC-AR4 ECHAMS/MPI-OM coupled model

age-of-air vaIuesS('_tiIIer et al, 2008 was used. The NEC-  A1B scenario runs performed for the IPCC Fourth Assess-
essary meteorological data of temperature, vorticity and di4yent ReportiPCC, 2007).

vergence are taken from the European Centre for Medium-

Range Weather Forecasts (ECMWF), using ERA-40 datauns 5 socoL

til 2002 and operational ECMWF analyses from 2003 on. In

this version, the KASIMA model is relaxed (nudged) toward The SOCOLV2.0 (SOlar Climate Ozone Links Version 2)
the ECMWF data between 18 and 48 km pressure altitude Usccm combines the MAECHAM4 GCM Manzini et al,

ing forcing terms with a timescale of 4h. Below 18km, the 1997 with the CTM Mezon Egorova et al.2003. SOCOL
meteorology is based on ECMWF analyses without nudg-contains a comprehensive stratospheric chemistry scheme
ing, and above 48 km pressure altitude, the prognostic modelonsisting of 41 chemical species, 118 gas-phase reac-

integrating the primitive equations without additional forcing tjons, 33 photolysis reactions and 16 heterogeneous reactions
from ECMWF data is used. The model consists of 63 verticaI(Egoro\,a et al.2005 Schraner et al2008. Inorganic flu-

layers between 7 and 120 km and has a horizontal resolutiogyine species (e.g. HF) are not simulated. The @km-

of approximately 5.6% 5.6°(T21). o ber species (HCI, CION§ HOCI, OCIO, Cl, ClO, C}Oy)
~ The photolysis rates are calculated online in KASIMA Us- gre individually transported, while the 14 organic-chlorine-
ing the Fast-J2 model @ian and Prathe{2002. containing species present in the model are grouped into two

families (short- and long-lived) and these two families are
then explicitly advected. After each transport step, the in-

SLIMCAT is an off-line 3-D CTM which has been widely dividual members of the two families are partitioned before

used for the study of stratospheric chemistry (Egng et al. the chemllcal computations. 13 photolytic, 14 D.I and 8
2007). The model uses a hybrig— @ coordinate Chipper- OH reactions are used.to model' the photo'chemlcallbre'akup
field, 2006 and in the stratospheré-{evel domain), vertical of the 14 prgan|c-chlor|ne-conta|n_|ng species. Implications
motion is calculated from diagnosed heating rates. This app:c egz)%loymg such a scheme are investigateginthers et
proach gives a reasonable description of the stratospheric cifl- (2009. ) i .

culation and age-of-air (sddonge-Sanz et al2007. The The model data used in this study originate from the

model has a detailed description of stratospheric chemistrj\ WWA-SOCOL REF-B1 simulation performed for the WMO
(seeChipperfield 1999. SPARC CCMVal2 activity Eyring et al, 2008. Bound-

ary conditions and model parameters used in the REF-B1

3.3 SLIMCAT
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Table 3. Mean differences between models and FTIR measurements in % (calculated as (model-meas)/meas) averaged over all sites, an
their standard deviations, for HCI, CIONQand HF. The differences for KASIMA and SLIMCAT were calculated from the daily values,
while for EMAC, SOCOL, and the 2-D model, the monthly means were used.

gas KASIMA SLIMCAT 2-D model EMAC SOCOL
HCI —11.90+ 8.58 +10.484+ 7.92 +8.32+15.93 —24.84+8.08 +9.49+13.83
CIONO, +11.57+58.33 +90.00+ 146.78 +15.40+41.13 +30.10+90.59 —17.31+22.96
HF +1.794+10.44  4+36.25+12.72 —14.28+12.63

CCMVal2 simulations are described Morgenstern et al. 4.1 HCI

(2010. The data available here are monthly means until the
end of 2004 only. Measurements and models both indicate a steady increase of

HCI until about the mid-1990s. Afterwards, a decrease of the
. . HCl total column abundances is observed at all sites, with the
4 Time series Southern Hemisphere delayed by a few years with respect to

. . the Northern Hemisphere (Fig).
Before calculating and comparing the HCI, CIOpN@nd HF In comparison to the FTIR measurements, KASIMA un-

trends, the consistency of the total column abundances bgjerestimates the total column abundances of HCI Fand
tween the FTIR measurements and the different models isp)e 3). Reasons for this are discussedKohlhepp et

investigated (Figs3 to 5). Table3 shows the mean relative 5| (2017 and references therein) and include the horizontal

differences between each model and the measurements, avegq | tion, the data set used for nudging, and the parameter-
aged over all sites. The differences for the CTMs KASIMA jgation of tropospheric processes, for example. In contrast,
and SLIMCAT were calculated from the daily means of yhe other CTM, SLIMCAT, tends to overestimate the total

the FTIR measurements and the 12:00 UTC model outpulyc content compared to the measurements. The average

because these two models use meteorological analyses @S.< is smallest for the 2-D model (Tat8s EMAC under-
boundary conditions so that every day's atmospheric stat@gtimates the HCI total column even more than KASIMA,
should be comparable. In contrast, for the CCMs EMAC and,hile SOCOL overestimates it.

SOCOL and the 2-D model, the monthly means from mod- |, the FTIR data, the annual maximum of HCI occurs
els and measurements were used for the comparison becauﬁ?spring around April/May in the Northern Hemisphere

these models calculate their own dynamics and meteorology 4 october/November in the Southern Hemisphere @ig.
which do not necessarily correspond to the real situation ORrpis seasonal cycle is qualitatively captured at most sites by
each day. The normalised mean monthly mean values des models except the 2-D one. At some sites, KASIMA and

termined for 2000 to 2009 (Fig$.to 8) allow us to inves-  5ocoL simulate the annual maximum about one month too
tigate the characteristics of the seasonal cycle of each gaéarly.

and its amplitude. These mean monthly means were calcu-

lated by dividing the monthly means by the corresponding4.2 CIONO,

annual mean and then averaging each month over the whole

time period 2000—2009. In all three gases, a seasonal cyclBecause of its weak spectral signature, interference by water
is expected that is connected with the seasonal variation ofapour, and the low column abundances especially at lower
the tropopause height. This variation results from the stratofatitudes, CIONQ is not easy to measure with a ground-
spheric general circulation transporting air from the summerbased FTIR spectrometer. For this reason there are no
to the winter hemisphere. The higher the tropopause, theClONO, time series from the FTIR sites Poker Flat, Toronto,
smaller is the relative contribution of the stratosphere to theTsukuba, Mauna Loa, and LaéRnion which are therefore
total column abundance. This again results in a lower totalnot included in the comparisons in Figsand7 and Table3.
column abundance of HCI, CIONQand HF in summer, be- All measurement and model datasets show an increase
cause they are all mainly produced in the stratosphere. In thef CIONO, until the late 1990s and a decrease afterwards
high latitude regions, HCI and CIONCare in addition in-  (Fig. 4).

fluenced by the absence of solar irradiation in winter. Chlo- At the Northern Hemisphere high latitude sites Ny
rine activation on the surface of polar stratospheric cloudsAlesund, Thule, and Kiruna, the models tend to overestimate
(PSCs) leads to a decrease in the total column abundances tife total atmospheric CIONCzontent, especially the annual
the chlorine reservoir species and a strong peak at the end @hinima (Fig.4). At most sites, the SLIMCAT model shows
the winter due to the deactivation of active chlorine. So thethe highest values, followed by EMAC and the 2-D model.
seasonal cycle is expected to exhibit its largest amplitude aOn average, KASIMA, SOCOL, and the 2-D model agree
the polar sites. best with the measurements (TaB)e
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Fig. 3. Time series of HCI total column abundances in molecules p@r aimhe different sites as measured by FTIR (black dots) and
simulated by SLIMCAT (blue line), KASIMA (red line), SOCOL (green line), EMAC (orange line), and Bremen 2-D model (brown line).

SLIMCAT simulates a stronger relative seasonal variationtends to simulate the maximum in April, which is about one
than the other models at most Northern Hemisphere sitesnonth later than the other models which agree with the mea-
(Fig. 7). At midlatitudes, this means SLIMCAT overesti- surements. At the Southern Hemisphere sites Wollongong
mates the CION@amplitude, while closer to the poles, the and Lauder, the maximum predicted by the models between
other models tend to underestimate it. The annual CIQNO August and October is not very pronounced in the measure-
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Fig. 4. Time series of CION@ total column abundances in molecules pefahthe different sites as measured by FTIR (black dots) and
simulated by SLIMCAT (blue line), KASIMA (red line), SOCOL (green line), EMAC (orange line), and Bremen 2-D model (brown line).

4.3 HF The annual maximum around March and April in the North-
ern Hemisphere and in October in the Southern Hemisphere

The two CCMs EMAC and SOCOL do not simulate the at- is also represented in the two models. The seasonal cycle
mospheric HF content, therefore only the results from thefrom the 2-D model is very similar to those from KASIMA
CTMs KASIMA and SLIMCAT and from the 2-D model can and SLIMCAT in the northern polar latitudes, but its ampli-
be compared with the FTIR measurements at the 17 sitegude is mostly too weak, especially at the Northern Hemi-
They show an increase over the largest part of the time rangephere midlatitude sites.
that weakens in the last few years (Fi.

The SLIMCAT model tends to overestimate the HF total 4.4 Summary of the time series comparison
column abundance, while KASIMA on average agrees better
with the measurements. The 2-D model shows a behavioumn summary, there is good overall agreement between the
very similar to KASIMA apart from some low and midlati- FTIR measurements and the models considered here con-
tude sites (e.g. Toronto, Kitt Peak, fm and La Runion)  cerning the increase of the total column abundances of HCI
where it tends to underestimate the increase especially in thand CIONG until about the mid-1990s, a decrease after-
1990s (Fig5). This results in a mean underestimation of the wards, and on a HF increase that slowly reached a plateau
measured total column abundances by the 2-D model (Tain the last few years. Also the mean annual cycles derived
ble 3). from the different datasets are similar.

The amplitude of the seasonal HF cycle as simulated by The SLIMCAT model tends to overestimate the atmo-
the two CTMs KASIMA and SLIMCAT fits very well to the  spheric content of the three gases and, especially at mid-
one measured by the FTIR spectrometer at most sitesgfig. latitudes, the amplitude of the seasonal cycle of CIGNO
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Fig. 5. Time series of HF total column abundances in molecules p%ratrhfne different sites as measured by FTIR (black dots) and simulated
by SLIMCAT (blue line), KASIMA (red line), and Bremen 2-D model (brown line).

KASIMA and EMAC tend to underestimate the HCI to- 5 Trend method and sensitivity studies

tal column abundance, while SOCOL and the Bremen

2-D _model overestimate It, espec'?‘”y in_the quthern In this section, a short description of the trend calculation

Hemisphere. The 2-D model underestimates the HF increase T .

i . method is given, especially also of the bootstrap method used

at some low and midlatitude sites. . ; . . .
to estimate the trend uncertainty. In addition, we investigate
the dependence of the trend result on the type of fit function,
the time period, and on sampling. The first two influenc-
ing factors are analysed using the FTIR measurements, while
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Fig. 6. Annual cycle of HCI at the different sites as determined from the FTIR instruments (black) and simulated by SLIMCAT (blue),
KASIMA (red), SOCOL (green), EMAC (orange), and the Bremen 2-D model (brown). The mean relative monthly means were calculated
by normalising the monthly means with the respective annual mean and then averaging over the period 2000-2009. The error bars of the
FTIR measurements represent the standard deviation.

the sampling influence can be estimated with the help of therend fit can be assumed to sufficiently represent the temporal
CTM data. The main time period chosen for the trend andevolution of the total column abundances. Moreover, nearly
its sensitivity investigations is 2000-2009. This was doneall sites included in this study measured during this time (see
because a continuous decrease is expected for the chlorifkablel).

gases and an increase for HF during this time so that a linear
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Fig. 7. Annual cycle of CIONQ at the different sites as determined from the FTIR instruments (black) and simulated by SLIMCAT (blue),
KASIMA (red), SOCOL (green), EMAC (orange), and the Bremen 2-D model (brown). The mean relative monthly means were calculated
by normalising the monthly means with the respective annual mean and then averaging over the period 2000-2009. The error bars of the
FTIR measurements represent the standard deviation.

5.1 Trend determination method for every parameter, including the trend. This procedure is
applied 5000 times in this study, following the example of
A linear trend function, combined with a Fourier series ac- Gardiner et al(2008. From the 97.5 and 2.5 percentﬂes of

) ' - ) .~ the resulting 5001 trend values, the 95 % confidence interval
Co_untlng for the seasonal cycle, is f|tte_d _to the t|m_e Serlescharacterising the trend uncertainty can be estimated. The
using a least squares method. The precision of the fit param

. . . reason for choosing this method to determine the trend un-
eters and thus of the trend is determined with the boots'[r‘ﬁ’l%ertainty is that it does not assume that the residuals of the

Lees;zmﬁtlnl\?vgevrgftrr]::r.e Ezltsai?;itri]rz‘(cj)rlr?w:t?gr/\ iiicggigj:grfgﬁt to the data are normally distributed. Instead, it only as-
' ' sumes that there are enough data points for the residuals to

example mGard_lner et_al(2008 and re_zferences therein). It sufficiently represent their own distribution. The assumption
has been used in previous trend studies from FTIR measure

. ; ) of a normal (Gaussian) distribution of the residuals might not
ments (e.g.Gardiner et al.2008 Mikuteit, 2008 Vigouroux . o )
et al, 2008 Kohlhepp et al. 2017, From the main fit to be valid because the fit is not always able to capture the com

. . lete annual cycle, e.g. the strong peak in CIQNSD the
the data, the differences between fit and data are calculateg Y 9 gp o

These residuals are then added randomly (with replacemen olar sites in spring. The main reason for this is that the peak
) . y (With rep oes not always occur at exactly the same time of year.
to the fit result in order to create a new, artificial data set.

Another fit using the same function as for the real data is At all sites between 705 and 70 N except La Runion, a
performed on the artificial data set, giving an artificial value third order Fourier series is used to account for the seasonal

www.atmos-chem-phys.net/12/3527/2012/ Atmos. Chem. Phys., 12, 358557, 2012
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Fig. 8. Annual cycle of HF at the different sites as determined from the FTIR instruments (black) and simulated by SLIMCAT (blue),
KASIMA (red), and the Bremen 2-D model (brown). The mean relative monthly means were calculated by normalising the monthly means
with the respective annual mean and then averaging over the period 2000-2009. The error bars of the FTIR measurements represent th
standard deviation.

cycle. As also found bgardiner et al(2008, this approach  resented in the time series. Similarly, a large part of the sea-
represents most time series very well and at the same timeonal cycle is missing also in the L&Bnion data where the
avoids over-fitting the data. But at the sites poleward 6iN0  measurements were performed on a campaign basis. This
and S, the FTIR measurements are limited by polar night sas why at these sites, for some of the gases, the bootstrap
that the comparably strong seasonal cycle is only partly repmethod together with the third order Fourier series fit did not
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produce reliable results. So finally, only a first order Fourier
series was fitted for all gases measured at these sites in order

to account at least for some seasonal variation. N s —
All trend values in this paper are given in % per year re- —e— linear HCI
. . . 2L —e—g/a
ferring to the linear fit value computed for 1 January 2000,

12:00 UTC. R
For HCl and HF, results for all 17 sites are presented, while %
for CIONOg, only 12 time series are available (see Tab)le S 0

1 L

Please note that the measurements at Poker Flat ended in2 _ i i i
2004. S % ?
5.2 Dependence on the trend calculation approach 21

2000-2009
In order to estimate the dependence on the type of fit function -3 : , : - -
used, the trends between 2000 and 2009 were determined by -90 -60 -3(?atitud<(e) (de )30 60 90
fitting a linear function only (this approach is called “linear” , , , 9
from now on) and a linear function combined with a third e~ standard C|0N02

i . ) “ " —@— linear
or first (see above) order Fourier series (called “standard”) 4} —e— sa

to the FTIR measurements (Fi@). Trends were also calcu-

lated by considering the summer and autumn data separately — 2 1
(June to November and December to May in the Northern N i
and Southern Hemisphere, respectively), which are assumed -5 0 E
to show less variability, using a simple linear fit function. E, %

'

This method is called “summer/autumn” or “s/a” from now 27
on.

At Toronto and La Runion, the measurements were 4 %
started after the year 2000, in 2002 and 2004, respectively. 6 2000',2009 , , ‘ ,
For Toronto, the dependence on the trend calculation ap- -90 -60 30 0 30 60 90
proach was determined for the time range 2002—2009, while 5 latitude (deg)

La Reunion was not considered in this section. There are no 5000-2009 - ‘
results for CIONQ@ at Ny Alesund displayed in Fig. For 5 % HF
the summer/autumn series at this site, the bootstrap method

did not produce reliable results, and both the linear and the __ 1l i

standard procedures led to trend values (10.9 and 6.8 % yr %

respectively) much higher than at the other sites so that for & ol I
clarity of the majority of the results, the y-range used here 2

was adapted to them. Analogously, the trend for CIGNO £

at Eureka from the linear fit function cannot be displayed
(=7.2%yr 1), and neither the linear HF trend at Poker Flat -2 | —e— standard }
1 —e— i
(3.1%yr ) . . . 5 s|?aear | | | |
The c_onﬁdgnce interval determlned with the bootstrap °90 60 30 0 30 60 90
method is obviously larger for the linear trend alone and the latitude (deg)

summer/autumn data only than when a linear function com-

bined with a Fourier series is fitted to all data (F). This Fig. 9. Dependence of the resulting trend (in % per year) on the type
suggests that the linear function alone does not sufficientlyof fitting function, determined from the FTIR measurements of HCI
represent the time series. Also, the time series restricted t§fop). CIONG (mid), and HF (bottom) for the time range 2000
the summer/autumn data naturally contain fewer measure2009 (except at Toronto where it is 2002-2009, and at Poker Flat it

ments which is probably the reason for the large error barés 2000-2004). Please note the different y-scales. The results of the
noted in these cases “standard” procedure using a linear function with a third or first or-

Th Its for HCI f he diff d calculati der Fourier series are shown in black, those of the “linear” trend cal-
e results for rom the ditferent trend calculation ap- culation in blue and of the linear calculation with summer/autumn

proaches agree within their errors at all sites. For CIQNO  gat5 only (“s/a”) in red. The error bars were determined with the

the error bars are larger than those for HCI at most sitespootstrap method. Concerning the reasons for missing trend values
This can be explained partly by the larger amplitude of theplease see text.

seasonal cycle of CIONfOwhich cannot be completely rep-
resented by the fitting function. In addition, CION®s

www.atmos-chem-phys.net/12/3527/2012/ Atmos. Chem. Phys., 12, 35557, 2012
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difficult to measure and therefore the scatter characterising
the total column time series is larger, too. Apart from Eureka,
Kiruna, and Harestua, the trend results for CIQNfom the

R. Kohlhepp et al.: Trends of HCI, CIONG,, and HF total column abundances

different approaches agree within errors. The HF trends also 3 e Toss 2000 '
agree within errors except at the polar sites Eureka, Thule, | e A0 HCI
and Poker Flat.
There are a few possible reasons for the disagreement of — 4 |
the different trend determination methods at some of the high < }
latitude sites. Due to the influence of the polar vortex, the & 0r
amplitude of the seasonal cycle is very large and therefore es- 2 § [
pecially the result from fitting the linear function alone very St
much depends on the start and end time of year. But also
the Fourier series cannot capture the sometimes strong vari- -2 E
ations on a short timescale resulting from the movement of
the polar vortex. In addition, the high-latitude seasonal cy- '3:90 60 30 0 30 60 90
cles are not completely represented in the time series because latitude (deg)
solar FTIR measurements are not possible during polar night. ~ 6 —— pp— - :
Furthermore, at some sites, the time series contain very few —e— 20002000 GIONO,
data points for the summer/autumn months, for example the 4 [ —®— 20042009 T 1
CIONO; series from Ny,&lesund and Wollongong, and all
three series from Kitt Peak. At Eureka, the DA8 measure- = 2 [ ?
ments were performed on a (spring and autumn) campaign Ny
basis so that until the installation of the 125HR spectrome- o Oy i I
ter in 2006, there were years with no measurements during @ ol % i ]
“summer/autumn” at all. - E E
5.3 Dependence on the time period used 4 p
In order to investigate the influence of time series length _690 -60 -30 0 30 60 90
and the time period chosen, the FTIR trends were calcu- latitude (deg)
lated for the three periods 1996—2009, 2000—2009 and 2004— 4 ' ‘ ‘
2009 (Fig.10). The longest period was selected because not 3t HF
all, but more than half of the stations performed measure- 5l
ments during this time, while only a few did before. The ¢ !
longer the time series, the smaller the error bars and the bet- = 1t ¢ %
ter the trend estimate is expected to be. During the second & ol )
period, all sites except La&nion and Toronto performed 2
measurements (see below). From earlier studies, e.g. the £ T
one byRinsland et al(2003, we expect the inorganic chlo- 2
rine species total column abundances to have reached their [ —e— 1996-2009 }
plateau around 1996-1999 and not to strongly change dur- e D000 o
ing this time. So the decrease expected due to the Montreal -4[90 60 30 0 30 60 9

Protocol may be weaker if these four additional years are
included in the trend calculation. The latest and shortest pe-

riod was included in this study in order to investigate whetherFig. 10. Dependence of the resulting trend (in % per year) on the

there was a change in the rate of increase (of HF) or decreadine period, determined for the FTIR measurements of HCI (top),
CIONO;, (mid), and HF (bottom). Please note the different y-scales.
The approach called “standard” here was used, whichT he fitting function is the linear one with seasonal cycle, which is

d called “standard” here. The results for 1996-2009 are shown in
blue, those for 2000—2009 in black (at Toronto, this is 2002—-2009,

(of HCIl and CIONQ) during the last few years.

means the fitting function was the linear one with a thir
or first order Fourier series (see above) representing the sea-
sonal cycle. The sites where the required time ranges wer

latitude (deg)

and at Poker Flat it is 2000-2004) and for the 2004—2009 period
fh red. The error bars were determined with the bootstrap method.

not available were not considered in this comparison, €Xcepgoncerning the reasons for missing trend values please see text.

for Toronto, where the trend with the 2000-2009 colour ac-
tually covers the time range between 2002 and 2009. There
are no trend results for Poker Flat between 2004 and 2009

Atmos. Chem. Phys., 12, 3523557, 2012
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because the time series end in 2004 (see Thblm the Kitt In Fig. 11, the KASIMA (left column) and SLIMCAT
Peak data, there is a large gap around 2006 to 2008 so thétight column) trends from the complete time series are com-
especially the determination of the seasonal cycle betweepared with those from the measurement days only and with
2004 and 2009 is not possible and the 2004—-2009 trends dhe FTIR results. Itis obvious that there are differences in the
this site could not be included either. In the CION@Icture  trends between the differently sampled time series for both
of Fig. 10, the trends for Eureka between 2004 and 2009 andnodels. At the same time, it is not easy to quantify this sam-
for Ny Alesund between 2000 and 2009 are missing becauspling influence. However, at most sites, the influence is not
they are larger than the y-scale.2 and 6.8 % yr!, respec-  very strong so that the trends agree within their bootstrap er-
tively). The same is the case for the Wollongong and Maunaror bars. The locations where this is not the case are mostly
Loa HF trends between 2004 and 2009: they amount to 4.Aigh latitude sites where due to polar night a large portion

and 22.8%yr!, respectively. of the relatively strong annual cycle is missing in the mea-
The shorter the time series, the larger the error bar of thesurement time series, or other sites with large measurement
trend (Fig.10). interruptions. At such sites, the error induced by sampling is

In the Northern Hemisphere mid and low latitudes, the obviously not negligible.
HCI trends tend to be less strongly negative for the period _
from 2004 to 2009 than for the two longer periods, but 5.5 Summary of the FTIR trend dependencies

strongest for 2000 to 2009 at most sites. It must be con-

sidered that six years are not enough to reliably determind=SPecially at locations where the seasonal cycle of the gas
such small trends (see al¥¢eatherhead et alL1998. In the investigated has a large amplitude, the trend results depend
Southern Hemisphere, no clear signal is detectable. on whether the Fourier series is included in the fit function

For HCI and CIONGQ, the trends from 1996 to 2009 and ©F Not (Sect5.2). The linear function alone clearly cannot
2000 to 2009 agree within errors at most sites. The expectegUfficiently represent the time series. Selecting only the sum-
tendency of a weaker decrease in the chlorine species duringi€/autumn data where the variability is expected to be small
1996—2009 that was discussed above can indeed be found fPes not strongly diminish the confidence intervals. Proba-
the presented results, especially for HCI. It is probably dueble reasons for this are that.at some sites, there_are_not many
to the stratospheric chlorine loading reaching a plateau at thgat@ points left when removing those measured in winter and
end of the 1990s and only then slowly starting to decrease. SPMNY, and th.at therg is still some variability left in the sum-

The reason for the HF trend differing for the three time Mer/autumn time series. _ _
periods at most sites is probably that the column abundances YWhen calculating trends for different parts of the time

seem to have reached a plateau in the last few years (Se%aries, the shorter the time series, the larger the error bars
also Fig.5). The trend is strongest and mostly positive for (Sect.5.3). The results for the six-year period 2004 to 2009

the longest period, while for the later and shorter periods jtShould be treated cautiously. Still, therg isaconside.rableten-
weakens or even becomes negative, especially in the NortHdency towards a decrease of the _posmve HF trend in the_last
ern Hemisphere. few years at many Northern Hemisphere measurement sites.
Moreover, as shown in Sed&.4, a considerable bias may
5.4 Influence of sampling be induced in the trend results at sites with very irregular
sampling or large gaps in the time series. This must be kept
Due to varying weather conditions at all sites, polar nightin mind when trends from FTIR data are compared with those
and midnight sun, and instrumental failures, the samplingfrom model calculations.
of the FTIR data points is not regular and some time series It can be concluded that, overall, the agreement between
contain gaps. The sampling influence on the trend can behe different trend determination approaches and the differ-
investigated with the chemistry transport models KASIMA ent time ranges is good. This means the results are robust.
and SLIMCAT. As they use meteorological analyses to cal-For the trend determination from models and measurements
culate the atmospheric chemistry processes and transport, thie the following (Sect.6), the so-called standard approach
meteorological conditions are assumed to be as close as poftting a linear trend with a Fourier series is used because its
sible to reality. Therefore, two different model trends for error bars are the smallest. The best time period to determine
HCI, CIONGO,, and HF have been determined by fitting a lin- the trends would of course be the longest one (1996-2009),
ear function with a third or first order Fourier series to the but because many sites started measuring after 1996, in order
CTM data: one from the complete CTM time series con- to ease the comparison or rather to be able to consider more
taining one value per day and the other one only from thesites, the period chosen for the model-measurement compar-
days where FTIR measurements have been taken. The pé&on is 2000-2009.
riod chosen for this comparison is again 2000-2009. This
means La Runion is not included and the trend calculations
for Toronto all start in 2002, while for Poker Flat, they end
in 2004, like in Sect5.2.
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Fig. 11. The dependence of the resulting trend (in % per year) on sampling is investigated by comparing trends from the KASIMA data
on all days (left column; red) with those calculated from the model time series on days with FTIR measurements only (orange) and with
the FTIR trends themselves (black). The same comparison is shown for SLIMCAT (right column; blue) and SLIMCAT only on FTIR days
(cyan). Please note the different y-scales. The error bars were determined with the bootstrap method.

6 Comparison of FTIR and model trends for KASIMA, SLIMCAT, and EMAC, one every fifth day

for the Bremen 2-D model, and monthly means for SOCOL.
In this section, the trends from the FTIR measurements aré&till, the investigations of Sech.4 have to be kept in mind,
compared with the results from all five models SLIMCAT, showing an influence of the FTIR sampling on the trend re-
KASIMA, SOCOL, EMAC and the 2-D model (see Fitj2 sults. The period considered here is 2000 to 2009 and the
and Tables4 to 6). For all models, the trends were deter-
mined from all available data, which is one value per day
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B I & st , , . - determined from a five-year period. Therefore, the trends
O KASIMA HCI should not be interpreted quantitatively, but they might qual-
21 0 St 1 itatively reproduce the measured signal.
O 2-D model
glpern ' 6.1 HCl
*
;g O In the Northern Hemisphere mid and high latitudes, all mod-
g ot é % els except SOCOL underestimate the decrease of HCI, while
in the Southern Hemisphere, they tend to overestimate it
ol ] (Fig. 12, Table4). This is mostly due to the FTIR trends indi-
2000-2009 cating a stronger decrease in the Northern Hemisphere than
3 - - - s - in the Southern Hemisphere and most models not showing a
-90 -60 80 0 30 60 90 difference between the hemispheres at all. The only model
: : lat'tUd? (deg) : : simulating slightly different trends is KASIMA, but its signal
4l C|ON02 e & | is opposite to the FTIR one with relatively stronger negative
SOoCcOoL trends at the Southern Hemisphere sites. SOCOL overesti-
e mates the decreasing trend in the mid and high latitudes in
< 27 FTIR © both hemispheres but underestimates it at some sites in the
Ny } Northern Hemisphere tropics. The tendency towards a rela-
g Or é % © i 1 tively weaker decrease in the lower latitudes than everywhere
o 8 o 8 R § é else can also be found in KASIMA and SLIMCAT and corre-
=0l © © % % 1 sponds to the results from the measurements. EMAC shows
% the opposite signal and the 2-D model none.
[ 2000-2009 , , l ﬁ 6.2 CIONO,
-90 -60 -30 0 30 60 90
latitude (deg) The CIONG trends of models and measurements do not
3 ' ' ‘ ' agree as well as the HCl results and also show stronger latitu-
HF ¢ dinal dependencies (Fig2, Table5). In the Northern Hemi-

27 % 1 sphere, all models except SOCOL underestimate the relative
= 4 % § o A e G R ] decrease seen in the FTIR measurements, as for HCI. The
> ° i FTIR trends are stronger in polar and low latitudes than in
2 ol © o0 i % % ] the midlatitudes. An increasingly negative trend towards the
T north pole can also be seen in all models apart from the 2-D
241 ] model. One should keep in mind that the measured Eureka

p— CIONO; trends might be influenced by the bias between the

21 5 KASIMA 1 two different line lists used, which is described in S&ci

o 2 Dmodel 2000-2009 In the Southern Hemisphere, for Wollongong the models un-

-390 760 30 0 30 60 %0 derestimate the decrease seen in the measurements, while

latitude (deg) above Lauder, the FTIR trend is weaker than the models

simulate. The measured CIONGrend is positive above
Fig. 12. Comparison of the trends from the FTIR measurementsArrival Heights and becomes increasingly negative towards
(black) between 2000 and 2009 (in % per year) with those modelledower latitudes. The EMAC results behave qualitatively sim-
by SLIMCAT (blue), KASIMA (red), SOCOL (green), EMAC (or- jlar there, while the other models show no clear signal.
ange), and the Bremen 2-D model (brown) for HCI, CION@nd
HF. In order not to overload the picture, the bootstrap error barsg 3 HE
for the modelled trends are not shown, only those for the measure-
ments. Concerning the reasons for missing trend values please s

text Gt the three models which actually simulate HF, the 2-D

model shows the weakest increase, which does not vary

strongly with latitude (Fig.12, Table 6). KASIMA and

] ) ) ) _ SLIMCAT agree well on a positive trend at all sites, with

fit funcﬂ_on the linear one with seasonal cycle, following the o highest values in the Northern Hemisphere low latitudes,

conclusions of Sect.s. at Mauna Loa and IZ@. In the Southern Hemisphere, none
Concerning SOCOL, it must be remembered that theof the models shows a distinct latitudinal dependency, while

model time series end in 2004 so that the trends are onlghe FTIR results suggest that the increase weakens towards
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Table 4. HCl trend in % per year between 2000 and 2009, calculated by fitting a linear function combined with a first (sites poleward of 70°)
or third order Fourier series to the data. The error bars were determined with the bootstrap method.

Measurement site FTIR KASIMA SLIMCAT 2-D model EMAC SOCOL
Eureka -0.874+0.42 -0.63+0.09 -0.64+0.15 -0.844+0.03 -0.95+0.12 -1.864+0.82
Ny Alesund —-0.81+0.23 -0.50+0.10 -0.46+0.15 -0.844+0.03 -1.08+0.12 -1.414+0.96
Thule —-1.21+0.31 -0.61+0.09 -0.53+0.15 -0.844+0.03 -0.94+0.12 -1.614+0.85
Kiruna —-1.05+0.36 -0.41+0.10 -0.42+0.16 -0.834+0.02 -0.96+0.12 -1.624+0.86
Poker Flat —-1.56+0.64 -0.46+0.09 -0.63+0.11 -0.83+0.02 -0.90+0.09 -1.87+0.60
Harestua —-0.4440.40 -0.43+0.10 -0.59+0.15 -0.834+0.03 -0.90+0.10 -1.654+0.73
Zugspitze —-0.63+0.19 -0.34+0.08 -0.61+0.13 -0.854+0.02 -0.91+0.09 -1.874+0.56
Jungfraujoch —0.98+0.16 -0.34+0.07 -0.64+0.12 -0.864+0.02 -0.93+0.09 -1.80+0.56
Toronto -1.224+0.37 -0.224+0.11 -0.34+0.19 -0.804+0.02 -1.08+0.15 -0.03+1.44
Tsukuba —-1.00+0.25 -0.484+0.07 -0.73+0.16 -0.894+0.02 -0.93+0.10 -0.30+0.56
Kitt Peak —-1.03+0.53 -0.42+0.06 -0.62+0.12 -0.90+0.03 -0.95+0.09 -1.75+0.38
Izafa —-0.66+0.15 -0.374+0.06 -0.53+0.12 -0.914+0.04 -0.87+0.08 -1.484+0.39
Mauna Loa —-0.394+0.19 -0.03+£0.05 -0.35+0.11 -0.904+0.03 -1.22+0.06 0.18+0.72
Wollongong —0.554+0.16 -0.95+0.05 -0.74+0.13 -0.87+0.02 -0.96+0.09 -1.26+0.50
Lauder —-0.604+0.21 -0.96+0.07 -0.79+0.12 -0.854+0.02 -0.97+0.09 -1.784+0.67

Arrival Heights —0.36£0.67 —-1.09+£0.08 -0.74+0.13 -0.97+0.15 -0.87+£0.09 -1.32+1.26

Table 5. CIONO, trend in % per year between 2000 and 2009, calculated by fitting a linear function combined with a first (sites poleward of
70°) or third order Fourier series to the data. The error bars were determined with the bootstrap method.

Measurement site FTIR KASIMA SLIMCAT 2-D model EMAC SOCOL
Eureka —-456+0.78 -1.18+0.19 -0.83+0.25 -1.214+0.10 -1.754+0.16 -—-3.37+2.87
Ny Alesund 6.74%5.01 -1.03+0.20 -0.62+0.26 —-1.204+:0.08 —-1.59+0.17 -—-1.8443.07
Thule —-3.584+1.04 -1.2840.18 -0.94+0.25 -1.20+0.07 -1.77+0.16 —-3.374+2.46
Kiruna —-1.454+095 -0.91+0.16 -0.71+0.24 -1.194+0.04 -1.05+0.17 -1.624+2.36
Harestua —-0.07+052 -1.05+0.14 -0.80+0.21 -1.214+0.03 -1.01+0.16 —-2.73+1.58
Zugspitze —-1.37+052 -0.90+0.12 -0.02+0.24 —-1.2440.05 -1.16+0.15 —-3.424+0.62
Jungfraujoch —-1.4440.33 -0.90+0.12 -0.06+0.22 -1.254+0.05 -1.16+0.15 -3.30+0.61
Kitt Peak —-2534+1.16 -0.86+0.08 -0.21+0.18 -1.314+0.05 -1.14+0.12 -2.894+0.67
Izafa —-2.864+0.67 —-0.724+0.10 0.19+0.16 —-1.33+0.08 —-1.14+0.10 -2.1440.66
Wollongong —-2.1840.60 —-1.474+0.07 -0.96+0.16 —-1.254+0.04 -154+0.11 -1.464+0.92
Lauder —-0.35+0.46 -1.61+0.09 -0.594+0.20 -1.224+40.05 -1.18+0.16 -—-2.214+0.74
Arrival Heights 0.994-0.76 —-1.65+0.20 -1.11+0.26 -0.844+-0.82 -0.52+0.23 -1.544+3.71

the pole. At the Northern Hemisphere sites, the measureand sufficiently small so that it does not strongly influence
ments show a much weaker increase of HF than KASIMAthe trend result.

and SLIMCAT, at some sites even a decrease. In contrast, the FTIR trends depend on whether or not a

Fourier series is incorporated in the fitting function to ac-

count for the seasonal cycle, although the different results
7 Discussion mostly agree within their errors (Sed.2). Because the

seasonal cycle of the investigated gases is very pronounced,

Total column abundances of HCI, CIONOand HF were especially in polar regions, and the time series considered
determined from FTIR measurements at 17 sites betwee@re not very long, the trends calculated without including the
80.05 N and 77.82S and compared to the calculations of Fourier series depend on the start and end time of year.
five different models with focus on the time period 2000— \When the FTIR data are restricted to a period with less
2009. Different aspects should be considered and discussagriability, in this case summer and autumn (corresponding
before the trends calculated from the FTIR measurementgo June to November in the Northern and December to May
and model data for this study are interpreted and comparedin the Southern Hemisphere), the error bars are quite large
The offset in the absolute values between models and measo that an agreement with the trends from the complete time
surements seen in Sedtis assumed to be constant in time series is found at most of the sites (Séc). One reason
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Table 6. HF trend in % per year between 2000 and 2009, calculated by fitting a linear function combined with a first (sites poleward of 70°)
or third order Fourier series to the data. The error bars were determined with the bootstrap method.

Measurement site FTIR KASIMA SLIMCAT 2-D model
Eureka —-0.56+0.69 0.76£0.11 0.79+:0.11 0.23+-0.03
Ny Alesund 0.6+ 0.70 0.85£0.10 0.93+0.11 0.23+-0.03
Thule —-1.114+ 054 0.74:£0.11 0.83+:0.11 0.22+-0.03
Kiruna 0.61+0.42 0.94+0.12 0.96+0.15 0.22+0.04
Poker Flat 1.54-1.18 1.22+0.11 1.414+0.15 0.214+0.04
Harestua —0.024+0.54 0.93+0.12 0.93+0.16 0.194+-0.03
Zugspitze 0.95-0.32 1.10+£0.10 1.24+-0.16 0.144+0.05
Jungfraujoch 0.48&0.25 1.11+0.10 1.22+0.15 0.144+0.05
Toronto —0.0440.61 1.04+0.14 1.45+-0.25 0.00+0.05
Tsukuba 0.3%0.34 0.96:£0.08 1.00+:0.19 0.09+0.04
Kitt Peak 0.55+0.68 1.20+0.07 1.27+0.15 0.08+0.04
Izafha 0.92+0.21 1.43+:0.07 1.66+0.15 0.06+0.06
Mauna Loa 0.43:0.30 2.32£0.09 2.114+0.15 0.03+0.05
Wollongong 1.614+0.31 0.80+£0.07 1.15-0.15 0.14+:0.04
Lauder 1.04-0.28 0.81+0.08 1.27+0.15 0.19+0.04
Arrival Heights 0.68+-0.58 1.14+0.10 1.38:£0.09 0.26+0.04

for the large error bars is probably that there is still somecontrast to the model output, the sampling of the FTIR data
variability left in the summer data. Furthermore, some of is not regular because the instrument needs clear sky condi-
the time series contain only few data points during this timetions and the sun above the horizon so that it cannot measure
of year probably due to the weather conditions and becaus# cloudy weather and during polar night.

at some sites, the measurements have been performed on 8The trends determined for HCl and CIONGroughly

campaign basis. around—1 to —2%yr 1) agree very well with those pre-

All FTIR sites taking part in this study except L&Bnion  sented by theVMO (2011 for the stratospheric inorganic
and Toronto started operation before the year 2000. Thidalogen abundance (EESC = Equivalent Effective Strato-
is why for the more thorough investigation, the time period spheric Chlorine) estimated from tropospheric measurements
2000 to 2009 was chosen so that nearly all measurement timef ozone-depleting substances. This EESC was calculated
series have the same length. Of course, the error bars fdrom the chlorine- and bromine-containing source gases by
the longer period between 1996 and 2009 are usually smalleaccounting for the transport time to the stratosphere and con-
when compared for the sites where operation was started besidering the dependency of the fractional release values on
fore or in 1996 (Sect5.3). The trends calculated for the the mean age-of-ailNewman et aJ.2007). A decrease of
six-year period 2004 to 2009 are probably not significant inmidlatitude EESC of 11 % between the peak in 1997 and
terms ofWeatherhead et a1998. As discussed byVeath- 2008 is reported by th&/MO (2011 corresponding to a
erhead et al(1998, the length of a time series necessary to trend of about-1%yr-X. The peak in the Antarctic polar
determine a certain trend depends on the magnitude of theortex occurred later, in 2002. Until 2008, the EESC abun-
expected trend, the standard deviation, and the autocorrelalance decreased by about 5% theféMO, 2011 which
tion of the time series. The trends expected here are quiteorresponds to a trend of abouD.8 % yr1. This slightly
small and the standard deviations quite large, especially irweaker decrease in the southern high latitudes cannot be seen
polar regions, where the Fourier series does not fully capturelearly in the FTIR measurements analysed and presented
the amplitude of the seasonal cycle, especially for CIQNO here. Two models (EMAC and the 2-D model) show this
The autocorrelation is not easy to determine because the timeendency towards weaker CION@nd EMAC also towards
series are not continuous. weaker HCI trends when approaching the south pole for the

Still, when comparing the trends from models and mea-2000-2009 trends (Se@).

surements, it must be considered that the time ranges do not The present study is also able to confirm the results of
always agree exactly, especially for Poker Flat whose meamany other preceding investigations on stratospheric inor-
surement series ends in 2004, and for Toronto where thganic chlorine and fluorine measurements. The stabilisation
trends from 2002—-2009 are compared with those for 2000-of the stratospheric HCI content at the end of the 1990s de-
2009 from the other sites. Concerning the models, the timescribed in Sect4.1 was already seen for example Bpn-
series from SOCOL ends in 2004, and the one from the 2sidine et al.(1999, Rinsland et al(2003, andNewchurch

D model in 2008 for all species at all sites. Moreover, in et al. (2003. Also the subsequent negative trend in the
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stratospheric chlorine abundance was reported before bplicitly (please see SecB.1). Instead, the mixing ratios of
other studies. For exampleary et al. (2007 found a de- some are added proportionately to those of others with sim-
crease towards the end of their study in which they analysedlar lifetimes by considering the number of chlorine atoms.
a stratospheric Gltime series between 1991 and 2006 that But this means that for some gases, the contained amount
was created from a combination of many different (mainly of fluorine is not represented correctly so that very roughly
satellite) measurements. For HCI, a trend was estimatedbout 50 pptv are missing in the surface,GRixing ratio.
from measurements made by the MLS (Microwave Limb As the missing amount of GRncreases with time, the trend
Sounder) instrument aboard the Aura satellite between 5@f the HF total column abundance is expected to be slightly
and 65km height and 60° S and 60° N Byoidevaux et al.  too small in the 2-D model.
(2006. They reported a decrease in the volume mixing ra- The trends of HCI, CION@ and HF between 2000
tio of (-0.78+0.08)% yr ! between August 2004 and January and 2009 have been examined with respect to differences
2006. This value also agrees very well with those foundbetween the hemispheres (Se6l. The FTIR measure-
in the present study. A similar result for HCl was pub- ments suggest a stronger decrease of HCI and CIDINO
lished byJones et al(2011) who combined HALOE (Halo-  the Northern Hemisphere than in the Southern Hemisphere,
gen Occultation Experiment) data with ACE-FTS (Atmo- while the models, except KASIMA, do not show a hemi-
spheric Chemistry Experiment Fourier Transform Spectrom-spheric dependency. However, the KASIMA signal is in-
eter) results between 35 and 45 km to form a time series of/erse to the FTIR one: the relative decrease is stronger in the
HCI from 1993 to 2008. They found a significantly nega- Southern Hemisphere. According to the measurements, the
tive trend of about-5.1 % decade! to —5.8 % decade! for HF total column abundances in the Southern Hemisphere still
the time period 1997-2008, depending on latitude. Mea-increase while the sites in the Northern Hemisphere show
surements with the McMath-Pierce solar telescope on Kitta more differentiated picture. There are some with positive
Peak (Arizona, US) showed a slightly larger decrease of therends as well, especially in the low latitudes, but also some
HCI total column abundance of-(L.8+0.4)% yr 1 between  without a significant trend. In the high latitudes, there are
1997 and 2007Wallace and Livingston2007). Concern-  two sites showing a negative trend. This tendency towards
ing the HF total column abundance, a strong increase ol HF stabilisation or even decrease in the Northern Hemi-
(10.9+1.1)%yr ! above Kitt Peak between 1977 and 1990 sphere in the last few years is also visible in other FTIR time
was reported byRinsland et al(1991). It weakened dur- series for the later and shorter period 2004—2009 (Se8t.
ing the 1990s so that the trend for the period 1977-2001in contrast, the models show a more or less strong increase of
amounted to (4.380.15)% yr ! only (Rinsland et a].2002). HF at all locations without a discernible difference between
A leveling-off could be seen biander et al(2008 above  the hemispheres.
Jungfraujoch around 2003—-2004. This agrees very well with At some sites, the trends of HCI and CIONGhow sig-
the results of the present study at some of the northern hemiificant discrepancies in magnitude (Sest. This was al-
sphere sites, where the HF trends are much weaker for thesady described biohlhepp et al.(2011) for Kiruna and
period 2004-2009 than for 2000-2009 and 19962009, ofn the SPARC CCMVal(2010 report for the Jungfraujoch.
even negative (Seds.3). In Kiruna, the trends between 1996 and 2009 of these two
Part of the discrepancy between the modelled trends cagases differ by about a factor of four both for the FTIR mea-
be explained by the different halocarbon scenarios used in theurements and the KASIMA model calculation&@blhepp
simulations. Considering a time shift of a few years due toet al, 2011). When extending this investigation for Kiruna
the transport of CGland CF; from the surface to the strato- by the other 16 sites and four models in the present study, a
sphere, the weakest chlorine decrease in 2000-2009 woulhtitudinal dependency of the difference can be found in the
be expected from th&/MO (2007 Ref 2 scenario used by FTIR measurements in the Northern Hemisphere. In the low
KASIMA and the 2-D model (Figl). KASIMA indeed at  and high latitudes, CION©decreases much faster than HCI,
most sites shows the weakest decrease in HCl and CKDNO while in the midlatitudes, it decreases only slightly faster.
along with SLIMCAT (Fig.12 and Tablest and5). In con-  Concerning the difference between high and midlatitudes,
trast, the 2-D model shows a stronger decrease than expect@&MAC and SOCOL and to a certain degree also SLIMCAT
from the scenario. Above most of the measurement sitesshow a similar signal, while the other models do not show
also EMAC and SOCOL show stronger HCI and CIONO a distinct latitudinal dependency but a slightly stronger de-
decreases than expected from the surface halocarbon scerease of CION@at all sites.
narios they used. For HF, the 2-D model calculated much
weaker increases than KASIMA and SLIMCAT did (FitR
and Tab.6). This cannot be explained by the different sce- 8 Conclusions
narios because as already mentioned, KASIMA and the 2-
D model used the same one. A possible reason for a parfhere is an overall agreement between the models and mea-
of this discrepancy in the HF trends is the fact that the 2-surements in a decrease of HCIl and CION{fDrring the pe-
D model does not treat all halogen-containing species exiod 2000-2009, as is expected from the ban or restrictions
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An update of the former version of the database and software for the calculation of CO,-
air absorption coefficients taking line-mixing into account [Lamouroux et al. ] Quant
Spectrosc Radiat Transf 2010;111:2321] is described. In this new edition, the data sets
were constructed using parameters from the 2012 version of the HITRAN database and
recent measurements of line-shape parameters. Among other improvements, speed-
dependent profiles can now be used if line-mixing is treated within the first order
approximation. This new package is tested using laboratory spectra measured in the
2.1 pm and 4.3 pm spectral regions for various pressures, temperatures and CO, concen-
tration conditions. Despite improvements at 4.3 pm at room temperature, the conclusions
on the quality of this update are more ambiguous at low temperature and in the 2.1 pm
region. Further tests using laboratory and atmospheric spectra are thus required for the

evaluation of the performances of this updated package.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

It is now well known that obtaining accurate retrieval
of CO, atmospheric amounts in the Earth's atmosphere
from ground-based (TCCON [1]) or satellite-based instru-
ments (OCO-2 [2,3], GOSAT [4]) requires [5] one to take line-
mixing (LM) effects [6] into account. For example, OCO-2
aims to quantify and map the CO, sources and sinks.
Achieving this goal requires a precision better than 0.3%
[7] on the spectra calculation, placing strong constraints on

* Corresponding author.
E-mail address: jean-michel.hartmann@lisa.u-pec.fr (J.-M. Hartmann).

http://dx.doi.org/10.1016/j.jqsrt.2014.09.017
0022-4073/© 2014 Elsevier Ltd. All rights reserved.

the theoretical models and spectroscopic and line-shape
parameters used. In the 1.6 pm and 2.1 um regions retained
by GOSAT and OCO-2, LM essentially affects the troughs
between the (P and R) lines with significant effects on the
retrieved CO, amounts for optically thick paths [5]. The
spectral modifications due to LM are even stronger in Q
branches (e.g. [8,9], and those therein) with various con-
sequences for retrievals of atmospheric state parameters (e.g.
[6,10-12]). It is thus obvious that, since line mixing affects
most regions of CO, spectra this process must be accurately
modeled for numerous remote sensing applications.

A first update [13] of the LM database and software of
[14] was made based on spectroscopic parameters taken
from the HITRAN 2008 [15] and the CDSDs [16,17]
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databases. It included previously missing line-shape para-
meters (air-induced pressure shifts, broadening coefficients
by H,O and their temperature dependence, isotopologue
dependence, etc). The resulting package is included in the
HITRAN 2012 [18] database and has been widely used for
atmospheric remote sensing [11,19-25]. However, although
bringing [5] large improvements over calculations neglect-
ing LM effects in the R and P branches of £ — X bands, it still
does not always reach [20] the better than 0.3% targeted
accuracy. This may result from several limitations of the
data and model used. Firstly, the speed dependence of the
pressure-broadening (and pressure-shifting) coefficients
was disregarded, an approximation now known to have
non-negligible consequences [26-31]. Note that many other
subtle effects on the line shape may occur for which
numerous models have been proposed [6]. Nevertheless,
as far as CO, (in air) is considered, the speed-dependent
line-mixing [32] is the only one that can be implemented
for large scale spectra calculations due to missing data for
the other models. Secondly, a priori approximate CO,-air
line-broadening coefficients [33] were used that can now be
replaced using recent experimental determination [26-28].
Thirdly, the vibrational dependence of the broadening
coefficients and the self-broadening were not taken into
account. The study of Ref. [20] indicates that addressing
some of these limitations may bring improvements.

The present paper describes a new package, con-
structed using HITRAN 2012 and laboratory measurements,
in which these previous limitations are fixed and the line
positions and intensities are updated. For the test of this
new package, measurements have been made for CO,-air
mixtures in the 2.1 pm and 4.3 pm spectral regions, at 223 K
and room temperature. The remainder of this paper is
divided as follows. Section 2 describes the experiments
while the updates of the spectroscopic parameters and
software are presented in Section 3. The tests of the new
package using the laboratory spectra are presented and
discussed in Section 4. The article ends with an overall
discussion and concluding remarks in Section 5.

2. Experiments
2.1. Measurements at 4.3 ym

Unapodized transmission spectra of CO, (with natural
isotopic abundances) diluted in air at room temperature,
stabilized by an air-conditioning system, and at 223 K have
been recorded between 2200 and 2420 cm™' at the Uni-
versité Libre de Bruxelles, at a resolution of 0.01 cm™
(maximum optical path difference of 90 cm), using a
Bruker IFS 120 to 125h upgraded Fourier transform
spectrometer. The instrument was fitted with a Tungsten
source, an entrance aperture diameter of 1.70 mm (at
room temperature) or 1.30 mm (at 223 K), a CaF, beams-
plitter, a band-pass filter with a transmission range of
about 2010-2450 cm™' and a 77 K InSb detector. The CO,
(99.8% stated purity) and dry air samples were purchased
from Sigma Aldrich. Mixtures of CO, with air were directly
prepared in the 19.7 + 0.2 cm long double-jacketed stain-
less steel absorption cell used, fitted with CaF, windows
and located inside the evacuated spectrometer. Sample

pressures were measured using two MKS Baratron gauges
model 690A, of 1000 and 10 Torr full-scale ranges. At
223 K, the temperature of the cell was stabilized using a
constant flow of methanol cooled by an external NESLAB
model ULT-80 cryostat. The total and CO, pressures, and
temperatures are listed in the upper part of Table 1. At
room temperature, the temperature of the cell was mea-
sured using two TSic 301 sensors (IST Innovative Sensor
Technology; stated accuracy +0.3K in the 10-90 °C
range) fixed on the outer cell wall. The temperature of
the cold cell was measured using line intensities in the 2-0
band of C'®0 (Matheson), recorded twice at the same
conditions as the CO,+air recording. Transmittances were
generated for all the spectra using empty cell spectra
recorded at the same instrumental conditions, except for
the resolution set to 0.1 cm™, before and after the CO, + air
spectra. The spectra were calibrated by matching to
HITRAN 2008 [15] about 40 line positions in the v3 band
of 12C'0,, measured in low pressure (~0.007 hPa) spectra
of carbon dioxide recorded at the same instrumental
conditions as the CO,+air spectra and interpolated 8
times, with RMS deviations ~5-7 x 10> cm™.

2.2. Measurements at 2.1 ym

Four spectra were recorded with the Connes' type FTS
[34] built at GSMA [35,36]. This instrument has a 3-m
maximum optical path difference that corresponds to a
non-apodized resolution of 0.0017 cm~!. All the spectra
were recorded with the following optical setup: a Tung-
sten source, a SiO, beamsplitter, some lenses and windows
in BaF, and two InSb detectors to improve the signal to
noise ratio and to reject signal fluctuations of the source.
We used a optical filter ahead each detector to select the
recording spectral range. A 50-m long White cell [37]
coupled to the FTS has been used to achieve a path length
of 1603.5 + 0.8 m, recording absorption path length meters.
During all recordings the FTS was maintained under
vacuum and the pressure and temperature of the gas inside
the cell were continuously monitored. Pressures were
measured with two MKS Baratron capacitance manometers
and temperature was measured with platinum-resistance

Table 1

Spectra ranges, total and CO, pressures (in hPa), and temperature (in K)
used for each measurement. The numbers between parentheses repre-
sent the absolute uncertainty in the units of the last digit quoted.
The uncertainty on the pressure is conservatively set to 0.5% of reading.
Peak-to-peak variations of the total pressure during the recording of the
spectra were 10 to 25 times smaller.

Region P(CO,) P(total) T
2200-2420 cm ! 10.08 (5) 1043 (5) 295 (1)
518 (3) 1091 (5) 295 (1)
2.504 (13) 1015 (5) 295 (1)
5.28 (3) 1011 (5) 223 (2)
2425 (12) 1009 (5) 223 (2)
1.299 (6) 1009 (5) 223 (2)
4760-4921 cm ™! 14.41 (7) 977 (5) 291 (1)
10.12 (5) 974 (5) 291 (1)
7.05 (3) 973 (5) 291 (1)
4.00 (2) 975 (5) 291 (1)
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thermometers placed on the absorption cell. The FTS's room
was air-conditioned and we did not observe any variation of
temperature during the recordings. To ensure stabilization
of gas pressures and temperatures, spectra were recorded
several hours after filling the gases into the absorption cell
(first CO, and then air) to make the mixture. The experi-
mental conditions for the four spectra, recorded between
4760 and 4921 cm™! are given in Table 1.

3. Update of the line-mixing database and software

The structures of the present updates of the database
and associated software are quite similar to the previous
ones [13]. No changes were made to the Energy Corrected
Sudden approximation model [38,39] used for the calcula-
tions of the line-mixing relaxation matrix. However sev-
eral fields were added in the spectroscopic data files and
new subroutines were built in order to take the speed
dependence (SD) of the broadening coefficients into
account. Consequently the software is not compatible with
the former versions of the database and vice versa. Note, all
narrowing of spectral line is attributed to speed-dependent
collisional broadening and Dicke narrowing is not consid-
ered. This approximation is valid for the pressures consid-
ered in this study for which the Lorentz width is much
larger than the Doppler one. Besides there is, to our
knowledge, no self-consistent and sufficiently complete
set of data to calculate Dicke narrowed speed-dependent
CO-, line shapes.

3.1. Update of the database

As before [13,14], there is a spectroscopic file (or two in
the case of asymmetric isotopologues [14]) for each band of
each isotopologue. This file provides, together with new data,
the same information as the HITRAN 2012 database, the
parameters effectively used being, for each line: the position
oo, the intensity S (at 296 K), the lower state energy E”, the
rotational level identification J/ and J”, the air-broadening
coefficient airyVoigt (at 296 K) and its temperature depen-

dence exponent n®"

(at 296 K). Note that “"y,,,., and “iré‘,oigt must be used with a
Voigt profile. In addition to these, the spectroscopic data files
provide, as before [13], the self-broadening coefficient
%2y pige (at 296 K), the broadening coefficient #29y,,.. of
CO; lines by H,0 (at 296 K) and its temperature depen-
dence exponent n'20, The new parameters provided by
this update are the temperature dependence of the self-
broadening coefficient, and the speed-dependent broad-
ening coefficient by air (“y%,,), COy (%y%,,), water
("299,,), and the ratios Xaspy =*y%,,/ X%, (both at
296 K) describing the speed dependence of the broadening
coefficients through [40]

2
vy =%y (1 +Xaspy {(;) —%} ) (1

where X is the collisional partner (i.e. air, CO, or H,0) and v
and ¥ are the speed and the mean speed respectively.

, and the air-induced line shift "5,

Obviously, these broadening coefficients and ratios must
be used with speed-dependent profiles.

The values of o, S, E”, J and J*, n®" and %y, (see
discussion below on the broadening parameters in HITRAN
2012) were directly taken from the HITRAN 2012 database
but not those of “6y, 27y g, and Ty g For WMoy,
we have generated their values as described in [41]
because comparisons with measurements (as done in
[41]) show that better agreement is obtained than with
the HITRAN values. Regarding the self- and air-broadening
coefficients in HITRAN, they have been calculated as
described in [42-44] using intermolecular potential para-
meters adjusted in order to reproduce the speed-
dependent Voigt (SDV) values of Devi et al. [45]. They
thus do not correspond to ”i’yv()igt and %y, as would be
expected according to the database choices and descrip-
tion, but to 9ry?), and 2,2 . Due to this inconsistency,
we chose to build new sets of broadening coefficients
(except for €%2y2, ), following the following procedure.

First, the values of %"y, have been generated at 296 K
by averaging the measurements of Refs. [26,27] and [28]
for the 30012-00001 and 30013-00001 bands up to rota-
tional quantum numbers of J” ~ 50. The measured values
above J” ~ 50 were not considered due to the large scatter
on the various measurements. Inter comparisons of the
air-broadening coefficients of these references yield an
estimated uncertainty of 0.5%. In order to extend the set to
higher J” values, the measurements of Ref. [46], made for
the 00011-00001 band and analyzed with a Voigt profile,
have been used. After scaling (by a factor of 1.033) in order
to obtain agreement with the first set for J” <50, they
provide values of "%, up to J” ~ 80. In the absence of any
measurement for higher rotational quantum numbers,
Complex Robert-Bonamy calculations [42] have been used
up to J”~ 130 after a proper scaling to insure the con-
tinuity of the values with J”. The final set was then
smoothed and interpolated as a function of J’+]. The
value of g, , was fixed to the average of the values given

in [26,27] (“" g, = 0.11) and was considered temperature
and vibrationally independent due to lack of data. Note
that, according to [26,27] there seems to be a line-to-line
dependence of “ag,, (between 0.08 and 0.15 for J’
between 0 and 60) but, the latter being moderate and
having second order consequences on calculated spectra, it
was neglected. At this step we thus have a complete set of
SDV parameters [ie., “Ty3,,(296K) and “Tagp,, see Eq. (1)]
for 180 '2C'0-air transitions of the 3v; + v, band at 296 K.
These values of %"y, are plotted in Fig. 1 vs J' +]" for each
J <] rotational transition together with the measure-
ments used to generate them and the HITRAN 2012
air-broadening coefficients. As can be seen, the scaled
measurements of [46] are in good agreement with the
other experimental determinations [26-28] at low and
intermediate J'+J”. This validates the procedure used for
the generation the values for high rotational quantum
numbers. However, after scaling the measurements of [46]
(and our final set of values) disagree with the data in HITRAN
for J+]" greater than 80, the disagreement reaching about



J. Lamouroux et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 151 (2015) 88-96 91

0.100

0.095
0.090 ‘“
0.085 .
0.080
0.075 A

0.070 A

y (cm™.atm™)

0.065

0.060 A

0.055
0 20 40 60 80 100 120 140 160 180 200
J"+J'

Fig. 1. Comparison of the generated (see text) speed-dependent Voigt
air-broadening coefficients “"y2;,, (black line) with the HITRAN 2012 [18]
data (magenta line) and the measurements of [46] (multiplied by 1.033)
(open green circles), [28] (solid blue squares) and [26,27] (open red
triangles). The broadening coefficients for both the 30012 and 30013
bands are shown for these two last references. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

5% for J” around 80. Hence, one expects that using the
HITRAN broadening coefficients will lead to significant
deviations between calculated and experimental spectra,
a result confirmed in Section 4.

Recall that the values constructed as explained above
are for lines of the 3v;+v, band of '®0'C'®0 in air. In
order to complete the database, the half-widths for any
other band of any isotopologue were then generated using
the vibrational dependence predictions from Ref. [42,47]
and the isotopologue dependence described in Appendix A
of Ref. [13].

Starting from the now known values of “ry3, ,, those of
airVVoigt have been generated for all transitions by scaling
air, 9, by 0.985 which is the line-averaged ratio of the
Voigt to SDV air-broadening coefficients given in [28].

In order to account for the H,O (and/or CO,) broadening
of CO, lines one needs to know the value of 2%, .
1200w 2 1yoigr “2r9py and the speed-dependence para-
meters f20qg,, and Ozq,, for Eq. (1). For the self-broad-
ening, the values of ©%2y%,, were taken from HITRAN 2012
and 2 ag,, = Tag,,, ie. “Oagy, = 0.11 [26,27] was assumed
in the absence of relevant data. Note that this assumption was
also made in [26,27]. From 9249, the corresponding Voigt
values were obtained by a scaling factor of 0.978, a value
determined from the average of the Voigt to SDV half-widths
ratios from [29]. For water broadening, the values of #20y,, .,
were taken from the previous update [13]. Due to lack of data,
the SDV values 0,2, were generated using the same
average of Voigt to SDV broadening coefficients ratios than
for air-broadening, ie. 0.985, and #20a,, = 0.11. Considering
the relatively small contribution of CO,-H,0 and CO,-CO,
collisions in the atmosphere, all these approximations are of
negligible consequences.

Finally, the temperature dependence of self (1%2) and
water (n"20) broadening were taken from [42] and [13]

respectively. Note that n% was calculated for a tempera-
ture range of 200-350 K. For the three collisional partners,
the temperature dependence of the Voigt and the speed-
dependent Voigt broadening coefficients were assumed to
be the same. Finally, the speed-dependence parameters
aspy were considered temperature independent.

In addition to the spectroscopic files, the CO,-air
relaxation matrix (RM) files [13,14] have been updated.
In HITRAN 2012, the lower state vibrational angular
momentum #, and rotational quantum number J” reach
the values of 8 and 128 respectively, whereas the former
package was limited to ¢, =5 and J"=124 only. Conse-
quently, additional RM files have been generated (as
explained in [14]) and added with all data extended
up to J”=128. Note that, in the absence of a model for
C0O,-H,0, the relaxation matrices for CO,-air are used for
this system. Although a model exists for pure CO, [48] the
same approximation is made, for simplicity, for CO,-CO,.
These assumptions are obviously of negligible conse-
quences due to the relatively small amounts of CO, and
H,O0 in air and to the relatively small effects of LM.

The file (BandInfo.dat) giving general information on
the bands still provides the band identification, its overall
integrated intensity, the maximum value of J” for each
branch, and the minimum and maximum wavenumbers
between which the band contribution will be computed by
the associated software (determined as described in [13]).
The new database now contains more than 5300 bands
(or sub-bands) from 10 isotopologues.

3.2. Update of the (FORTRAN) software

The partition functions have been updated using the
most recent version of TIPS [49], which enables calculation
for the 10 CO, isotopologues included in HITRAN 2012.

Changes have been made in order to take the self-
broadening of CO, into account. This was done, despite its
effect is negligible for the Earth atmosphere, in order to
enable comparisons with laboratory measurements in
which the relative CO, amount is not fully negligible (as
in the ones used here, see Table 1).

The software has also been updated in order to offer
the user the possibility to take speed-dependent effects
into account. A new logical variable (“MixSDV”) has been
introduced as an input choice for the user who can set it to
“false” or “true” in order to perform purely Voigt and LM
calculations disregarding speed dependence effects (using
Wy voigts “Tvoiger 7 Tvoige) OF taking the latter into account
(using “ry%,, and agpy, 2y, and @ag,, 09, and
H204¢,) respectively. The SDV profile, first introduced by
[50], was added to the software using the subroutine
described in Ref. [51], built using the analytical develop-
ment of [52,53]. Note that, since using speed-dependent
relaxation matrices would be extremely costly, even when
the speed dependence is restricted to the diagonal (broad-
ening coefficients) terms, MixSDV =*“true” implies that the
first order approach [14,54] (based on the coefficients Y;) is
automatically used. In this case, the “Mixfull” logical
variable that conditions the full relaxation matrix calcula-
tion is thus automatically set to “false” by the software.
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4. Tests of the update using laboratory spectra at 2.1 pm
and 4.3 pm

4.1. Calculations and spectra analysis

For comparisons with each measured spectrum, three
types of calculations have been performed. The first two
ones considers LM effects, using either the database + soft-
ware of Ref. [13] (LM but no SD) or the updated package
(LM and SD). As the full relaxation matrix cannot be easily
used with the SD broadening coefficients and in order to
perform meaningful comparisons, all calculations were
carried within the first order treatment of line-mixing
using the associated coefficients Y; [14,54]. The third type
of calculation uses the present updated package and
neglects LM (SDV).

Tests show that comparisons between measured spec-
tra and those directly calculated for the stated experi-
mental conditions lead to significant residuals. Their
analysis indicates that they are essentially due to errors
in the intensities of the lines and/or uncertainties on the
CO, amount in the experimental samples but not to the
line-shape parameters or the line-mixing model. These
errors can be estimated to be 5% maximum, however
whether this falls within the cumulated uncertainties on
the measurement and spectroscopic data is a difficult
question to answer due to the considerate amount of lines
and bands contributing to the spectra. Since line-by-line
empirical changes to the spectroscopic data are obviously
beyond the scope of this paper and in order to test the
quality of the spectral shape modeling, the CO, abundance
was floated. It has been adjusted together with linear
baselines for the 0% and 100% of transmission levels
through least square fits of the calculated spectrum to
the measured one. Due to the significant contribution of
16013C1%0 in the spectra, its amount was also fitted in
addition to that of all other isotopologues. For these
isotopologues, the natural relative isotopic ratios were
assumed. Due to strong absorption of water in the 2.1 pm
region (where laboratory air was used as buffer gas), its
contribution was taken into account and its amount was
fitted (note that the H,O broadening of CO, lines was then
taken into account). This nevertheless leaves significant
residuals (likely due to spectroscopic knowledge) in the
vicinity of H,O lines. In order not to mask errors in the
calculations of the CO, spectra, the spectral points where
the H,O transmittance was less than 0.91% have been
removed, yielding a few “holes” in the corresponding plots
but without significant consequences for the test of the
CO, calculations. Finally, instrumental effects arising from
the truncation of the interferogram and finite iris diameter
were included as fixed contributions, through the proper
instrument function.

4.2. Tests of the update near 4.3 ym

As a first test, three calculations taking LM effects into
account but disregarding speed-dependence have been
carried for the conditions of the most absorbing spectrum
(the first in Table 1). The first one uses the former version
of the database/software [13] while the second one uses

the present update with the air-broadening coefficients
from HITRAN 2012. Since, as mentioned above the latter
actually correspond to %y, they were scaled by 0.985 [to
generate “'y,,,.. (see Section 3.1)] for the third calculation.
The measured-calculated spectra residuals from the fits
using these three calculations are plotted in Fig. 2a-c.
Before discussing the results, note that the °0'?C'%0 and
16013C'50 concentrations fitted from the three calculations
are all about 6% larger and less than 2% smaller, respec-
tively, than those expected and given in Table 1. This may
result from experimental errors in the determination of
the relatively small (about 1%) CO, amount in the mixture
but also from the input spectroscopic data used.

Fig. 2b and ¢ shows that the maximum amplitudes of
the residuals with the HITRAN 2012 broadening coefficients
are about twice larger than those obtained when using the
former version of the package. This is particularly obvious
above 2375 cm™ !, a region where lie high J” lines (J’ > 50),
whose broadening coefficients are significantly overesti-
mated (see Fig. 1). Despite an improvement for this region
when the scaled broadening coefficients are used (Fig. 2d),
the measured-calculated deviations are still larger than with
the former set of broadening coefficients [13].

A first test of the new package is presented in Fig. 3. The
most absorbing experimental spectrum recorded at room
temperature (294.8 K) is presented in Fig. 3a whereas the
measured-calculated deviations obtained with a SD+LM
and a SDV (i.e. no LM effects) profile are plotted in Fig. 3b
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Fig. 2. (a) Measured transmission for the conditions of the first spectrum
in Table 1 and measured-calculated residuals using (b) the former version
of our database [13], (c) the HITRAN 2012 database and (d) the HITRAN
2012 database with air-broadening coefficients scaled by 0.985. All the

calculations take line-mixing effects into account but disregard the speed
dependence.
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Fig. 3. (a) Measured transmission the conditions of the first spectrum in
Table 1 and measured-calculated residuals using the new version of our
database and software (b) with and (c) without line-mixing effects. All
the calculations were carried taking speed dependence into account.

and c respectively. The large residuals obtained when LM
is neglected, which demonstrate their importance espe-
cially near the v3 band head (around 2380 cm™!'), are
largely reduced when LM is taken into account. Discre-
pancies nevertheless remain in the whole absorption
domain, even in regions that are not affected by LM, such
as the P-branch of the v5 band of '®0'3C'°0 (between 2225
and 2280 cm™!), a result for which we have no explana-
tions yet and that will be discussed later.

The consequences of the present update can be tested
by comparisons of the measured-calculated deviations
obtained with the former and new version of the package.
The obtained residuals are plotted for three different CO,
concentrations in Fig. 4b—d. As can be seen, the use of the
new package reduces the residuals on average, except in
the '°0'3C'0 region (2225-2280 cm ™', as already shown
in Fig. 2) where they indicate that the broadening coeffi-
cients used are too large. However the improvements
brought by this update are smaller with decreasing CO,
concentration. These results are confirmed by the analysis
of the root mean square (rms) deviation between mea-
sured and calculated transmissions z. The latter, were
calculated over the spectral range of the plots from:

e ﬁ-gl ((epees—epi?). @)

and the values obtained for the calculations using the
former (rms1) and the present update (rms2) are given in
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Fig. 4. (a) Room temperature (294.8 K) measured transmissions in the vs
band region for 0.97% (black curve), 0.48% (red curve) and 0.25% (olive
curve) CO, in air at room temperature. Differences between these
measured spectra and those calculated with the former (LM but no SD,
red curves) and the new (SD+ LM, black curves) version of our database
and software are respectively plotted from (b) to (d), in order of highest
to lowest to CO, molar fractions. The root mean square values are given
for the former (rms1) and the new (rms2) calculations. (For interpretation
of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig.4. For all calculations rms2 are the smallest, and the
relative errors between rms1 and rms2 decrease as the CO,
amount decreases. In all the cases, the values of the rms
are about twice smaller than if LM effects are neglected.

Similar comparisons at low temperature (223 K), plotted in
Fig. 5, lead to similar conclusions although the improvements
are almost negligible as shown by the values of rms1 and rms2
given in the figure. This may be due to a compensation
between errors on the room temperature air-broadening
coefficients and on their temperature dependences.

In order to test the importance of speed dependence
effects, LM calculations have been carried using the pre-
sent update with (using “y2,, and “agp,, 2y, and
€024¢,,) and without speed dependence (using airVVoigt and
%2y, )- The results of this exercise are presented in Fig. 6
for the most absorbing spectrum (the first of Table 1). As
can be seen, the introduction of SD yields an overall slight
improvement although significant residuals remains that
will be discussed in Section 5.

4.3. Tests of the update at 2.1 ym

Tests of the former and new packages, similar to those
presented in the previous section, were also made in the
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2.1 pm region at room temperature (291 K). An example of
the results obtained is plotted in Fig. 7 where the residuals
obtained with and without inclusion of LM effects are
shown for the most absorbing spectrum (see Table 1).
Again, many of the residuals are likely due to erroneous
spectroscopic parameters (including those for H,O lines).
Nevertheless, as for the 4.3 pm region, neglecting LM
effects leads to larger errors, with residuals in the affected
regions (4820-4900 cm ') about twice larger than when
LM is taken into.

The influence of the update can be seen in Fig. 8 where
results obtained with the former and new versions are
plotted. Contrary to the 4.3 um region, the comparison of
the residuals do not allow us to draw a clear conclusion
about the improvements brought by the update, a result
confirmed by the rms analysis. Possible reasons for this
difference with the 4.3 pm region are the poorer signal to
noise ratio and spectroscopic knowledge and the perturb-
ing contribution of H,0 lines.

5. Discussion and conclusion

A new update of the database+software package for
the calculation of the absorption coefficient of CO, (in air)
infrared bands, that takes line-mixing effects into account,
is proposed. Due to some inconsistency of the HITRAN
2012 line shape parameters, new sets of pressure broad-
ening (and shifting) coefficients have been generated,
based on accurate measurements from the literature.
Furthermore, the speed dependence of the broadening is
now included. In order to test this new package, transmis-
sion spectra have been recorded for various conditions in
the 2.1 and 4.3 pm regions. Their analysis shows that, with
respect to the former version, the proposed new
data+software update brings improvements at 4.3 pm
for room temperature conditions. This is much less
obvious at 223K and in the 2.1 um region even though
no degradation is observed. While much better agreement
with measurements is obtained than when line-mixing is
not taken into account, residuals of typically + 0.5%
remain. This error is higher than that targeted for the
satellite-based remote sensing of atmospheric CO, [3,4,7].
When compared with the results of [26-28] those of the
present study raise a number of questions since our
residuals are much larger than those in these references.
A very likely explanation for part of this difference is
inconsistencies in the line intensities (and positions) of
the various bands contributing to our spectra. The differ-
ences in the line-mixing models may also be invoked
although tests indicate that this should have small con-
sequences. In any case, these explanations do not apply to
the v3 band lines %0'C'0 in our spectra since they are
not affected by LM and since this isotopologue amount
was adjusted. For these transitions, the analysis of the
residuals shows that our calculation leads to lines that are
too broad although their shapes were modeled with data
from [26-28]. This points out a clear inconsistency
between these studies and ours for which we have no
explanation at this time. There is thus a strong need for
further tests of the proposed new package using labora-
tory and atmospheric spectra for various spectral domains

and experimental conditions of pressure and temperature.
Since it will soon be available to the scientific community,
the authors of the present work are looking forward to the
feedback information that will be brought by future users.
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The Fourier transform infrared spectrum of ethane between 2860 and 3060 cm~' has been re-investi-
gated under high resolution at 229 K. The infrared absorption in this region is due mainly to the CH
stretching fundamentals vs (parallel band) and v; (degenerate perpendicular band), and to the parallel
combination system vg + vy (A4s, Ass). All the relevant perturbation mechanisms affecting the observed
absorption patterns have been clarified. In particular, the main perturbers of the v, state are identified
to be the degenerate vibrational combination states vg+ vq; (I-type interaction) and v3+2v4+vg
(Fermi-type interaction). Because of the last interaction, the K”AK = —6 transitions occur with intensities
comparable to both the infrared active fundamental v; and the almost dark combination v3 + 2v4 + vg. The
parallel combination system vg + v (Ass, Ass) is overlapped and heavily perturbed by the nearby parallel
system v4 + vy + V12 (Ags, A3s), Whose K-structure is spread by the strong z-Coriolis interaction of its two
vibrational components. In this work, 95 new transitions to the perturbers of v; have been assigned. They
belong mostly to the degenerate vibrational states vg + vi; (E14) and v3 + 2v4 + vg (E14), and to the parallel
system vg + V17 (Ags, Ass). A least squares fit calculation, limited to the v; degenerate fundamental and
its degenerate perturbers vg+ viy, V3 +2v4+ Vg, V4+ Vi1 + Vi, and v3+3v,+vip was performed. From
the results of this fit, we created a line-by-line database containing the molecular parameters for 4969
transitions in these five bands of 2C,Hg. Finally, we identified the degenerate combination band
v, + vg (62 observed transitions) to be the main perturber (x, y-Coriolis-type interaction) of the parallel
fundamental vs.
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1. Introduction 1

occurring in the first region near 822 cm™', including torsional
splittings caused by the interaction with the torsional system 3v,

From the theoretical point of view, ethane is a key molecule (v4 near 289 cm™! is the torsional mode of vibration), became

because of its highly symmetric geometry, involving two coaxial
identical internal rotors, and its peculiar large amplitude torsional
dynamics, resulting in an extremely dense and complex rotational
and torsional structure of its infrared bands. Apart from fundamen-
tal interest, the understanding of the spectroscopy of ethane is also
of importance in various fields. For instance, ethane is present in
various environments, including the Earth’s atmosphere in which
it is the second most abundant hydrocarbon, the atmospheres of
outer planets, and comets.

The five infrared active fundamental transitions of ethane de-
fine three main spectral regions, around 12 pm, 6.2-7.5 pm, and
3.3 um. The first two regions have been extensively studied.
Numerical rotational analyses of the degenerate vg fundamental

* Work presented at the 21st Colloquium on High-resolution Molecular Spec-
troscopy, Castellammare di Stabia, Italy, 2009.
* Corresponding author.
E-mail address: car.dilauro@gmail.com (C. di Lauro).

0022-2852/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.,jms.2011.02.003

available early in the 1980s [1-3]. However, a very accurate anal-
ysis of this region has been performed only recently [4]: it included
the vg band, the associated hot transitions (v4 + vg) — Vg4, the infra-
red inactive C-C stretching fundamental v5 (near 995 cm™!, acti-
vated by perturbations at resonance), the v,,-vg difference band
near 385 cm™! (vq, is the symmetric CH; rock, near 1195 cm™1),
and the torsional bands v4, 2v4-v4 and 3v,4. The second region is
probably the most studied infrared region of ethane. It is domi-
nated by the vg fundamental band (degenerate antisymmetric
deformation of the two methyl group, near 1472 cm™!), perturbed
by the vg fundamental (mostly an asymmetric CH; umbrella vibra-
tion, near 1379 cm™') and the 2v,4 + v, bands. However, the rota-
tion-torsion analysis of this region proved to be difficult, because
of the high density of spectral lines and anomalous line patterns
caused by numerous perturbations. It is worth mentioning a tenta-
tive analysis of the vg band performed by Susskind in 1974 using a
grating spectrum with unresolved torsional structure [5], followed
much later by the work of Lattanzi et al. [6], Hepp and Herman [7],
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and our work on the hot system (v4+ vg) — vg [8], all relying on
Fourier transform spectra. However, a global numerical analysis
of this spectral region was not performed until 2008, when we
were able to analyze the interacting system vg, Vg, V4+ Vi3,
2V4 + Vg, and the hot transitions from v4 to v4 + vg [9]. Such a global
analysis became feasible when we understood that all the complex
and multiple resonances affecting this spectral region occur within
the (v, Vs, V4 + V12, 2V4 + vg) system only. Further work on this re-
gion is still in progress [10]. It led to the creation of the first line-
by-line database containing the molecular parameters for over
20 000 '?C,Hg transitions at 7 pm [11].

The region around 3.3 pm, where the infrared active CH stretch-
ing fundamental vibrations vs and v; occur respectively near 2896
and 2985 cm™!, is even more complex. It has not yet been analyzed
by any model Hamiltonian, in spite of its relevance in applied
spectroscopy. Indeed, the v; band exhibits a series of very strong
Q-branches, commonly used for the atmospheric monitoring of
ethane [12,13]. Outstanding spectroscopic data on this spectral
region were obtained by Pine and Lafferty [14], who studied a
Doppler-limited absorption spectrum recorded at 119 K (Doppler
FWHM = 0.0043 cm~') with a tunable difference-frequency laser
spectrometer. These authors report extensive and very accurate
assignments of rotation-torsion lines belonging to the vibrational
bands v; and vs, and the parallel band vg + v (v11 is the degener-
ate symmetric deformation of the two methyl group, near
1468 cm™1), and several lines assigned to an unidentified perturber
of vs. They also describe accurately the most prominent anomalies
in the spectrum. However, the numerous and strong perturbations
observed in this 3.3 pm region have never been clarified since then.
The availability of this outstanding dataset prompted us to reinves-
tigate this spectral region, with the aim of improving the present
knowledge and understanding of the mechanisms generating the
observed complex spectral features. Note that infrared absorption
cross sections have recently been measured in this range [15].

With the present contribution, we report results of a least
squares fit of the transitions assigned to the fundamental v, band
and some of its perturbers, and propose perturbation mechanisms
for the other bands observed in this region, that is the vs funda-
mental band and the parallel components of the vg + v{; combina-
tion band. With our analysis, we were able to assign 95 new
transitions to the perturbers, which were added to the dataset gen-
erated by Pine and Lafferty [14].

2. Experimental details

Four unapodized absorption spectra of ethane have been re-
corded at a resolution of 0.0034 cm~! (FWHM of the sinc function,
maximum optical path difference=180cm) using a Bruker
IFS125HR Fourier transform spectrometer, fitted with a Tungsten
source, a CaF, beamsplitter, a low-pass filter with a cut-off near
5800 cm™~!, and an InSb detector. The sample was contained in a
19.7-cm long stainless steel cell, at pressures from 0.2 to 1.4 hPa
and temperatures of 280 and 229 K. In addition, one spectrum
was recorded at a resolution of 0.0039 cm™!, the sample being in
a 5.15-cm long aluminum cell, at 0.9 hPa and 296 K. This latter
spectrum is shown in Fig. 1. Only the spectrum recorded at 229 K
(pressure = 0.5 hPa) was used in the present analysis.

The positions of C;Hg lines were measured in the first four spec-
tra by fitting the observed line shapes to a Voigt profile, including
instrumental effects, using software written in Brussels [16]. They
were calibrated using absorption lines in the v3 band of residual
water vapor present in the evacuated instrument and the 2006
update of HITRAN 2004 as reference [17]. Their accuracy was
estimated to be better than 0.0005 cm™! by comparison of the cal-
ibrated positions of the same lines measured in the various spectra.
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Fig. 1. Overview of the spectrum of ethane near 3.3 um (0.9 hPa, 5.15 cm, 296 K),
recorded at a resolution = 0.0039 cm~' using a Fourier transform spectrometer.

Indeed, the RMS deviations in the six sets of differences, involving
from 733 to 2147 differences, are in the range 1.8-3.3 x 1074 cm ™.

3. Description of the spectrum and corresponding energy levels
structure

As Fig. 1 shows, the 3.3 um region of the ethane spectrum is
dominated by the vs and v; fundamental bands. The A4, parallel
component of the vg+v;; combination band, centered between
the two fundamentals, also contributes to the absorption in this re-
gion [14]. The nine narrow structures, standing out near the central
part of v,, are Q-branches with K”AK from —4 to 4. Even at Dopp-
ler-limited resolution, they appear as narrow features with almost
unresolved J-structure. The other Q-branches either appear to be
broadened by strong perturbations or are weak, and are therefore
hardly identified in the compressed spectrum shown in Fig. 1.

The vibrational states occurring in this region are schematized
in Fig. 2. Their high density does in fact suggest that the spectral
patterns have to be quite complex, because the vs and v states
can be perturbed by many states and these perturbers can be
themselves affected by perturbations. These perturbations can
additionally induce unpredictable irregularities in the rotation-
torsion energy levels structure in these states.

Table 1 lists the v;, vs and vg + vq; states together with states
(here called “perturbers”) identified in the present work to perturb
them through interaction mechanisms at least qualitatively under-
stood. The symmetry species of the states under the G3g(EM) ex-
tended molecular group [18] are also given. The last two
columns provide the values of the { z-Coriolis constant of the
states, defined in Eq. (2) for the degenerate vibrational states and
linking the A4 and Ass components of non-degenerate vibrational
combination states. Note that interactions are also expected to oc-
cur among the perturbers. In fact, a strong interaction mainly due
to the operator (qs_pi2+ — Ps—q12+)Jy and its complex conjugate (Jy
is the torsional angular momentum operator, with y being half the
torsional angle) couples the perturbers in group 1 of Table 1 with
those of group 3, the perturbers of groups 2 and 4, and those of
groups 5 and 6.

4. The fundamental v

The most obvious perturbation of the fundamental v; band ap-
pears as a sudden change of the degradation of the J-structure for
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u-vibrational levels of D34 classified under Gag(EM)
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Fig. 2. Manifold of infrared active vibrational states of '2C,Hg in the region of the
CH stretching fundamentals. The torsional components of the v3 + 3v4 + vy, state are
heavily split because of the high excitation of the torsional mode v4, and occur in a
spectral range represented by the vertical line.

the sub-branches with K”AK =5 and 6. This can be seen in Fig. 3 for
Qs and "Qg. We explain this perturbation as resulting from a I-type
interaction with Al = +2 and Ak = ¥1 [I(2, —1) interaction] between
the v, state and the degenerate component of the combination
state vg+ vy, identified by Hepp and Herman [19] using a slit
jet cooled Fourier transform spectrum. Indeed, the vibrational
frequency and Coriolis coefficient of that state are such that the
I(2, —1)-resonance with v; can be predicted to occur precisely
where observed, that is for K’AK between 5 and 6. Note that the
stronger torsional component of 'Qs is affected by a further reso-
nance interaction, with J-crossing near J = 20-21, probably of the
type Al=0, Ak=13 with the v3+3v,+ vy state. Its effects are
clearly seen in Fig. 3: the relative positions of the J-pairs (19, 20)
and (21, 22) are inverted.

To characterize the (2, —1) interaction between v; and vg + vq;
(Eqq4 o1 Eys), transitions to the latter need to be identified. We found

Table 1

it quite difficult to detect such transitions in our spectrum at 229 K,
except for the "Qp-branch. This branch is clearly observed in the
spectrum at 119 K printed in the article by Pine and Lafferty [14],
who also report the corresponding line positions, without assign-
ments. With the help of a slit jet cooled spectrum [19], we could
assign transitions with K’AK from —1 to 1. These assignments
are reported in Table 2.

The branches K" AK = —6 of v, consist of two vibrational compo-
nents, as shown in Fig. 4 for the PQg branch. Each line of these two
components is in turn split by the torsional tunneling mechanism,
with the stronger torsional component appearing at energies lower
than the weaker one. The latter is consistent with an excitation of
the torsional mode v4 by an even number of quanta, which is easily
found to be 2 from the magnitude of the torsional splittings (de-
tected much better in the PPg transitions than in the PQg shown
here).

The perturber of the v, state is identified to be the degenerate
state v3 + 2v4 + vg, in anharmonic resonance with v,. Pine and Laff-
erty [14] assigned the lower frequency component to v; (°Qs in
Fig. 4), and the other component (PQg in Fig. 4) remained unas-
signed. The fundamental v, is the lower component at the low J,
and the first few J-lines of the higher frequency component are
not observed because the interacting levels are not yet close to res-
onance, and v3 + 2v4 + vg does not steal enough intensity from v;
(see Fig. 4). However, the interacting pairs of levels get closer as J
increases, because the rotational parameter B is smaller in the per-
turber owing to the excitation of v4, and eventually a J-crossing oc-
curs, at about J=12. In Table 3, we report wavenumbers and
assignments for these transitions with K”"AK = —6.

5. Tentative analysis of the v; band

5.1. Hamiltonian model

Owing to the extremely complex structure of this spectral re-
gion, only a rough attempt to a numerical analysis seemed to be
feasible. We found that the perturbative effects of non-degenerate
vibrational states on the degenerate state v; could be disregarded
in a first approximation. So, we restricted our analysis to the fun-
damental v; and to the above mentioned degenerate perturber
states vg + vy; and vs + 2v4 + vg. In the course of the least squares
fit calculations, we realized that the fit improved with an expanded
model in which vg+vq; interacts with v4+ vq;+ vy, mainly
through the operator (qs_p12+ — Ps_q12+)Jy and its complex conju-
gate (see Section 3, Table 1). For small torsional splittings, as in our
case, this interaction can be treated as a simple Fermi-type

Vibrational states, and their energy, identified in the present work in the CH stretching region of 2C,Hg. The last 2 columns provide the values of the ¢ z-Coriolis constant of the
states (defined in Eq. (2) for the degenerate vibrational states and linking the A4 and Ass components of non-degenerate vibrational combinations).

Vibrational state vo (cm™1) Comments { (Ags, Ass) ((E)
v7 (E1q) 2985.04 Fundamental 0.116
Vs (Ags) 2895.64 Fundamental
1 vg + V11 (E1q OF Eag) 2931.84 Observed for K"AK=—1to 1 0.01 0.554
vg + V1 (Ass) 2954.3 Observed for K up to 11
vg + Vi1 (Ass) 2954.2
2 V3 +2v4+ vg (E1q) 3003.26 Observed for K’"AK = —6 -0.417
3 Va4+ V11 +Vyp (Eqq OF Exg) 2952.7 0.74 —-0.169
Vgt V11 + V12 (Ags) 2952.2 Observed for K=1 and 2
Va+vin+viz (Ass) 2944.0
4 Vv3+3v4+ vz (Erq) 2954 Large torsional splittings (about 40 cm™1) 0.413
5 va + vg (Eqq) 2863.1 Strong perturber of vs -0.30
6 Vo + Va4 + Vyp (Eqa) 2880.3 0.41




74 F. Lattanzi et al./Journal of Molecular Spectroscopy 267 (2011) 71-79

|19

gl ! | J
il 18
b s RRo(12)
R RR.,(7
Qs Eszg 20 i
4 t 4 } : -
3003.6 3003.8 3004.0 3004.2 3004.4 3004.6
RQG E 3¢ 17 16 15 14 8 7
[ I
L
| 27 nf |
[o]
tl £
| g
B 9 R1(17)
. Qg Aqg . 15 |
'P R2(19) 12
Raa) | Rrg(14
RR,(11) o149 | o
RR3(6) .  Rry@) "Ra@  om?
3006.0 30062 30064 30066 30068  3007.0  3007.2

Fig. 3. The "Qs and "Qg branches of v;, showing the opposite effects of a I(2, —1)
interaction with the degenerate component of vg + vy, just before and after the K-
crossing (see text for details).

coupling [9]. We also added the degenerate state v3 + 3v4+ vy, to
the Hamiltonian matrix, because the account of its Fermi-type
and I-type interactions with v; improved the fit. This last state is
also coupled to vs; + 2v4 + vg by the mentioned operators (qs_pi2+
— Ps_q12+)]y (see Section 3, Table 1), but calculations including this
interaction proved to be poorly determined. This coupling was
therefore disregarded, its effects being supposedly absorbed in
the effective values of the other parameters of the two states. Thus,
we used a model including five degenerate vibrational states: v,
Vg+ Vi1, V3 +2V4+ Vg, Va4 + Vi1 + V12, and vz +3v4+ vy, all active by
symmetry for electric dipole transitions from the ground state.

In the present analysis, small torsional splittings in the v,
Vg + V11, V4 + V11 + V2 and ground states were accounted for by
the usual one-parameter expression [20,21], that we write in the
form:

VoD, Iy) =0 —2(—1)"X, cos(a21/6) (1)

where 7 represents the ensemble of vibrational quantum numbers,
inclusive of the torsional-vibration quantum number 2y, X, is a gen-
erally positive parameter whose value increases rapidly with v,, but
depends also upon the excitation of the small amplitude vibrational
modes, and ¢ =0, 1, 2 and 3 for the components of torsional sym-
metries I'y = Ajs (Or Asg), Esg, E3s and Asq (or Aqq), using As and Eq
vibrational basis states. For larger splittings (as observed in the
v3+2v4+ vg and v3 + 3V, + vy, states), a vibrational energy v° has
to be determined for each of the four torsional components. Note
that the components A;s and Asq occur with the even values of 7y,
whereas the components Ass and A4 occur with the odd values of
4. Diagonal matrix elements are given as usual by

Table 2

Assignments of transitions in the degenerate vg + v{; band. Line positions are from
this work; the values between parentheses are from [14]. Numbers listed in column
“A” are relative absorption line intensities, in arbitrary units. The ground state
vibration-rotation-torsion symmetries in the G3g(EM) extended molecular group are
also given. The ground state energies E” were calculated using the constants reported
in [2,23].

Line position (cm™') A I Ky K’ Sym. E’(cm™!)
29175216 ------- 8 0 9 1 Gs 61.6688
2918.7157 - ------ 7 0 8 1 Gs 49.7373
29199217 ------- 6 0 7 1 Gs 39.1310
2921.1450 - - ----- 5 0 6 1 Gs 29.8501
29223730 ------- 4 0 5 1 Gs 21.8946
2923.6325------- 3 0 4 1 Gs 15.2649
2924.5337 (.5336) 16 4 2 5 1 Gs 21.8946
29249024 ------- 2 0 3 1 Gs 9.9609
2926.1969 - - ----- 1 0 2 1 Gs 5.9829
2928.8490 (.8472) 13 1 0 1 1 Gs 3.3308
2928.8804 (.8829) 10 2 0 2 1 Gs 5.9829
2929.0027 (.0096) 8 4 0 4 1 Gs 15.2649
2929.1005 (.0992) 18 5 0 5 1 Gs 21.8946
2929.2026 (.2016) 11 6 0 6 1 Gs 29.8501
2930.0259 (.0254) 14 3 1 3 0 Az 7.9524
2930.0865 (.0854) 7 4 1 4 0 Ars 13.2564
2930.1602 (.1617) 23 5 1 5 0 Az 19.8862
2930.2509 (.2494) 8 6 1 6 0 A 27.8416
2930.3610 (.3603) 21 7 1 7 0 Az 37.1226
2930.4815 (.4812) 21 8 1 8 0 Ars 47.7290
2930.6189 (.6185) 21 9 1 9 0 Axs 59.6605
2930.7714 (.7720) 14 10 1 10 0 Aqs 72.9169
2930.9375 (.9384) 29 11 1 11 0 Az 87.4981
2931.0472 - ------- 8 2 2 2 1 Gs 5.9829
2931.1067 (.1016) 13 3 2 3 1 Gs 9.9609
2931.1622 (.1604) 6 4 2 4 1 Gs 15.2649
2931.2354 (.2342) 6 5 2 5 1 Gs 21.8946
2931.3169 (.3195) 11 6 2 6 1 Gs 29.8501
2931.4342 (.4343) 9 7 2 7 1 Gs 39.1310
2933.6992 (.7074) 2 2 1 1 Gs 3.3308
2935.0847 (.0788) 3 2 2 1 Gs 5.9829
2936.4661 (.4654) 4 2 3 1 Gs 9.9609
2937.8652 (.8647) 5 2 4 1 Gs 15.2649
2939.2723 (.2680) 6 2 5 1 Gs 21.8946
2940.7151 -------- 7 2 6 1 Gs 29.8501
p
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Fig. 4. The PQg branches of v; and v3 + 2v4 + vg in Fermi-type resonance. The lower
frequency component corresponds to v, for the low values of J, then a J-crossing
occurs (see text for details).

E[(, Iy, (£1),],K] =V°(2,T) + (A— B)K* + B[(J + 1)
—DJP(J+1)° = DpJ(J + 1)K?* — DgK* T [2A¢
—nJJ+1) - nK*IK 2)

K is the absolute value of the z-axis total angular momentum quan-
tum number k, and the symbols (+I) and (-I) identify states with
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Table 3

Assignments, positions and lower state energies for the K" AK = —6 transitions to the resonating v; and v3 + 2v, + vg states. Line positions are from this work; the values between
parentheses are from [14]. Numbers listed in column “A” are relative absorption line intensities, in arbitrary units. Transitions to the higher energy vibrational component were
observed but not assigned by Pine and Lafferty [14]. The ground state vibration-rotation-torsion symmetries in the Gsg(EM) extended molecular group are also given. They are all
single valued, therefore the “s” subscript to the symmetry species is omitted. The ground state energies E” were calculated using the constants reported in [2,23]. See text for

details.
Line position (cm™') A J K J K" Sym Vibrational component E’ (cm™")
2938.3734 (.3796) 15 21 5 22 6 Ao Higher 407.4047
2939.6826 (.6831) 24 20 5 21 6 A2 Higher 378.2796
2941.0161 (.0153) 23 19 5 20 6 A1z Higher 350.4746
2941.8183 (.8178) 37 17 5 18 6 Ao Lower 298.8271
2942.2012 (.2010) 13 17 5 18 6 E3a Lower 298.8328
2942.3586 (.3579) 23 18 5 19 6 A1z Higher 323.9903
2943.4278 (.4274) 23 16 5 17 6 Ao Lower 274.9856
2943.7126 (.7121) 25 17 5 18 6 Ao Higher 298.8271
2943.7911 (.8073) 12 16 5 17 6 Es4 Lower 274.9913
2945.0017 (- ----- ) 16 15 5 16 6 Ai2 Lower 252.4662
2945.3294 (.3291) 10 15 5 16 6 Ez4 Lower 2524718
2946.5172 (.5175) 24 14 5 15 6 Ao Lower 231.2692
2946.7944 (.7942) 16 14 5 15 6 Es4 Lower 231.2749
2946.4711 (.4709) 26 15 5 16 6 Ai2 Higher 252.4662
2947.8845 (.8839) 25 14 5 15 6 Ao Higher 231.2692
2947.9964 (.9960) 21 13 5 14 6 Ao Lower 211.3951
2948.2216 (.2221) 24 13 5 14 6 Es4 Lower 211.4008
2949.3120 (.3115) 25 13 5 14 6 Ao Higher 211.3951
2949.4360 (.4349) 30 12 5 13 6 Ao Lower 192.8443
2949.6144 (.6144) 26 12 5 13 6 E34 Lower 192.8500
2950.7678 (.7667) 24 12 5 13 6 Ai2 Higher 192.8443
2950.8433 (8420) 35 11 5 12 6 Ao Lower 175.6171
2950.9900 (.9897) 31 11 5 12 6 Esy4 Lower 175.6228
2952.2287 (.2277) 38 10 5 11 6 A1z Lower 159.7139
2952.2345 (.2339) 24 11 5 12 6 Ao Higher 175.6171
2952.3560 (.3546) 27 10 5 11 6 Esy4 Lower 159.7195
2953.5973 (.5966) 56 9 5 10 6 Ao Lower 145.1348
2953.6979 (.6965) 28 9 5 10 6 Es4 Lower 145.1405
2953.7287 (.7285) 23 10 5 11 6 Ai2 Higher 159.7139
2954.9524 (.9516) 47 8 5 9 6 Ao Lower 131.8803
2955.0472 (.0461) 33 8 5 9 6 E34 Lower 131.8860
2955.1773 (.1766) 23 9 5 10 6 A2 Higher 145.1348
2956.2998 (.2992) 45 7 5 8 6 A2 Lower 119.9505
2956.3912 (.3912) 30 7 5 8 6 E34 Lower 119.9562
2956.6422 (.6412) 14 8 5 9 6 Ai2 Higher 131.8803
2957.6415 (.6402) 49 6 5 7 6 Ai2 Lower 109.3457
2957.7365 (.7361) 27 6 5 7 6 Es4 Lower 109.3514
2958.9790 (.9778) 52 5 5 6 6 Ao Lower 100.0717
2959.0831 (.0828) 29 5 5 6 6 Es4 Lower 100.0717
2959.6643 (.6635) 13 6 5 7 6 Ao Higher 109.3457
2961.1335 (.1335) 33 5 5 6 6 Ao Higher 100.0660
2966.1975 (.1969) 16 15 5 15 6 Ai2 Lower 231.2692
2966.5259 (.5257) 10 15 5 15 6 Es4 Lower 231.2749
2966.5471 (.5470) 20 13 5 13 6 A1z Lower 192.8443
2966.6645 (.6626) 25 12 5 12 6 Ao Lower 175.6171
2966.7473 (.7471) 27 11 5 11 6 Ao Lower 159.7139
2966.8504 (.8501) 30 9 5 9 6 Ai2 Lower 131.8803
2966.8813 (.8809) 36 8 5 8 6 Ars Lower 119.9505
2966.8937 (.8934) 18 11 5 11 6 E34 Lower 159.7195
2966.9044 (.9034) 20 7 5 7 6 A1z Lower 109.3457
2966.9221 (.9204) 18 6 5 6 6 Ai2 Lower 100.0660
2966.9337 (.9343) 25 10 5 10 6 Ez4 Lower 145.1405
2966.9518 (.9514) 17 9 5 9 6 E34 Lower 131.8860
2966.9969 (.9967) 12 7 5 7 6 Es4 Lower 109.3514
2967.0166 (.0154) 8 6 5 6 6 Esy4 Lower 100.0717
2967.5215 (.5205) 45 18 5 18 6 Ao Higher 298.8271
2967.5539 (.5539) 42 17 5 17 6 Ai2 Higher 274.9856
2967.6001 (.6003) 30 16 5 16 6 A1z Higher 252.4662
2967.6677 (.6675) 27 15 5 15 6 Ao Higher 231.2692
2967.7587 (.7583) 25 14 5 14 6 Ao Higher 211.3951
2967.8629 (.8627) 23 13 5 13 6 Ai2 Higher 192.8443
2967.9956 (.9936) 20 12 5 12 6 A2 Higher 175.6171
2968.1382 (.1387) 54 11 5 11 6 Ao Higher 159.7139
2968.4322 (.4311) 12 9 5 9 6 Ao Higher 131.8803
2968.5719 (.5711) 8 8 5 8 6 A1z Higher 119.9505
k and | (the quantum number associated with the diagonal The l-interactions with Ak = A(I modulo 3) = +2 were taken into

vibrational contribution to the angular momentum, in general taken account within the states v; and vg+ vi;, and between v, and
modulo 3) having identical or opposite signs, respectively. v3 +2v4+vg and v; and v4 + vqq + V12, with matrix elements
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(By, T, 1 = +1,],k £ 1H|s, I, 1 = 71,k 5 1)
= 2F{JJ+1) —k(k+ 1)]JJ + 1) — k(k — )]} 3)

where the subscripts r and s identify either different degenerate
vibrational states or the same state (r = s, in which case these sub-
scripts are not necessary). In this equation I is equal to I'; if the
quanta of v4 excited in the two interacting states have the same par-
ity, and I'; is equal to I'y x As; if they have opposite parities. In par-
ticular, these I-type interactions of v; with v4+v{;+vy; and
v3 + 2v4 + vg improved the fit of locally perturbed regions of the v,
state corresponding to transitions with K’AK=-4 and 2,
respectively.

Fermi-type and z-Coriolis interactions were accounted for with
matrix elements of the form

(Or, Te, (£1).J, kH|Ds, Iy, (£1),],k)
= Wr.s + WKLr,skl + W],r,sj(] + 1) (4)

These interactions are found to be effective between v, and all
the other four vibrational states, and between vg+v{; and
V4 + V11 + V12. Again I is equal to I'; or to I'y x As, depending on
whether the numbers of quanta of v, excited in the interacting
states have the same parity or opposite parities.

The l-interactions with Ak = +1 and A(Il modulo 3) = 2 were ta-
ken into account within and between the states v; and vg + v{1, be-
tween v, and v3 + 3v4 + V13, and between v; and v4 + vq1 + v12. The
interaction between v; and vg + v¢ is responsible for extended per-
turbations of v;, coming to resonance in the region shown in Fig. 3.
The interaction between v, and vs + 3v4 + v1, is selective over the
torsional components, owing to the large torsional splittings in
the v3 + 3v4 + vy, state (order of magnitude ~40 cm™1). It helps to
improve the fit of the weaker torsional components of v, in a lo-
cally perturbed region corresponding to transitions with K"AK = 9.
The I-type interaction of v; with v4+ v;{; + v;; improves the fit of
transitions of v; with K”AK = 10. The matrix elements of this I-type
interaction were set in the form

<aryrtvl: il,]~k‘H|asFIpl = :’:17]7,<:t 1>
= (Evs + K*Exes +JJ + DEps) 2k + D)[JJ + 1) — k(k + 1)]'* (5)

where [ is intended modulo 3. I'; is equal to I'y x Asq or to I'y x Aqq,
depending on whether the numbers of quanta of v4 excited in the
interacting states have the same parity or opposite parities.

Finally, we introduced a Ak = 3 interaction between v; and
v3 + 3v4 + v13, which helped to improve the fit around a local per-
turbation affecting the strong component of the K"AK =5 transi-
tions of v; (see Fig. 3). The matrix elements are

(D, T, 1], kH| s, T % Arg, 1], k + 3)
=Cs{JU+1) —k(k+DIJJ+1) = (k+1)(k+2)]JJ +1)
— (k+2)(k+3)]}'" (6)

The torsional symmetries I'y and I'; occurring in the matrix ele-
ments of Egs. (3)-(6) depend upon the specific cases, and have
been determined according to the rules stated in Ref. [22]. How-
ever, for practical purposes, as for instance in writing a computer
program where these matrix elements occur, the relation between
the torsional symmetries in any interacting pair is automatically
obeyed if the energy matrix is correctly factored into blocks, each
corresponding to a given vibration-rotation-torsion symmetry.

5.2. Results

A body of 572 wavenumber data were treated by least squares
fit calculations. They included PP and 'R transitions in the v; band,
with K”AK from —10 to 14 and a maximum J-value of 30, "Qy, PP;

and 'R, transitions in vg + v (listed in Table 2), and PPg transitions
in v3+2v4+ vg (listed in Table 3). The best fit was obtained with
the Hamiltonian model detailed above, with a root mean square
deviation of about 0.018 cm~! and the parameters reported in Ta-
bles 4 and 5.

Although we believe that all the relevant perturbations have
been incorporated in the model, the fit remains unsatisfactory. In
fact, a root mean square deviation of 0.018 cm™! is quite large, as
are the standard deviations determined for most of the parameters
employed in the fit.

A serious difficulty in the analysis is caused by the fact that
many perturbers are also affected by additional interactions that
at present cannot be discerned because of the high density of lines
and vibrational states in this region, and because of the lack of ob-
servable transitions to them. Thus their rotation-torsion level pat-
terns are only roughly predictable. A further difficulty arises with
those levels where the mode v is excited, whose torsional struc-
ture can be heavily affected by interactions, also with excited levels
of the torsional manifold [24]. This is due to the large value of the
barrier derivative in the torsional potential energy term 0.5(0Vs/
0Q3)o(cos 37 + 1)Q3, [25]. Nevertheless, we believe that the results
of this least squares calculation supports the soundness of the pro-
posed perturbation model, with all the relevant interactions dis-
cussed here.

From exploratory calculations of the matrix elements of the
cos 37 and sin 37 operators, in a basis of barrier hindered torsional
states, we conclude that the interactions of vibrational modes with
opposite behavior g or u under the D34 point group (symmetry al-
lowed in non-rigid ethane between the E-torsional components
[21]) cannot be effective unless v, > 3 in one state at the least.

6. The parallel combination band vg + v{;

The anomalous structure of the absorption related to the
vg + V11 (Ags + Ass) parallel combination band (the A4 component
is IR allowed and the Ass component is IR forbidden), showing
the effects of a K-crossing at K between 1 and 2, has been accu-
rately described by Pine and Lafferty [14]. Now we can explain
the interaction mechanism. Strong Fermi-type interactions, with
selection rules Ass <> Ass and Ass < Ass, and z-Coriolis type interac-
tions, with selection rules A4 <> Ass, occur between the vg+ v
(A4s +Ass) states and the corresponding parallel states
Va+ V11 + V12 (Ags +Ass). The z-Coriolis interaction within the
vg +vq1 system is weak ({~ 0.01), but it is strong within the
V4 + V11 + V12 system ({ ~ 0.74, see Table 1). Thus the K-structure
of the v4 + vy; + v{, system is spread by the z-Coriolis coupling its
A4s and Ass components, and crosses the vg + vy system at K be-
tween 1 and 2. Several lines of the perturber v4+ vy; + v{, are in
fact observed at these two values of K.

Fig. 5 shows the Q-branches of the vg + v{; parallel system. The
subbranch with K =1, just before the crossing, lies far away at the
higher wavenumbers, whereas the subbranch with K = 2 is the one
most displaced to the lower wavenumbers. The sub-branches with
K larger than 2 are progressively less and less displaced to the low
wavenumbers, and eventually a K-turn occurs at K = 4. In fact, the
K-structure tends eventually to degrade toward the lower wave-
numbers, since the A constant in these vibrational states is smaller
than in the ground state. The K-structure of all series of lines with
given J does in fact show a turn at the high wavenumber side, at
K=4.

We were able to identify 35 transitions left unassigned by Pine
and Lafferty [14]; they are listed in Table 6. Among them are sev-
eral Q-branch lines, with K between 7 and 12, shown in Fig. 5.

The whole mechanism of perturbation of this system is very
complex, and we were not able to perform reliable wavenumber
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Vibration-rotation-torsional parameters (in cm™!) for the matrix elements occurring within vibrational states (Egs. (1), (2), (3), and (5)). Parameters identical to those in the
ground state are denoted ‘g.s.” Numbers in parentheses are standard deviations in units of the last quoted digit. The ground state constants were held fixed to values reported in

[2,23].
vy Vg + Vi1 V3 +2vs+ Vg Vat+ Vi1t Vo v3+3vs+ vy Ground state
Vv 2985.040(5) 2931.84(6) 2952.71(3)
X 0.0013(fixed) gs. 0.0767(fixed) 0.0189
VO(A;s OF Asg) 3002.95(4) 2953.8(2)
VO(Esq) 3003.17(6) 2938.0(2)
VO(Ess) 3003.38(5) 2915.4(2)
VO(Asq OF Arg) 3003.52(6) 2906.9(2)
A 2.68323(13) 2.6176(17) 2.614672 2.6107(35) 2.664(30) 2.669693
B 0.66292(2) 0.66988(16) 0.653007 0.6513(14) 0.6541(11) 0.66302901
10°D; 0.112(3) g.s. g.s. g.s. g.s. 0.103174
10°Dy¢ 0.131(7) g.s. g.s. g.s. g.s. 0.26604
10°Dg 0.86(10) g.s. g.s. g.s. g.s. 0.885
Al 0.31108(60) 1.4495(4) ~1.090(6) ~0.442(30) 1.10(3)
103, ~0.066(3)
10% ~0.60(1)
10°F 0.152(3) 0.176(40)
10%E ~0.33(10) 0.116(50)
Table 5 7. The fundamental vs

Vibration-rotation-torsion parameters for the interaction matrix elements (Egs. (3)-
(6)). The vibrational states are labeled with 1, 2, 3, 4, 5 corresponding to degenerate
states vy, Vg + Vi1, V3 +2V4+ Vg, V4 + Vi1 + Vqp, V3 +3v4+ vio. Numbers in parentheses
are standard deviations in units of the last quoted digit.

Symbol Interaction Equation Value (cm™)
Wi V7, Vg + V11 (4) 5.8237(322)
Wi 2 V7, Vg + V11 (4) —-0.0786(99)
Wiza V7, Vg + V11 (4) —0.0028(3)
Wis V7, V3424 + Vg (4) 2.4200(161)
Wi 3 V7, V3+2v4+ Vg (4) 0.3172(21)
Wizs V7, V3+2V4+ Vg (4) —0.00107(3)
Wia V7 Va+vigt V2 (4) 0.84(12)
Wis V7, V3+3V4+ Vyp (4) 0.1841(40)
Waa Vg+ Vi1, Vat+ Vi1 V2 (4) 2.888(49)
10, Vo V3 + 204+ Vg 3) 0.306(15)
10%F; 4 V7. Va ¥ Vi1 + V12 (3) 0.10(fixed)
10%E, , Vg, Vg + Vg (5) 0.7687(99)
10%E1 2 V7, Vg + V11 (5) —0.457(16)
10%E; 5 V7, V3+ 34+ Vip (5) 0.614(40)
10%E; 4 V7, Va+ Vi1 ¥ Vi (5) —0.214(8)
10%E134 V7, Vat+ Vi1 + V12 (5) 0.043(2)
10%C; 5 V7, V3 + 3V + Via (6) 0.157(13)
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Fig. 5. 9Q-branches of the parallel system vg + v;; (A4s + Azs). The numbers above or
below the horizontal bars are J-values, and those to the left or right are K-values.
Some transition lines of the fundamental v, are marked by a star.

fit calculations. One of the main difficulties involved the determi-
nation of the relative energy order of the Ass and Ass components
in both the vg + v{; and v4 + v{1 + v, systems.

The parallel fundamental vs is probably the most complicated
band in this region. Pine and Lafferty [14] observed a strong pertur-
bation with level crossing at K between 4 and 5. They also assigned
62 transitions to the perturber, all starting from K=4 and 5 in the
ground state. We identified the perturber to be the (+)-levels of
the perpendicular infrared active combination v, + vg, on the basis
of the values of its vibrational wavenumber and Coriolis coeffi-
cient. This state is strongly coupled to v, + v4 + v1, (see Fig. 2 and
Table 1), whose vibrational energy is slightly higher and then clo-
ser to vs, but the (+)-levels of the two states cross as K increases
because of the different values of {3 (negative) and {;, (positive).
Therefore the state which crosses vs at K between 4 and 5 is
v, +vg. Thus all the 62 assignments reported under label D in
[14] should be attributed to v, + vg, (+])-side.

An intriguing observation by Pine and Lafferty [14] was that the
torsional splittings in vs at J close to K are non-zero only for the
even values of K. This should imply, among all the perturbations,
the occurrence of a Fermi-type or z-Coriolis-type interaction sensi-
ble only for the even values of K. In principle, this is possible for the
interaction with a vibrational state with quite large torsional split-
tings, so that only one torsional component would be close enough
to interact with vs. Since the torsional components occur in two
pairs, one pair at the even values of K and the other one at the
odd values of K, the component close to vs should be one of the first
pair. Most presumably, interactions of this type may occur be-
tween Vs (Ays) and the parallel vibrational state vs + 2v4 + vg (Ags)
(Fermi-type interaction), and between vs (As) and the parallel
vibrational state vs + v4+2vg (Ass) (z-Coriolis-type). In fact, both
combinations lie slightly above vs (see Fig. 2) and, containing each
one quantum of v3, may show large torsional splittings because of
the mechanism extensively treated in Ref. [24] and recalled at the
end of Section 5.

Table 7 summarizes the assignments available in the 3.3 pm re-
gion. The different numbers of assignments in v; obtained in this
work (229 K) and in Ref. [14] (119 K) are related to the different
distributions of population at the two temperatures. In the v; band,
we observe more transitions, reaching a higher value of K"AK (14
against 12) in the high frequency side. However, in the low fre-
quency side, which is more perturbed, the less crowded spectrum
at 119 K can be better analyzed. Therefore Pine and Lafferty [14]
could reach the lowest K"AK value of —12 lower than ours
(K"AK =—-10), in spite of the less favorable distribution of
population.
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Table 6

New assignments in the parallel system, vg + vq; (A4s + Ass). Line positions are from
this work; the values between parentheses are from [14]. Numbers listed in column
“A” are relative absorption line intensities, in arbitrary units. The ground state
vibration-rotation-torsion symmetries in the G3(EM) extended molecular group are
also given. They are all single valued, therefore the “s” subscript to the symmetry
species can be omitted, as in the simpler Gs¢ group. The ground state E” energies were
calculated using the constants reported in [2,23].

Line position (cm™1!) A J K K’ Sym. E'(cm')
2934.8276 (.8270) 14 13 9 14 9 A, 3016308
2935.6843 (.6835) 18 12 10 13 10 G 321.1685
2936.0577 (.0557) 16 12 9 13 9 A2 283.0834
2936.9195 (.------ ) 8 11 10 12 10 G 303.9457
2937.2964 (.2962) 20 11 9 12 9 A, 2658593
2937.6198 (.6196) 14 11 8 12 8 G 231.7730
2938.5442 (.5439) 10 10 9 11 9 A2 249.9589
2939.8079 (.8081) 16 9 9 10 9 A2 235.3825
2941.3968 (.3967) 7 8 8 9 8 G 188.0411
2941.6823 (.6819) 12 8 7 9 7 G 157.9559
2942.9587 (.9582) 8 7 7 8 7 G 146.0268
2952.4541 (.4522) 20 11 11 11 11 G 330.1342
2952.5702 (.5693) 16 12 11 12 11 G 346.0321
2952.6898 (.6892) 16 13 11 13 11 G 363.2534
2952.7375 (.7375) 27 10 10 10 10 G 273.4712
2952.8193 (.8174) 28 11 10 11 10 G 288.0465
2952.9073 (.9067) 19 12 10 12 10 G 303.9457
2953.0302 (.0293) 13 13 10 13 10 G 321.1685
2953.0507 (.0506) 35 9 9 9 9 A1z 222.1304
2953.1203 (.1204) 37 10 9 10 9 Ao 235.3825
2953.1973 (.1970) 28 11 9 11 9 A2 249.9589
2953.2829 (.2820) 23 12 9 12 9 A2 265.8593
2953.3252 (.3257) 34 8 8 8 8 G 176.1126
2953.3752 (.3749) 17 13 9 13 9 A2 283.0834
2953.3837 (.3835) 29 9 8 9 8 G 188.0411
2953.4490 (.4478) 24 10 8 10 8 G 201.2941
2953.5214 (.5215) 21 11 8 11 8 G 215.8715
2953.5628 (.5620) 38 7 7 7 7 G 135.4225
2953.6113 (.6108) 33 8 7 8 7 G 146.0268
2953.6506 (.6497) 25 9 7 9 7 G 157.9559
2966.3725 (.----- ) 6 10 9 9 9 A2 222.1304
2966.7022 (.7014) 15 10 8 9 8 G 188.0411
2967.7745 (.7736) 11 11 9 10 9 A2 235.3825
2968.0987 (.0980) 12 11 8 10 8 G 201.2941
2969.1828 (.1819) 11 12 9 11 9 A2 249.9589

8. First iteration of a database for the 3.3 pm region

The spectroscopic information available for the 3.3 pm region of
the ethane spectrum in HITRAN 2008 [26] is rather limited. Indeed,
it only includes parameters for the nine strong Q-branches of the v,
band: approximate parameters associated with artificial lines were
obtained by Brown et al. [27] for eight of them and accurate
parameters were determined by Pine and Rinsland [12] for PQs
near 2976.8 cm ™! using subDoppler molecular-beam spectroscopy
[28]. The GEISA database [29] only includes the latter information,
i.e. the parameters of Pine and Rinsland [12] for the PQz branch.

Although the analysis carried out in the present work is far from
complete, it can provide a significantly improved description of the
v; band. So, we combined positions, lower state energies and
relative intensities of transitions (assuming that only v, carries

Table 8

Summary of the line-by-line database for >C,Hg from 2900 to 3071 cm ™. F,;, and
Fmnax are approximate beginning and ending wavenumbers (in cm™') of the range of
transitions included in each band, along with the number of transitions. The
maximum values of the quantum numbers J and K included are also provided. Note
that 1468 of the line positions are recomputed using empirical upper state levels (see
text).

Bands Vo (cm™1) Fpmin Fonax #Lines Jinax Kpmax
Vg + V11 2931.84 2902 3053 150 35 10
Vet Vi V2 2952.71 2936 3070 39 31 13
Va+3vs+v, 29285 2027 3044 51 32 10
\ 2985.040 2900 3071 4409 43 20
V3 +2v4+ Vg 3003.26 2931 3069 320 38 8

intensity) between 2900 and 3071 cm™! from the present effort
with recent N,-broadening coefficients [30,31] to generate a data-
base that could be useful for remote sensing. The database summa-
rized in Table 8 is written in the format of HITRAN 2008 [26] and
contains 4969 transitions involving five perpendicular bands
(Vg + V11, V7, V3 +3V4+ V1o, V4 Vi1 + Vig and vz + 2v4 + vg).

Because of perturbations not accounted for in the Hamiltonian
model, some line positions are not correctly predicted. To reduce
the corresponding impact on the database, these calculated posi-
tions were recomputed using empirical upper state energies. These
energies were obtained by adding to the measured positions of as-
signed lines the corresponding lower state energies, calculated
using ground state ro-vibrational constants from [2,23], and were
tabulated as a function of the ethane quantum numbers. In many
cases, more than one unblended transition could be assigned to
the same upper state level so that it was possible to obtain an aver-
aged upper state value with a RMS precision of 0.0015 cm™! or bet-
ter. These empirical upper states improve the precision of many
predicted positions in the range of quantum numbers summarized
in Table 7. In the database, the altered positions are indicated by
the HITRAN accuracy code =4 (0.0001-0.001 cm™') [17], while a
very conservative accuracy code =2 (0.01-0.1 cm™!) is set for the
remaining predicted positions.

The predicted relative line intensities have been normalized by
inspection of observed and calculated spectra. Their accuracy is
therefore very conservatively characterized by a HITRAN code of
2 (“average or estimate”) [17]. Self and N,-broadening coefficients
of C,Hg and their temperature dependences were estimated using
the linear expressions reported by Devi et al. for vg Q branch tran-
sitions at 822 cm ™! [30,31]. They have been applied to all the types
of transitions (P, Q, R) in all the bands. The constants for the linear
equations were applied from K” = 0-3 for the broadening coeffi-
cients and K” = 0-9 for their temperature dependence, the maxi-
mum K available being used for higher K transitions in the
present database. The accuracies for broadening coefficients are
conservatively set (HITRAN code = 2) with the warning that the
uncertainty is unknown for J>31. Finally, a constant value of
—0.004 cm~!/atm (HITRAN code =1, “default or constant”) was
estimated for Nj-broadened pressure-induced shifts, from the
average of two air-broadening measurements for ‘Qy and Qs [28].

Table 7
Summary of present C;Hg quantum assignments at 3.3 um, and those reported by Pine and Lafferty [14] (given between parentheses).
Band vo (cm™1) K"AK Jmax Number assigned
v7 (E1q) 2985.040 —10to 14 (12 to 12) 30 (26) 1103 (823)
vg + Vi1 (E1q) 2931.84 ~1to1 11 35
V3 +2v4 + Vg (E1q) 1480.558 -6 22 25
vg + V11 (Ags, Ass) ~2954 K up to 6 (up to 6) 21(21) 311 (276)
vs (Ags) 2895.6 (K up to 6) (22) (428)
vy + g (E1q) 2863.1 4,5 (4,5) 15 (15) 62 (62)
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9. Conclusion

Although we could not perform a global numerical analysis and
fit of the whole infrared active CH stretching region of '2C,Hg, we
believe that this work represents a significant step toward the
understanding of this part of the spectrum. We believe that we
identified all the most important perturbers and interaction mech-
anisms responsible for the complex observed spectral patterns. We
performed a numerical analysis limited to the v; fundamental,
accounting for the effect of four perturbing vibrational states.
Moreover, we could find 95 new assignments in the perpendicular
bands vg + v{; and v3 + 2v4 + vg, and in the parallel system vg + vqy,
to be added to the sound and impressive body of assignments re-
ported by Pine and Lafferty [14]. We also identified as v, + vg the
perturber of vs to whom we attributed the 62 perturber transitions,
labeled D and correctly assigned by Pine and Lafferty [14] for what
concerns rotational quantum numbers and torsional components.

The predictions from the present work provide quantum num-
ber assignments, lower state energies, and good line positions
when computed from empirical upper state levels, while the re-
cently measured absorption cross sections [15] characterize the
intensity of the overall absorption with better accuracy. The pres-
ent effort will eventually lead to a database for the 3.3 pm region of
the ethane spectrum, to be combined to the database recently cre-
ated for the 7 pum region [11], to form a new ethane compilation for
the HITRAN and GEISA databases. However, further work is needed
to improve the predicted line intensities in both spectral regions.
All this may be relevant, owing to the importance of this spectral
region in the applied research.
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Abstract. The long-term evolution of the vertical column results obtained remotely from space and balloons as well

abundance of carbon tetrafluoride ¥Fabove the high- as in situ at the ground, including new gas chromatography

altitude Jungfraujoch station (Swiss Alps, 46N\ 8.0’ E, mass spectrometry measurements performed at the Jungfrau-

3580 ma.s.l.) has been derived from the spectrometric analoch since 2010.

ysis of Fourier transform infrared solar spectra recorded

at that site between 1989 and 2012. The investigation is

based on a multi-microwindow approach, two encompassing

pairs of absorption lines belonging to the R-branch of thel Introduction

strongvz band of CR centered at 1283 cnt, and two ad-

ditional ones to optimally account for weak but overlapping Carbon tetrafluoride (Cf or tetrafluoromethane is a per-

HNOjs interferences. The analysis reveals a steady accumufuorocarbon (PFC-14) whose unambiguous presence in the

lation of the very long-lived Cf above the Jungfraujoch earth’s atmosphere, from the boundary layer (Rasmussen et

at mean rates of (1.380.11)x 1083 moleccnr?yr~1 from  al., 1979) to the stratosphere (Goldman et al., 1979), as well

1989 to 1997, and (0.980.02)x 10¥moleccnr?yr—1 as its “near inertness” in the atmosphere (Cicerone, 1979)

from 1998 to 2012, which correspond to linear growth rateshave raised increasing attention and concern among the sci-

of 1.71+0.14 and 1.04-0.02%yr ! respectively refer- entific community since the 1980s.

enced to 1989 and 1998. Related globak@Rthropogenic Its main anthropogenic source is primary aluminum pro-

emissions required to sustain these mean increases corrguction, during which Ckis released through “anode ef-

spond to 15.81.3 and 11.%0.2Ggyr ! over the above fect” episodes (e.g., Penkett et al., 1981; Khalil et al., 2003).

specified time intervals. Findings reported here are compare&ince the 1980s, non-negligible £lemissions have also

and discussed with respect to relevant northern mid-latituddeen released increasingly by manufacturing of semiconduc-
tors and other electronic devices (e.g., “plasma etching”; Tsai

Published by Copernicus Publications on behalf of the European Geosciences Union.
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et al., 2002). The only known but poorly quantified natural Atmospheric Gases Experiment) ground-level measurements
sources of Ck are of lithospheric origin (e.g., Gassmann, in both hemispheres from the early 1970s to 2008, Mihle
1974; Cicerone, 1979; Harnisch et al., 1996a; Harnischet al. (2010, Fig. 4) derived global gEmissions which in-
and Eisenhauer, 1998; Harnisch, 2000). Recently, Deeds etreased during the 1970s to reach their maximum during the
al. (2008) presented the first in situ evidence for this litho- early 1980s (17.3:1Ggyr 1) and subsequently declined
spheric flux, which leads to a background contribution to progressively to stabilize at about 11 Gg¥rby 2000 un-
atmospheric carbon tetrafluoride that lies between 35 andil 2008. We refer the reader to Mihle et al. (2010) and ref-
45 ppt (parts per trillion dry air mole fraction) with the lower erences therein, for a detailed and exhaustive discussion re-
value favored on the basis of reported accuracies and precgarding the evolution of Cfin the global troposphere from
sions (for an overview, see Table 2 of Muhle et al., 2010). 1973 to 2008.

PFCs are long-lived species with lifetimes of many thou- This paper reports on the mean evolution of the vertical
sand years (e.g., Ravishankara et al., 1993). With an atmoearbon tetrafluoride loading integrated over the free tropo-
spheric lifetime estimated to exceed 50 000 yr,,G§ by sphere and stratosphere above the high-altitude Jungfrau-
far the longest lived PFC (WMO-2010, 2011). Combined joch station, derived from the spectrometric analysis of
with a high global warming potential of at least 7390 on a Fourier transform infrared (FTIR) solar observations made
100yr time horizon (WMO-2010, 2011), this compound is at that site between 1989 and 2012. Related findings are
a strong greenhouse gas whose anthropogenic emissions azempared with relevant ones also obtained remotely from
deservedly targeted for regulation under the Kyoto Protocolspace- and balloon-borne solar observations, with new in
(IPCC, 2001). Because of the absence of atmospheric sinksjtu gas chromatography mass spectrometry (GCMS) mea-
CF4 shows a nearly constant mixing ratio profile throughout surements performed by Empa (Laboratory for Air Pollu-
the atmosphere (e.g., Zander et al., 1992, 1996; Nassar et atipn/Environmental Technology) at the Jungfraujoch since
2006) and its vertical gradient — as quantified, for example,2010, as well as with recently reconstructed in situ ground
by Fabian et al. (1996), and Harnisch et al. (1996b) usinglevel baseline growth rates of ¢k both hemispheres, re-
stratospheric balloon-borne cryogenic air sampling betweemported by Mihle et al. (2010). Our concluding remarks in-
1987 and 1995 — is only caused by a delayed propagation oflude recommendations for improving the relative accuracies
the ground-based emissions to higher altitudes. The presenad spectroscopic CHine parameters which currently remain
of CF, in the stratosphere was first reported by Goldmanestimated at:- 6 %, as compared to the achieved 1-2 % for
et al. (1979) who identified the strong band of Ch at the in situ data.
1283cnm! in a solar limb spectrum recorded in 1978 at  Since 1990, the University of Liége research activities
25km altitude, from aboard a balloon platform. Its verti- are performed within the frame of the Network for the De-
cal profile between 15 and 50 km was derived by Zandertection of Atmospheric Composition Change (NDACC; see
et al. (1987) from ATMOS (Atmospheric Trace MOlecule http://www.ndacc.orj
Spectroscopy; Farmer, 1987) solar limb observations during
the Spacelab 3 shuttle mission in 1985, from subsequent
MKIV FTIR balloon flights (e.g., Toon, 1991; Sen et al., 2 |nstrumentation and original data sets
1996), and from the satellite ACE-FTS instrument (Atmo-
spheric Chemistry Experiment Fourier Transform Spectrom-2.1  FTIR remote-sensing measurements and retrieval
eter, e.g., Bernath et al., 2005; Brown et al., 2011). strategy

Recent ground-level air sampling and in situ measure-
ments of Ck in both hemispheres (e.g., Khalil et al., 2003; The long-term CEtime series presented and analyzed in this
Muhle et al., 2010) or remotely from space (e.g., Rinslandstudy has been derived from the analysis of solar spectra
et al., 2006; Brown et al., 2011) have indicated a signifi- recorded between January 1989 and December 2012 under
cant slowdown in the rate of increase of atmospheriq,CF clear-sky conditions at the high-altitude International Scien-
attributed to efforts undertaken by the aluminum industrytific Station of the Jungfraujoch (hereafter ISSJ; Swiss Alps,
to limit its emissions during “anode effect” episodes (Inter- 46.5 N, 8.0° E; 3580 ma.s.l.). The recordings were made
national (Primary) Aluminium Institute, 1996, 2009). How- with two very high spectral resolution FTIR spectrometers, a
ever, significant uncertainties remain, amongst others due tthome-made” instrument primarily used until 1995, and pro-
the increase of Chinese aluminum production and insuffi-gressively replaced by a faster, more sensitive commercial
ciently defined emission factors for Chinese smelters (InterBruker-120 HR instrument (Zander et al., 2008).
national Aluminium Institute, 2013). Additionally, the mag-  The initial database investigated here consists of over 5500
nitude and temporal evolution of GFemissions from the spectra recorded with an optical filter covering the 750 to
semi-conductor industry remain very unclear, despite efforts1400 cnt® spectral region, thus encompassing the strongest
by the World Semiconductor Council to reduce their emis-infrared band of Ck — the vz centered at 1283 cnt.
sions (WSC, 2013). Based on the inversion with a 2-D boxSpectral resolutions (defined as the reciprocal of twice the
model of a selected subset of AGAGE (Advanced Globalmaximum optical path difference) alternate between 0.004

Atmos. Meas. Tech., 7, 333344, 2014 www.atmos-meas-tech.net/7/333/2014/
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and 0.006 cm?, depending on the rate of solar zenith an- subsequent “RUN2” to a composite window in which only
gle variation during the day, and scanning time of successivéhe Ck, profile was further adjusted. Frame B shows that the
recordings. Signal-to-noise (S/N) ratios vary between 150 toRMS (root mean square) residuals reduced by about a fac-
more than 2500 (average spectra resulting from several suder 2 in RUN 2 as compared to RUN 1. This RMS decrease
cessive individual Bruker scans, predominantly around mid-was confirmed over the entire database, while the relatgd CF
day, when solar zenith angles vary slowly). columns reduced by less than 0.7 % on average.

The spectral analyses were performed with the SFIT-2 The a priori vertical concentration profile for the £far-
v3.91 fitting algorithm, a code based on the optimal estima-get gas was set constant at 72 ppt throughout the atmosphere
tion formalism of Rodgers (1976) and specifically developedabove ISSJ, consistent with values and associated uncertain-
to retrieve vertical column abundances and mixing ratio pro-ties derived for the stratosphere (in the 15 to 45 km altitude
files of atmospheric gases from FTIR observations (Connorange) from nearly 1400 solar occultations performed be-
et al., 1995; Rinsland et al., 1998). This code has been sudween February 2004 and mid-2012 in the 36.5 to 58.5
cessfully intercompared with the PROFFIT retrieval algo- latitude zone by the ACE-FTS instrument. As there is poor
rithm (e.g., Hase et al., 2004; Duchatelet et al., 2010), thevertical information content in the individual spectra, the
other tool in use by the NDACC FTIR community for moni- constant a priori profile was simply scaled during our fitting
toring numerous tropospheric and stratospheric target gaseprocedure.
worldwide. For all interfering molecules, averaged mixing ratio pro-

Line parameters adopted in the spectral fitting procesdiles based on WACCM (the Whole Atmosphere Community
were taken from the HITRAN 2004 spectroscopic compila- Climate Model; e.g., Chang et al., 2008) model predictions
tion (Rothman et al., 2005), including the August 2006 up- for the 1980—2020 period and the ISSJ station were used as
dates (e.g., Esposito et al., 2007). FoyOke selected a set  a priori. To reliably account for the weak interfering absorp-
of pseudo-lines whose intensities and temperature-dependetion features by HN@ (see Frame A of Fig. 1), its concen-
parameters were derived by one of us (G.C.T.) from a series$ration profile was pre-retrieved for each spectrum from a si-
of high-resolution and high-S/N laboratory spectra recordedmultaneous fit to two NDACC-dedicated spectral intervals
by Nemtchinov and Varanasi (2003) under pressure and tem{.e., 867.05-870.00 and 872.25-874.00¢psee Wolff et
perature conditions typical of those encountered in the atal., 2008). It was then assumed in the consecutive fitting
mosphere. These pseudo-lines were also used for alt&&F  steps RUN 1 and RUN 2. During RUN 1, the vertical dis-
mote sensing measurements intercompared in Sect. 3 wittributions of CR, CO,, N2O, HDO, H,0, H,O,, H»1’0 and
our ISSJ findings. H,180 were independently scaled while in RUN 2, only the

The model atmosphere adopted above the 3.58 knCF,; profile was further adjusted. A S/N ratio of 500, com-
Jungfraujoch altitude consists of a 39 layer scheme with promensurate with the noise level of most retained spectra, was
gressively increasing thicknesses to reach 100 km altitudeadopted throughout the spectral fitting calculations. Inspec-
The pressure-temperature profiles are those specifically conmtion of an exo-atmospheric solar atlas by Farmer and Nor-
puted for the ISSJ location on a daily noontime basis byton (1989) revealed only a very weak solar absorption feature
the National Centers for Environmental Prediction (NCEP,at 1284.7666 cm'. It was neglected in the SFIT-2 retrievals,
Washington, DC; sebttp://www.ncep.noaa.gjv after verification that it had negligible influence on the,CF

While most of the Q- and R-branch features of thdband  results.
of CF4 can be used for remote sensing retrievals from space After further exclusion of observations with S/N ratios
between about 15 and 50 km altitude (see Fig. 18 in Zandetower than 300 and of high and low individual-carbon
et al., 1987), strong absorptions by®, HDO, N,O, CO,, tetrafluoride-column outliers falling out of the 2.50 confi-

CHg4, and weaker ones (i.e., by HNOCIONG;, and further  dence interval, the retained database upon which the results
H>0 isotopologues) combine to heavily interfere with,CF and discussion in Sect. 2.2 are based includes 3034 individual
features in low altitude spectra. Consideration of the relativeCF4 column measurements above ISSJ, encompassing 1272
importance of these interferences in typical solar recordingobservational days.

at the high-altitude, rather dry ISSJ site led us to adopt as Table 1 provides an error budget resulting from major in-
“RUN 1” the spectral interval from 1284.73 to 1285.15tin  strumental and analytical uncertainties that may affect typi-
displayed in Fig. 1, which encompasses 6 of the strongestal individual Ckz column amounts above the site. They were
R-branch features of the Gz band. Because of the poor evaluated according to referenced comments or perturbations
fitting over the two middle Ck-features, severely affected to a representative subset of spectra. As is often the case
by H,O and HDO interferences, we excluded from our ini- when dealing with relatively “new anthropogenic” molecules
tial database all spectra whose water vapor content exceeddtbr which detailed fundamental spectroscopic laboratory
8x 10?1 molec cnT?, as well as those observed at solar zenith studies are in progress and await validation), the largest sys-
angles larger than 75 degrees to also minimize line-wing detematic error in this work results from the gpseudo-line
pression by the strong 0 line centered at 1284.7 cth. parameters (intensities and temperature dependences), which
In addition and as illustrated in Fig. 1, we restricted the we set at4+ 6% on the basis of evaluations discussed by

www.atmos-meas-tech.net/7/333/2014/ Atmos. Meas. Tech., 7, 3384-2014
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Fig. 1. Frame A displays the characteristic absorptions of @#d the five most significant interfering gases in the “Run 1” micro-window
selected for our Cfretrievals, computed for a typical ISSJ observation on 1 April 2000 (at 82garent solar zenith angle and 0.006¢m
resolution). Their combination results in the black simulation trace (labeled “Sim.”) which, compared to the actual observation (green curve,
labeled “Obs.”) leads to the red residuals (observed minus calculated signals) in Frame B. Because of strong perturbatiop® anthe H
HDO interferences, this initial “Run 1" was followed by a second composite “Run 2", with corresponding residuals displayed by the thick
green trace in Frame B.

Irion et al. (2002). A “quality-test” performed with a syn- 3 Results and discussion
thetic line-list covering the R-branch of the £b3 band, re-
cently released by Boudon et al. (2011), will be evoked inFigure 2 reproduces the daily mean vertical column abun-

Sect. 3. dances (expressed in numbers of sCholecules per
o square cm; left vertical scale) derived above 1SSJ between
2.2 GCMS in situ measurements 1989 and 2012. They have been normalized to the mean local

Th d original data set ted for the first ime in thi pressure monitored at the site during the past decades (i.e.,
€ second original data set reported for the irst ime in IS654hPa)versusthedailysurface pressure measured at noon-

paper results from ground-based gas chromatography — Ma¥Pne. The database reveals the relative sparseness and disper-

spectrometry measuremer_lts conducted _at 1SSJ by Empa: T fon of the daily mean columns prior to about 1995, resulting
analyses are performed with a Medusa instrument describe

) : " . : om less frequent observations with the home-made instru-
in detail by Miller et al. (2008), using 2 L of cryogenically au Vet w instru

i d air alt ted with ts of a standard tment and their lower S/N ratios. However, as no statistically
rapped air atternated with measurements ot a standar gignificant difference was observed between day-coincident
calibrate the instrument. This leads to one air measureme

: rEF columns by both instruments, they have been merged in
every two hours. The GFmeasurements at ISSJ began in 4 y y 9

. e th t-1995 dalil .
2008 but due to some instrumental difficulties, data are only eTEgsright sid:Is)Zzg?:e:; i\ilgraZQ(:;produces the mean con-
reported here from .2010.onwards. The:)r precisior 3.4 % stant mixing ratio above 1SSJ as returned by the SFIT-2 code
while the accuracy is gstlmateq a.t 1-2%. The measurementén the basis of the physical P-T model atmosphere adopted
are based on the Scripps Institution of Oceanography (SIO}

Lo : . . or each day. The uncertainty on the conversion from left-
SI10-2005 calibration scale and are tightly linked into the to-right scale is less thaek 3%. These mixing ratios cor-
AGAGE network.

respond to moist air values. However, correction factors to
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Table 1.Major sources of random and systematic errors on typical individualt@&l column retrievals above the Jungfraujoch.

Error sources Max. error (%) Comments

Random errors

Spectra quality 4  Zero offset, S/IN and instruments bias

H>0 and HDO a priori profiles 3 Changes by a factor 2 in a priori slope and local altitude variability
Temperature/pressure profile 444K around NCEP noon profile; also column to mixing ratio conversion
Modeling of wing slopes 2 Water vapor ang® wing slopes affecting the local continuum

TOTAL ~7

Systematic errors

CF4 spectroscopy 6 According to Irion et al. (2002)
H>0 and HDO spectroscopy 2 Assuming the HITRAN-04 uncertainties
CF4 profile 3 Mixing time uncertainty
Forward model 1 Retrieval algorithm-related
ILS 2 4+10% misalignment and instruments bias
TOTAL ~7
get dry air mole fractions would be very small, since only and (0.98+ 0.02)x 103 molec cnT?, respectively, for
the driest observations were retained here (water vapor col- the periods 1989-1997 and 1998-2012. Extrapolation
umn of maximum 8 10? molec cnt2, for an air column of of these increases down to sea level, as done in the
~ 1.4x 107> molec cnT? above 1SSJ). previous paragraph, translates into yearly total col-
At first glance, two major features emerge from Fig. 2, umn changes above sea level equal to (21417)
namely x 10" and (1.50£0.03) x 103 molec cnT?. Glob-
i. the large increase of the GEolumn loading above ally, these changes rlequire £Bmission rateslequal
ISSJ by 2.8« 10moleccnt? between 1989 and to (15.8+1.25)Ggyr~ and (11.1:0.2) Ggyr for
2012, corresponding te-35% when referenced to the above mentioned periods.

1989. This increase is entirely of anthropogenic ori-

gin; it jumps to over 80% when the “natural” back- When taking into account a reasonable lag time of three

3 years for ground-level emissions to uniformly mix in the
ground level of 35 ppt, recently reported by Worton free troposphere and in the stratosphere (e.g., Fabian et al.,

et al. (2007) and Mhle et al. (2010), is taken into 4 ggq. \vo b and Hall, 2002: Anderson et al., 2000; Stiller
account. As about one third of the atmospheric mass

. ) ; et al., 2008; Diallo et al., 2012), these deriveds@nission
is located below the Jungfraujoch altitude (mean : .
) rates are commensurate with the 1986 to 2009 time averaged
pressure= 654 hPa) and assuming that the very sta- o . N
ble CF, gas is uniformly distributed through the global emission estimates reported by Mihle et al. (2010,
L _ _Table 6, i.e., 14.6 and 10.8 Ggyk, for the 1986-1994 and
atmosphere, its increase above ISSJ translates mtg . ) )
995-2009 periods, respectively). A noticeable €€asonal
a total column change above sea level equal toc cle (close to 2%, peak-to-peak amplitude) also deduced
+4.35x 104 molec cnT2, from 1989 to 2012. Glob- =Y, ' P P plItu
. . . with the bootstrap re-sampling tool (Gardiner et al., 2008)
ally, this has required a cumulated anthropogenig CF . : . -
T : is essentially ascribable to the seasonal variation of temper-
emission at the ground totaling nearly 320 Gg over that .
: ature versus pressure ratios in our adopted layered model
time frame. L
atmosphere and to resulting impacts upon temperature- and
ii. a significant slowing of the rate of GFaccumula- pressure-dependent line intensities and half widths.
tion which we first evaluated by splitting the entire  In a second evaluation approach, the,Qlatabase was
database into two subsets, that is, before and aftefmodeled” with both a second order function and a nonpara-
1 January 1998, respectively, the blue and green plusnetric least-squares fit, respectively displayed in Fig. 2 by
(+) symbols in Fig. 2. Application of the statistical the black- and red curves. For the red curve, a local smooth-
bootstrap re-sampling method developed by Gardinering technique is applied, assuming a Gaussian weighting
et al. (2008; a tool based on a Fourier series that alfunction and sampling 20 % of the data points at once. The
lows calculation, at the @ confidence level, of the actual bandwidth progressively considers all the measure-
long-term linear component as well as the seasonaments along the axis (see Rinsland et al., 2003; and ref-
modulation of a given data set), returned mean linearerence therein). Discrete six-year time averaged trends deter-
yearly increases above 1SSJ of (1:88.11)x 103 mined from tangential derivatives to the black line at 1992.0,

www.atmos-meas-tech.net/7/333/2014/ Atmos. Meas. Tech., 7, 3384-2014



338 E. Mahieu et al.: Spectrometric monitoring of atmospheric Cl above the Jungfraujoch station since 1989

] . J
114 | CF above Jungfraujoch SRR S e
_ +
"E ++ Daily means .
L Second order fit [1989-2012] —_
% —— 20% smoothing E
g 1.0 - t71.3 o
o =
o <
- 4
2 b O
z + F4
= 1 E Linear fit [1998-2012]: x
3 ) (0.98 £ 0.02) 10" molec./em®lyr " =
o 09 or 1.04  0.02 %/yr (ref. 1998) - 64.5 w
o o
= z
pd <
5 i
e =
w i
© 08+ f E L 57.7
+ "% | Linear fit [1989-1997]:
+ | (1.38 £ 0.11) 10" molec./cm®/yr
+y | or1.71 £ 0.14 %lyr (ref. 1989)

1989.0  1992.0  1995.0  1998.0  2001.0  2004.0 2007.0 2010.0  2013.0
YEAR

Fig. 2. FTIR time series of Cl-daily mean vertical column abundances above the Jungfraujoch (expressed in numbeysvasi€ftiles

per square cm), normalized to a mean local pressure of 654 hPa. The solid black and red curves correspond to a second order fit and
20 % smoothing function to the data points, respectively. The coefficients of the second order black curve are (from the highest order to
the independent term):0.0194, 78.72 ane-79835, in units of 1% molec cnT2. In the same units and rank, the coefficients of the linear
regression are 1.385;2675 and 0.979,-1862, for the 1989-1997 (blue) and 1998-2012 (green) time periods, respectively. The right side
scale corresponds to the conversion of our measured columns into mean constant mixing ratios above the site, expressed in ppt (parts pe
trillion).

1998.0, 2004.0 and 2010.0, and related global emissions aréne list, currently restricted to thes R-branch, is only based
provided in Table 2. The latter are in line with the signifi- on one high-resolution FTIR laboratory spectrum at 296 K
cant slowing in the Clremission rates at the ground that be- and a low pressure of 0.17 torr, while the pseudo-lines were
gan during the late 1980s, amplified during the early 1990derived from a large set of spectra recorded at numerous
and leveled off subsequently, as synthesized by Mihle etypical pressure and temperature sets encountered through-
al. (2010, Fig. 4). The mean global emission of 17.6 Ggfyr  out the atmosphere (Nemtchinov and Varanasi, 2003). How-
derived here for the 1989 to 1994 time interval is in good ever, another possible explanation is that this significant bias
agreement with the mean increase rate of 18 Gd derived  might also result from contributions, for example, by under-
by Zander et al. (1996) from upper stratospheri@tea-  lying hot bands of Ck not present in the Boudon line list
surements made in the northern hemisphere by the ATMOSRothman et al., 2009), while they are captured by cross-
FTIR instrument during the shuttle missions that occurredsection measurements.
between 1985 and 1994 (Gunson et al., 1996). The conversion of our measured £¢olumn abundances
The small but noticeable differences between the red- andnto mean constant mixing ratios above 1SSJ (see vertical
black curves in Fig. 2 are indicative of slow temporal growth scales in Fig. 2), assuming that this molecule is uniformly
regime changes by up t6/—1.5 Ggyr ! around the second mixed throughout the entire atmosphere, allows some com-
order fit. parison with ground-level in situ- and FTIR solar occultation
A “quality-test” covering our entire database, performed measurements from balloon- and space-based platforms. A
by replacing the adopted Gpseudo-lines by the synthetic few relevant examples, referring to data obtained at northern
line parameters of Boudon et al. (2011), as included inmid-latitudes, are displayed in Fig. 3, where the thick black
the “supplemental” section of the Hitran 2008 compilation line corresponds to the mixing ratios associated to the sec-
(Rothman et al., 2009), led to the following appreciations: ond order black curve fitted in Fig. 2 to our daily meanyCF
(i) the line positions are good; (ii) on average, the fitting columns above the site. The green curve reproduces an ex-
residuals are~ 30 % higher; (iii) the retrieved GFcolumns  cerpt of the 1973 to 2010 assimilated monthly,GRixing
are consistently larger by 25 %. We believe that this last ratios for the northern extra-tropics (i.e., 30=80, based
observed difference may result from the fact that the Boudoron AGAGE archived air samples and in situ measurements
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Table 2. Discrete six-year time averaged £fends based on tangential derivatives to the black line of Fig. 2, and corresponding emissions
at 1992.0, 1998.0, 2004.0, and 2010.0.

Data source 1989-1994 1995-2000 2001-2006 2007-2012
Columns above 1SSJ in 3#®moleccnT2yr—1 153+0.41 1.2%0.11 1.05:0.07 0.82:£0.08
Corresponding global emissions in Ggyr 17.6+£4.7 14.8-1.25 12.0£0.8 9.4+ 0.9
Emissions from in situ measurements in ngyr 15.1+0.7 12.4+0.6 11.0+£0.6 10.6+£0.4

* from Muhle et al. (2010), assuming a lag time of 3yr for ground-level emissions to propagate in the free troposphere and stratosphere.

90

CF, increase in the atmosphere

- = 2nd order fit to Jungfraujoch FTIRs

CF, MIXING RATIO (ppt)

0 ATMOS v3 (Rinsland et al., 2006)
50 |- - 4 MkIV - Balloon flights
L ®  ACE-FTS v3 monthly means
- —— AGAGE (Muhle et al., 2010)
- ©  Empa Jungfraujoch
F A Cape Meares (Khalil et al., 2003)
40 - % Tokyo (Aoki and Makide, 2005) -

PRE-INDUSTRIAL BACKGROUND

1985.0 1990.0 1995.0 2000.0 2005.0 2010.0
YEAR

Fig. 3. Comparison between selected £ixing ratio time series and trends deduced from infrared remote-sensing and in situ surface
measurements (see legend and text for their identification). The various data sets can all be reconciled in term of absolute concentration
when accounting for the associated uncertainties affecting the retrieved quantities (calibration scales, line parameters) and time needed for
thorough mixing of Ck throughout the atmosphere. See text for details.

performed at Mace Head (Ireland) and at Trinidad Head (Cal-calibration approach based on the atmosph&i& abun-
ifornia, USA), and reported on the recent SIO-2005 calibra-dance as reference; no calibration accuracy is reported (Aoki
tion scale by Mihle et al. (2010) with a stated accuracy ofand Makide, 2005). The second order curve fitted to the pink
~ 110 2%. The green open circles show the monthly meartriangles and the star is a typical representation of numerous
CF4 mixing ratios at the ISSJ site measured by Empa withinground-based monitoring efforts conducted in situ at north-
AGAGE, also reported on the SIO-2005 calibration scale,ern mid-latitudes during the late 1970s onwards, as illus-
and in excellent agreement with the other AGAGE data. Thetrated in Fig. 1 of Mihle et al. (2010). The latter showed
pink open triangles correspond to yearly averageq @k- that the MPAE 86 and UEA (University of East Anglia) cali-
ing ratios derived by Khalil et al. (2003) from clean air sam- bration scales adopted during these earlier activities have re-
ples collected at Cape Meares (49§ OR-USA) and re-  ported uncertainties ranging by up+0l5 % and that related
ported on the MPAE 86 (Max Planck Institute for Aeronomy) measurements can thus be reconciled with the recent, much
calibration scale which has a stated uncertainty~df0 % more accurate ones based on the SI0O-2005 calibration scale
(Fabian et al., 1996). The pink star corresponds to ar@ik- (1-2 %).

ing ratio of 77.8+ 0.6 ppt derived from one air sample col-  The filled orange circles represent stratospheric monthly
lected in Tokyo (35.6N) in August 2003, using a specific mean Ck mixing ratios between 20 and 45km altitude,
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Table 3. Annual rate of increase expressed in pptYfor atmospheric Clcomputed for three reference times.

Data source 1990.0 2000.0 2010.0 Reference/Accuracy in %

Cape Meares  0.85 0.59 - Khalil et al. (2003)/MPAE 8610 %)
+ Tokyo Aoki and Makida (2005)

AGAGE 1.08 0.69 0.67 Muhle et al. (2010)/SIO-0541-2 %)
+ Empa - - 0.63 Empa/SIO-0541-2 %)

ULg-FTIR 1.09 0.82 0.58 This work — see Table#t7(%)
ATMOS+MKIV  1.40 0.95 - Rinsland et al. (2006111 %)
+ACE-FTS - - 0.60 This work (£7 %)

derived from over 1400 solar occultation measurements (Verfor our FTIR observations, and the stratosphere only for the
sion 3 products; Boone et al., 2013) in the 36.5 to 56.5 north-satellite and balloon data. Consequently, changes in the emis-
ern latitude zone between 2004 and 2012 with the satellitesions of a long-lived gas at the ground will mix in the global
embarked ACE-FTS instrument (Bernath et al., 2005). Thetroposphere within 1 to 2yr, and propagate in the strato-
four orange square symbols reproduce updated mean stratephere by upwelling via the tropical pipe, reaching 20 km
spheric Ck mixing ratios between- 20 to 40 km altitude, mid-latitudes within 3 to 5yr (e.g., Elkins et al., 1996; Stiller
derived from the 1985, 1992, 1993 and 1994 ATMOS mis-et al., 2008). Examples of such time delays have also been
sions (Version 3; Irion et al., 2002) as reported by Rinslandreported by Anderson et al. (2000) who found that the inor-
et al. (2006). Finally, the filled green triangles correspond toganic chlorine and fluorine loadings in the upper stratosphere
the average mixing ratios between 10 and 35 km altitude delag the related organic loadings at the ground by 4.5 to 5.5 yr.
rived from individual MkIV balloon flights performed over Inputs from the two-dimensional 12-box model of Mihle et
1990 to 2007, between 33 and°68 latitude (e.g., Sen et al. (2010) indicate for 30-9N a mean difference between
al., 1996). The error bars associated to the ATMOS, MKIV the tropospheric and stratospheric mixing ratios of 2 ppt over
and ACE data points represent the standard deviations of ththe last decade and of more than 3 ppt in the early 1980s,
means. As all the space- and balloon-borne; @#rievals ~ when the Ci emissions were stronger. In order to assess the
were performed using the same cross-section parameters, natlequacy (and possible bias) of having adopted a constant
only for R-branch features but also for the strong Q-branchdistribution in our column retrieval calculations and mixing
of the CR v3 band, we assumed that they could reasonablyratio conversion, we built an a priori profile accounting for
be interlinked with a 2nd order fitting, represented in Fig. 3 the time needed for GFemitted at the ground to propagate
by the blue curve. It clearly shows the significant but slow- and mix in the stratosphere. Since the 12-box model only in-
ing increase of Clrthroughout the stratosphere over the pastcluded a single stratospheric level, we based the construction
decades. The limited number of spectra recorded by ATMOSof our a priori CR, distribution on a profile of mean age of
during the short pioneering US shuttle flights, as compared testratospheric air parcels produced by Diallo et al. (2012), us-
the ongoing ACE-FTS mission, clearly shows the advantageng ERA-Interim reanalyses and a Lagrangian model. Their
of regular, long-term monitoring approaches, which is alsofindings have been confronted to satellite, aircraft and bal-
true for ground-based investigations. Table 3 provides meafoon observations, showing good agreement, including at
annual mixing ratio increases determined by taking deriva-northern mid-latitudes. For this region of the atmosphere of
tives at 1990.0, 2000.0, and 2010.0 to the continuous curvemterest here, Figs. 2 and 6 of Diallo et al. (2012) provide
displayed in Fig.3. profiles of mean age of air, with values close to 2 yr at 16 km,
The dashed horizontal line in Fig. 3 corresponds to the3yr at 18 km, 4 yr at 20 km and more than 6 yr above 25km
natural background level of 35 ppt recently reported by (i.e., showing a gradient of approximately 0.5 yr per kmin the
Worton et al. (2007) and Muhle et al. (2010); it has beenlower mid-latitude stratosphere). Assuming the;GRnual
drawn here to better illustrate the relative anthropogenic confate of change which prevailed over the last decade as derived
tribution to the total Clratmospheric burden which, since the by AGAGE (i.e., 0.7 ppt per year), our a priori profile was
turn into the 21st century, has overtaken the natural loading.built such as to present a mixing ratio difference with the sur-
The differences between the various data sets displayed iface concentration of1.4 ppt at 16 km—2.1 ppt at 18 km,
Fig. 3 are obviously linked, at least partially, to atmospheric —2.8 ppt at 20 km, and so on, up to a constant difference of
transport and can be ascribed to the fact that the instruments 4.5 ppt for altitudes above 25km. All the observations of
involved sound different layers of the atmosphere, namely2009 were refitted with this non-constant vertical distribu-
the boundary layer for AGAGE and Empa as well as Capetion, returning total columns on average 2.5 % higher. Con-
Meares and Tokyo, the free troposphere and stratosphereersion of these columns into corresponding surface mixing

Atmos. Meas. Tech., 7, 333344, 2014 www.atmos-meas-tech.net/7/333/2014/



E. Mahieu et al.: Spectrometric monitoring of atmospheric CFK, above the Jungfraujoch station since 1989 341

ratios resulted in values systematically higher by 3.7 %, oranthropogenic Cfemissions at the ground in the earlier
+2.9 ppt with respect to our standard run assuming a constargart of the record, primarily from the aluminum indus-
vertical distribution. Applying a vertical shift 6f2.9pptto  try, and in the latter part also from the manufacturing of
the FTIR function for 2009 brings it in very good agreement electronic devices. The significant slowing in the rate of
with the AGAGE and Empa time series, as indicated by theincrease is probably the result of efforts undertaken by the
dashed red segment matching the green curve and open cigluminum industry to comply with recommendations from
cles in Fig. 3. This result gives good credibility on the abso-the Kyoto Protocol. Considering our uncertainty, which is
lute scale (1-2 %) provided by the SIO-2005 calibration stan-almost entirely due to the quality of the gBpectroscopic
dard as well as by the GFSpectroscopic parameters used in parameters adopted herg § %), our findings are in good
our analyses. agreement with results derived by Muhle et al. (2010)
Nonetheless, it remains that the uncertainties associatedased on selected ground level in situ measurements in the
with the various Ck remote data sets presented in Fig. 3, Northern Hemisphere from 1973 to 2008, and by new in situ
namely 7% for ISSJ (see Table 1), 11% for ATMOS GCMS measurements performed since 2010 by Empa at the
(Rinsland et al., 2006), 10% for MKIV (Sen et al., 1996) Jungfraujoch. Moreover, we showed that the adoption of a
and 7 % for the recent ACE-FTS data (Brown et al., 2011, vertical distribution for Ck, accounting for the time needed
Rinsland et al., 2006) have to be maintained as such, untifor this very long-lived species to propagate and mix in the
further spectroscopic laboratory and related theoretical in-stratosphere, provided FTIR converted mixing ratios in very
vestigations narrow these uncertainties. good agreement with the AGAGE data sets, giving good
confidence in the absolute mixing ratios derived from the
analyses involved here for both techniques.
4 Summary and conclusions We also note that the GFFTIR time series is in excellent
agreement (within 2 %) with solar occultation measurements
Since the 1980s, the presence of carbon tetrafluoridg)(CF made from satellites (ATMOS, ACE) and balloons (MKIV).
in the earth’'s atmosphere has attracted increasing attentiofhis demonstrates the reliability of the spectral fitting proce-
for three reasons, namely (i) its continued accumulation indures for retrieving Ci-from the ground, in particular, the
our atmosphere, (ii) its extremely long lifetime, and (iii) its handling of the interfering D lines (which are negligible
high global warming potential, 7390 times larger than thatin solar occultation retrievals above 10 km altitude).
of COy, justifying priority recommendations by the Kyoto During this study, we noticed that a syntheticQirelist
Protocol for C monitoring and regulation. In response to produced by Boudon et al. (2011) was available in the formal
these recommendations, strongly endorsed by the NetworklITRAN 2008 compilation (Rothman et al., 2009). Running
for the Detection of Atmospheric Composition Change, we our entire data set with these line-by-line parameters showed
have reported the first spectrometric measurement from tha reasonably good fit of the GHine positions and contours.
ground of the atmospheric @GFand their comparison with However, the retrieved column abundances were consistently
recently reported ground-level in situ mixing ratios which larger by~ 25 % than those derived with the pseudo-lines
have a quoted accuracy of 1 to 2% (Muhle et al., 2010). adopted here. This corroborates a conclusion by Boudon et
Owing to the location of the Jungfraujoch (3.58 kma.s.l.) al. (2011), stating that “the new linelist is still approximate
above the polluted and wet boundary layer of the low tro-concerning line intensities”. We strongly encourage the con-
posphere, we have established a special retrieval procedutauation of such fundamental efforts aimed at improving
that minimizes the perturbations by numerous interfering at-the accuracy of line parameters for important atmospheric
mospheric gases, in particular the residuaOHand HDO  species.
above the site (see Fig. 1), and successfully determined with Finally, we expect that the new in situ local measure-
an accuracy oft 7 % the loading of Ckthroughout the free  ments of Ck performed by Empa at the Jungfraujoch within
troposphere and the stratosphere (i.e., over two thirds of th\GAGE open interesting possibilities for in-depth statisti-
total mass of the atmosphere) between 1989 and 2012. Theal intercomparison with our FTIR time series. This side-
spectrometric analysis of a subset of solar spectra recorded aly-side, high-mountain operation is currently unique, world-
ISSJ during this period (i.e., over 3000 spectra, encompasswide, and is complementary in terms of techniques involved,
ing 1272 days) has allowed, for the first time, the measurevertical atmospheric coverage and, hopefully, long-term reg-
ment of the long-term evolution of the gEolumn abun-  ular operation.
dance from ground-based remote FTIR observations.
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Abstract. We present a detailed budget of formic and aceticof formic acid in the upper troposphere support a negative
acids, two of the most abundant trace gases in the atmatemperature dependence of the reaction between formic acid
sphere. Our bottom-up estimate of the global source ofand the hydroxyl radical as suggested by several theoretical
formic and acetic acids are1200 and~1400 Gmolyr1, studies.

dominated by photochemical oxidation of biogenic volatile
organic compounds, in particular isoprene. Their sinks
are dominated by wet and dry deposition. We use thel Introduction

GEOS-Chem chemical transport model to evaluate this bud-

get against an extensive suite of measurements from groundrormic (HCOOH, hereafter FA) and acetic (&EOOH,

ship and satellite-based Fourier transform spectrometers, diereafter AA) acids are among the most abundant and ubig-
well as from several aircraft campaigns over North Amer- Uitous trace gases in the atmosphere. They have been de-
ica. The model captures the seasonality of formic and acetiéected in remote, rural, polar, marine and urban environments
acids well but generally underestimates their concentrationin the gas-phase as well as in clouds and in aero&elsrie
particularly in the Northern midlatitudes. We infer that the and Galloway1988 Chebbi and Carlier1996 Khare et al,
source of both carboxylic acids may be up to 50% greaterl999.

than our estimate and report evidence for a long-lived miss- Sources of FA and AA include direct emissions from
ing Secondary source of Carboxy“c acids that may be assobiomass burning, biOfuel, fossil fuel, SO”, Vegetation, as well

ciated with the aging of organic aerosols. Vertical profiles@s secondary production from gas-phase and aqueous pho-
tochemistry Chebbi and Carlierl996 Khare et al. 1999.

Measurements of the isotopic composition of FA and AA

Correspondence td=. Paulot have shown that they are primarily composed of modern
BY (paulot@caltech.edu) carbon Glasius et al.200Q 2001), consistent with major

Published by Copernicus Publications on behalf of the European Geosciences Union.
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biogenic and biomass burning sources. Furthermore, mostontrast, crops have been reported not to emit detectable
field measurements show a remarkable correlation betweeamounts of FA or AA Kesselmeier et 311998. FA emis-
FA and AA suggesting similar sources. The sources of FAsions by plants are related to the @athway, ethene syn-
and AA remain, however, very poorly understood and sev-thesis and photo-respiratiokgsselmeier and Staydt999.
eral investigationsioisson et al200Q von Kuhlmannetal.  The emission of AA by plants occurs as the result of the hy-
20033 Ito et al, 2007 have pointed to large inconsistencies drolysis of acetyl-coA, a product of the degradation of fats
between measurements and model predictions. and carbohydratekésselmeier and Staydt999.
Sinks of FA and AA are better understood. Both acids We use the Model of Emissions of Gases and Aerosols
are relatively long-lived in the gas-phase with respect tofrom Nature (MEGAN) v2.1 Guenther et al.2006 imple-
OH photooxidation {ra ~ 25 days andraa >~ 10days at mented in GEOS-Chem as described\bilet et al. (2010
T = 260K and[OH]=10° molec cnT3). Because both gases to compute biogenic emissions from each GEOS-Chem grid
are very soluble, their primary atmospheric sink is thoughtcell (E):
to be deposition Chebbi and Carlier1996. Irreversible
uptake on dust can also be an important regional sinkE = VZ&'X!'
(Falkovich et al.2004). !
Better constraints on the budget of FA and AA are impor- where the sum is over the number of plant functional types
tant to understand patterns of rain acidity particularly in re-with baseline emission factar, and fractional coverage,.
mote regionsGalloway et al, 1982. More generally, since  For both FA and AA,s are 30 ug (m2h-1) for trees and
FA and AA are major trace gases in the atmosphere and havehrubs and 4.8 ug (n? h—1 for crops Guenther et a]200Q
few anthropogenic sources, the study of their budget offeraupdated on the basis of recent measurements (A. Guenther,
a glimpse at the interaction between the biosphere and thpersonal communication, 2010)). The emission activity fac-
atmosphere. tor, y, accounts for the variability in the local environment
In this work, we derive a detailed inventory of FA and AA (e.g., temperature, light, leaf area, soil moisture). In particu-
sources and sinks. We then use a chemical transport modédr for FA and AA:
to evaluate the resulting budget against measurements from ) )
an extensive suite of ground, aircraft and satellite-based mea? = €XP(B(T —303) y(othey With f = 0.08 andr" inK
surements. Major d_|screp_anC|es between the model and tr\ﬁ/here)/(other) is described imMillet et al. (2019 andT is the
measurements are investigated and several avenues for fUtEUrrent leaf temperature.
ther research are discussed.

2.1.2 Biomass burning and biofuel
2 Global budget

We use the GEOS-Chem global 3-D chemical transportBoth FA and AA have been measured in biomass burning

. . plumes (Goode et al.200Q Christian et al. 2003 Yokel-
model Bey et al, 200]) to investigate the budget of FA and . . . .
AA. In the standard GEOS-Chem mechanism (v8.3), photo_son et al. 2009. We estimate biomass burning emissions

. . . ) of FA and AA from biomass burning emissions inventory
chemical sources of AA include ozonolysis of isoprene and : o

: ) . (GFEDv2Randerson et gl2006 using the emission factors
reaction of peroxyacyl radicals with HCGand other peroxy

: . . . . . (EF) summarized in Tablé. Emissions from biofuels are
radicals (RQ) while sinks are limited to its reaction with . . R
. - calculated in the same way using the CO emission inventory
OH. FA is not treated explicitly.

: 4 . from Yevich and Logar{2003.
In the following, we describe the sources and sinks of gy . .
. S We note that the emission factors used in this study are
FA and AA and their implementation into the GEOS-Chem
. S generally smaller than the ones reported Axydreae and
framework. In this work, the model is driven by the GEOS-5
. Merlet (2007 for FA but larger for AA. These changes reflect
assimilated meteorology from the NASA Goddard Earth Ob- e L
. . L the very large variability in the reported emission factors.
serving System. The horizontal resolution is degraded here
to 4° x 5° and the vertical resolution to 47 vertical layers. _
The model is run from 2004 to 2008 following a one-year 2.1.3  Fossil fuel
spin-up.
o Emissions of FA and AA from motor vehicles were first mea-
2.1 Emissions sured byKawamura et al(1985. Here we estimate fos-
sil fuel FA and AA from CO fossil fuel emission®@ncan
et al, 2007 scaled by the emission ratios derived Tatbot
et al.(1988 at the Hampton Roads Bridge Tunnel (Virginia):
2.1x10~* FA per CO and £ x 10~* AA per CO.

2.1.1 Terrestrial vegetation

Terrestrial vegetation emits both FA and AA (e.g.
Kesselmeier200). Emissions by trees are triggered by
light and are well correlated with the transpiration rate. In

Atmos. Chem. Phys., 11, 1982813 2011 www.atmos-chem-phys.net/11/1989/2011/
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dry _ —3
Table 1. Biomass burning emission factors for FA and AA (in g Era (Savanna=1.7x10""x (exp(0.119x T) —1),

per kg of dry matter, Yokelson personal communication Akdgi . 2
et al. (2010). Emission factors fronAndreae and Merlef2001) T >0°C(R"=0.66)

are indicated in parentheses. ar
Epg (savanna= 2.5 x 1073 x (exp(0.091x T) — 1),

Savanna Tropical Boreal Biofutel

FA 0.18(0.7) 0.42(1.1) 0.80(2902.4) 0.22(0.13)
AA 158(1.3) 3.11(2.1) 4.05(381.8) 4.97(0.4-1.4)

T > 0°C(R?>=0.50)

whereT is the soil temperature ifC andEy is the emis-
sion of the acid in nmol (M?s~1). This corresponds to an
average emission afra = 1.8 x 10t nmol(m=2s~1) and
Ean =8.4x 102 nmol(m=2s1) over the 30C to 40°C
2.1.4 Agricultural emissions temperature range.
For a similar environment and using a much larger

Large emissions of acetic acid are associated with intendataset,Yienger and Levy(1995 derived Eno = 1.89 x
sive animal farming (from both cattle and cattle weSteaw 101 nmol(m~2s~1). We use the soil emissions of NO from
et al, 20079. Ngwabie et al.(200§ used the correla- Yienger and Levy(1995 in other environments to infer the
tion between AA and ammonia to derive emission factorsemissions of FA and AA (Tabl@). This assumes that the
(2x 103-0.2gG/gNH;z and a global estimate of AA emis- ratio between the emissions of FA (AA) and NO is indepen-
sions from cattle (4-17 Gmoly#). Using an emission fac-  dent of the environment type and that the emissions of FA
tor of 0.1 gGgNHz and the anthropogenic emissions of am- and AA exhibit the same temperature dependence as the one
monia Bouwman and Hogkl997) located on agricultural measured bpanhueza and Andre€#991). Field measure-
lands, we estimate the global soil emissions of AA to bements are clearly needed to assess these assumptions.
~40Gmolyr. Because of the weak acidity of FA (pKa=3.75) and AA

Ethanol, which has nearly the same molecular weight ag4.75), their soil emissions are likely to depend on soil pH
FA, is a major emission of cattle farming. This makes it under wet conditions. We assume that the emissions listed
difficult to quantify the emissions of FA by proton transfer in Table2 are at pH = pKa(FA/AA) and 30C, i.e. that they
mass spectrometry (PTRMS), the most common techniqugorrespond to half of the maximum emissions under wet con-
for these investigations. We assume that the emissions dfitions. Under these assumptions, the wet emissions are thus
FA (in moles) are equal to the emissions of AA. This corre- obtained by scaling the baseline wet emission by the follow-
sponds to 40% of the upper estimate of ethanol global emising factor:
sions byNgwabie et al(2008.

Both FA and, to a lesser extent, AA farming emission es-gy (_ AHx (i __ 1 )) « 2
timates are larger than those frovigwabie et al(2008 and R \Tsi 30315 L+H10PP-PRA
probably represent upper estimates. However, the contribu- .
tion of agricultural activities to the FA and AA budget is with X = {FA, AA}

likely to be underestimated as one can expect FA and AApare the soil pH is taken from the ISRIC World Soil Infor-

production from the photooxidation of volatile compounds mation Databasehftp://www.isric.org and A H is the heat
emitted as a result of farming activities but not represented ¢ jissolution at 298 K T

in the model.

* Derived from open-cooking.

Sanhueza and Andre§#991) also reported an increase in
) AA emissions after watering the soil, while FA emissions
2.1.5 Soil were suppressed. The AA emission increase hints at the
existence of water-stressed AA-producing microorganisms,
FA and AA production by soil bacteria is well documented gjmilar to denitrifying bacteria@avidson 1992. Here, we
with soil concentrations ranging from 2 to 5motth(Spos-  se the same pulsing factors for AA as the one derived by
ito, 1989 p. 66). The few studies of FA and AA emissions yienger and Levy(1995 for the soil emissions of NO. AA

(Sanhueza and AndreaB991 Enders et a).1999 suggest  pysing increases AA soil emissions b10% globally.
that soil emission is an important source of acids where pro-

duction from terrestrial vegetation is low. 2.2 Photochemical sources of formic and acetic acids
Sanhueza and Andred&991) reported emissions of FA

(AA) of ~0.4nmol (n2s~1) (0.2nmol (m2s~1)) atnoon  2.2.1 Terrestrial biogenic precursors

over dry savanna soil. Emissions of both acids were found to o ) ) ) . )

be temperature dependent. Here we approximate the tempef€ oxidation of biogenic compounds, and in particular their

ature dependence reported 8gnhueza and Andrege99])  0zonolysis has been suggested to be a major source of FA
using an exponential law: and AA (Jacob and Wofsy1988 Neeb et al.1997).
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Table 2. Soil emissions of formic and acetic acidsTggj =30°C in nmol (nm2 1) for different land types.

Land Type Formic Acid Acetic Acid

wet dry wet dry
Agriculture (not Rice) 1.8 101 - 1.1x 1071 -
Agriculture (Rice) 5.9< 1073 - 3.5%x 1073 -
Conifer and other deciduous .4Fx 1072 49x10°3 88x10°3 29x10°3
Desert 0 0 0 0
Drought deciduous 9x102 89x10°3 18x102 54x10°3
Grassland Bx101 59x102 11x10! 36x10°2
Tropical rain forest B 19x10°1 77x1071 12x10°1
Tundra 24x1072 82x103 15x102 50x10°3
Woodland 8x102 32x1072 50x1072 19x10°2
Wetland 15x 1073 - 88x 1074 -

* Wang et al(1998; Wang and Jaco{1998.

Here we update the photochemical oxidation mechanismof carboxylic acids in the oxidation of MONX by OH has
of isoprene, a non methane hydrocarbon which accounts fobeen ascribed to the reaction of stabilizedydroxyalky!
~30-50% of biogenic emissionss(enther et al.2006), radicals with NO Qrlando et al.200Q Larsen et a|.2001).
to include sources of FA from products of its photooxida- However,Peeters et a(2001) calculated that this reaction is
tion with OH: hydroxyacetone, glycolaldehyde and isopreneonly competitive with their thermal decomposition to alde-
nitrates Butkovskaya et a).2006ab; Paulot et al. 2009 hyde + HQ under laboratory conditions (N© 1-10 ppmv),
cf. Supplement). Ozonolysis of methylvinylketone (MVK) suggesting that the yield of FA from the first steps of MONX
and methacrolein (MACR), two major products of isoprene photooxidation is negligibleReeters et gl.2001;, Capouet
photooxidation, are also known to yield FAfchmann etal. et al, 2004). Conversely, the very simplified representation
1996 Grosjean et al.1993. In contrast, isoprene photo- of MONX secondary photochemistry in GEOS-Chem may
chemistry has long been thought to be an insignificant sourceesult in an underestimate of their overall FA/AA forming
of AA (Jacob and Wofsy1988. Recent experimental evi- potential.
dence suggests, however, that the photooxidation of hydrox- The OH-oxidation of acetaldehyde, whose sources in-
yacetone produces significant amounts of Buitkovskaya clude large emissions from the terrestrial and marine bio-
et al, 2006H at low temperature. Isoprene is also a signifi- sphere [fillet et al., 2010, is an important source of AA via
cant source of peroxy acetyl radical (PA), which reacts with PA + HO,. The modification to the GEOS-Chem mechanism
HO; to yield AA with a yield of 15% Hasson et al.2004 are summarized in Table S4.

Dillon and Crowley 2008.

The OH-oxidation of methylbutenol (MBO), a volatile or-
ganic compound emitted in large quantities by coniferous
trees Harley et al, 1998, also yields glycolaldehyde and hy-
droxymethylpropanal (HMPR), a precursor of acetoGarf
rasco et al.2006, and thus of AA via PA. MBO ozonoly-

sis has also been shown to yield FA as well as acetone an In this study, we include monthly marine emissions of iso-

HMPR (Carrasco et /2007). prene, acetaldehyde, ethene and larger alkenes. Acetalde-
The OH-oxidation of various monoterpenes has been rehyde marine emissions~.3 Tmolyr 1) are from Millet
ported to produce FA. However, the yield remains very un-et al. (2010 and isoprene sources are frofmnold et al.
certain. For instance, reported FA yields from the OH- (2009 (top-down estimate : 28 Gmolyt). Emissions of
oxidation of@-pinene range from 7%Qrlando et al.2000 ethene (162 Gmol y!) and larger alkenes (164 Gmolyh)

to 28% (arsen et al.200]). Yields greater than 50% have are inferred from isoprene emissions using the flux ratios ob-
been reported for limonenédrsen et al.2001). Ozonolysis  served byBroadgate et a(1997).

of various monoterpenes also yields FA and A&¢ et al,
2006. Monoterpenes are lumped into one species, MONX,
in the GEOS-Chem chemical mechanism. We adopt a FA
yield of 15.5% for the reaction of MONX with OH and a FA
(AA) yield of 7.5% (8%) for its ozonolysis. The formation

2.2.2 Marine precursors

Ozonolysis of marine biogenic emissions has been suggested
to provide a source of FA and AA in the marine atmosphere
(Arlander et al.199Q Sanhueza et al1996 Baboukas et a|.

2000.
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2.2.3 Anthropogenic/biomass burning precursors dominant at ambient temperature, and forn§2Y channels

have opposite temperature dependerizaigno et al.2002
In addition to fresh emissions from biomass burning or an-Sun and Saey£0089.

thropogenic sources, production of FA and AA within fire

plumes has been measured in ma@gpd@de et al.200Q Gao

et al, 2003 Yokelson et al.2003 Herndon et a].2007) but HCOOH+OH — HCOO +H,0 (R1)

not all instancesde Gouw et a|.2006. Here, we include for- — "COOH+H,0 (R2)

mation of FA and AA from the photooxidation of acetylene

(Hatakeyama et g11986, ethene and propene (and higher  This results in a relatively “flat” temperature profile near

alkenes). 298K where the laboratory investigations were conducted
Anthropogenic inventories for CO are describedByy but a strong negative temperature dependence at lower tem-

et al. (2001) and biofuel emissions byevich and Logan perature. This will be examined in Sedt3.

(2003. Recent updates of these inventories are described by In contrast, the AA reaction with OH has been studied

Millet et al. (2010. Emissions and photooxidation of acety- over a much wider temperature range. The reaction fol-

lene, propene and ethene, which are precursors of FA antbws a mechanism similar to FAB(tkovskaya et al.2004

AA, were recently included or updated By et al.(2008 and exhibits a negative activation energy. The tempera-

in the GEOS-Chem model. In addition we include biomassture dependence remains uncertain and we use the IUPAC

burning emission of hydroxyacetone and glycolaldehyde (  recommendation, .2 x 10~ 4exp(855/T) cm® (molec s'1)

et al, 2008, two precursors of FA and AA. (Alog=0.15 at 298 K) Atkinson et al, 2006, which is in
excellent agreement with the two most recent determinations
2.3 Sources not treated of this reaction rate coefficienB(tkovskaya et al.2004

Huang et al.2009.
Graedel and Eisnef1988 estimate that emissions of FA
from formicine ants could exceed motor vehicle and biomass2.4.2  Dry deposition
burning emissions. The overall contribution of formicine N ) o
ants to the FA budget is, however, likely to be limit€@hebbi DTy depo§|t|on of QX|dants gnd water soluble species is com-
and Carlier 1996 but may be important in ecosystems where Puted using a resistance-in-series model based on the for-
formicine ants are abundant (e.g., tropical forests). mulation ofWesely(1989 implemented in GEOS-Chem by

Aqueous phase oxidation of formaldehyde within clouds Wang and Jaco199§. The dry deposition velocities of
has been proposed to be a non-negligible source of FA in reFA and AA depend on surface momentum and sensible heat
mote environmentsGhameides1984 Jacob 1986. How- fluxes, temperature, solar radiation as well as the effective
everLelieveld and Crutzeif1991) argued that the very fast Henry's constant of FA and AA¥), which are calculated
agueous oxidation of FA would greatly diminish the role of & @ PH of 7, a reasonable assumption for most surfaces
cloud chemistry as a source of FA. (Wesely 1989. We use the median of the reported rlnea—

The source of FA and AA from enol photochemistry is SUréments: #ga = 5400M atm*, Haa = 5350 Matnt
not included in the modeltchibald et al, 2007). Enol are  (Sander1999.
known intermediates in combustiofgatjes et a.2005 and 2.4.3 Wet deposition
could originate from keto-enol tautomerizations catalyzed by~ ™

carboxylic acidsda Silva 2010. However, the importance  \yg¢ deposition is thought to be the most important sink of FA

of these processes as a source of FA and AA is poorly known, 4 aa (Chebbi and Carlierl996. The GEOS-Chem wet
and additional experimental constraints are needed to i”d“daeposition scheme includes scavenging of soluble tracers in

these processes in a global model. convective updrafts, as well as rainout and washout of solu-
ble tracersiari et al, 200Q Liu et al, 2001). We assume a

2.4 Sinks rain pH of 5 and that the acids are fully retained at freezing,
as with HNG;.

2.4.1 Photochemical We modify the GEOS-Chem deposition scheme to in-

o _ o clude the uptake of FA and AA in ice clouds. Briefly, as-
FA reacts with OH primarily via abstraction of the acidic hy- syming equilibrium between the ice surface concentration
drogen with a recommended temperature independent rate gfy . (moleccnt3) and the gas-phase concentratipxily
4.5x 10~ *%cm?® (molec s*) (Atkinson et al, 200. The un-  (mplec cnt3), non-dissociative uptake and non competitive
certainty of this rate coefficient is relatively largalpg = adsorption[X]s can be related to the surface area of ifigs(
0.15 at 298 K Atkinson et al, 2006) because of experimen- (c? cm~3)), the maximum number of molecules which can

tal challenges (dimerization of FA). To our knowledge, this e adsorbed on the surfadé{ax (molecules cm?)) and the
rate coefficient has not been determined below 298 K. Thefractional coverages) by:

oretical calculations suggest, however, that the acidb,(
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[X]s= Sjcel Nmax Modeled FA sources are dominated by photochemical pro-
duction from the oxidation of biogenic precursors. More than
¢ is given by the Hill-Langmuir equation: a third of the FA photochemical source stems from glyco-
K ix laldehyde and hydroxyacetone via the Butkovskaya's mech-

_ _ Nmax'" 19 anism Butkovskaya et al.2006gb). These sources were
1+ ﬁax[X]g not included in previous estimates and account for much of

. N ~ the difference (Table3). Other important sources include
where K (cm) is a temperature dependent partition coeffi-jsoprene ozonolysis (14% of the photochemical production)

cient: K Sox exp(B/T) with apa =5.8x 1011 CMm,apA = and monoterpenes photooxidation (6%). Acetylene is the
1.0x10"""cm andfra =6500K, faa =6600K Marecal  gominant non-biogenic precursor (6.5%).
etal, 201Q Crowley et al, 2010. Over three quarters of FA photochemical production is de-

rived from isoprene photooxidation, many aspects of which
remain uncertain. In particular, it is worth noting that the

Field measurements have identified formate and acetate owechgnlsm recent'l)'/ pr.oposed E&eetg s et.aI(ZOOQ re-
collected mineral aerosold.€e et al, 200 2002; Russell sults in large modifications of the distribution of isoprene
et al, 2002 Falkovich et al, 2004 F,alkovich ot 6'“ (2004 photooxidation products determined from chamber experi-

found that formate and acetate were the most abundant mon@entst(itr;:.:lwin? dhydr%gyacttletor;re intg glycglalld:gy(;e). i h;
carboxylic anions in dust particles and that their uptake Waslizrrilc ’ 5’1 clou Z'gn' _|tcan y.a ec Ietmko eel d u gf. 0
facilitated at higher relative humidity (RH). - Nevertheless, despite our iIncompiete knowledge ot 150-

Consistent with these observations, efficient uptake of carP'ene photooxidation, its representation in the GEOS-Chem

boxylic acids on various components of dustsher et al mechanism is much more explicit than for most other bio-
2003 has been measured: FA on clay (montmorillonite) genic volatile organic compounds. This probably results in

(Hatch et al,2007) and CaC@ (Al-Hosney et al, 2005; AA an overestimation of the injportance of isopr_ene as a precur-
on Si0y, a—Al,03, a—Fe&03 (Carlos-Cuellar et 212003 5" for FA as the photooxidation of other biogenic volatile
and CaCQ (Prince et al.2008. Increased water enhance the organic compouqqs, such as the different monoterpenes, is
capacity of the mineral dust to take up carboxylic aciéls ( muc_h more .S'mp“f'Ed' 0 .

Hosney et al.2005 Hatch et al, 2007 Prince et al. 2008 Direct emissions of FA are smalM15%) and dominated

but does not change the accommodation coefficighsig- by terres.tnal vegetation an.d blom.as?burnmg. Emissions
nificantly. from vehicles do not contribute significantly to the mod-

Surface saturation needs to be explicitly treated as iteled FA budget, consistent with observations frdenGouw

severely reduces the efficiency of this removal mechanisnﬁ:a?lhgi(r)g?r']ar?grogogegj |st(‘: :rﬁdgizju(%griztg,er?wogaer\éeorﬁ
(Hatch et al, 2007). Accounting for the saturation limit, P

. N globally (Table S2). This percentage is lower in the north-
':(?JIC; be et ?elﬁg\(/)endedsljlrmztzddtjhs?tsl:gr:ﬁ 40% of gaseous AA ern mid and high latitudes, though FA is still predicted to be

In GEOS-Chem, dust is carried into four different size largely dominated by modern sources (Table S2), consistent

bins. Here we use emissions from the dust entrainmenwl$h'50toﬁe studlestm Egropi(aglus etdalID.'ZOO]). burni
and deposition (DEAD) schem&énder et al.2003 Fair- e enhancement in FANFA) in aged biomass burning

: . plumes and its correlation withCO has frequently been
'1'%?} ::q’ dZSAiD':';r:T;T?S reéglizggoz i’ \;V; LfgyzAx_lgfz used to derive emission factors from ground or satellite based
and — 14x 10-* for RH> 30% 'Ilhe depéndence of observations (e.d?aton-Walsh et gl2005 Rinsland et al.

VAA = o = : : 2007 Gonalez Abad et a).2009. Our study suggests that
surface saturationS(in mg(acid)/g(dust)) on RH is approx- . .
imated by fitting an exponential tdatch et al(2007) mea- FA is rapidly removed from the boundary layer by wet and
surementsSea — 2-+4.7x (1—exp—8 6x10‘éx RH)) and dry deposition, so that little FA emitted or formed in the
Sap = 2+ 5';AX_(1 _ éxp(—z 6 x 102’ « RH)). Heteroge- boundary layer is advected over long distances or transported
Neous degrédation of FAA(—Hosney ot al 20'03 and AA into the free troposphere. Therefotd=A observed in aged

X . lumes is unlikely to represent direct emissions, as com-
P 2 fur- P . ’
'Ehenrngr?h?n?:le tgg%;?aig;izosggﬂisemed but may fur monly assumed, but rather the production of FA from the

photooxidation of biomass burning emitted precursors. Thus,

2.4.4 Dust

2.5 Simulated distribution AFA cannot be used, in general, to derive emission factors
far away from emission regions.
2.5.1 Formic acid FA sinks are dominated by depositions. Dust is not a sig-

nificant sink globally but can result in a large decrease of
The total source of formic acid in the model is about acids in the vicinity of large deserts.
1200 Gmol yr! (Table3). This is about twice as large as pre- ~ The modeled atmospheric lifetime of FA is 3.2 days, con-
vious estimated{o et al, 2007 von Kuhlmann et aJ20033. sistent with previous estimate€ltebbi and Carlierl996.
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Table 3. Modeled global budget of atmospheric formic and acetic acids (2004—2008 average). Previous estimates are indicated in
parentheses.

Formic acid ¢ = 3.2 days) Acetic acidi(=2.3 days)

Total Sources (Gmol yrl) 1232 (666, 587°) 1424 (1556, 1217)
Photochemical production 1055 976
(37CR, 370P) (1250, 70P, 200)
Biogenic 917 9551
Anthropogenic 138 21
+Biomass burning
Emissions 177 296 217) 448 (306,517)
Anthropogenic 3.5 7
Biofuel Burning 6.5 (28) 114.5 (278)
Biomass Burning 32.5 (17418%) 187 (243, 279)
Cattle 39.5 39.5
(25—1009) (4.2—16.8")
Soil 39 57
Terrestrial vegetation 56 43
(122, 129", 33—166, (56% 25",17—83, 10—33)
20—130)
Total Sinks (Gmol yr1) 1233 1426
Photochemical 229.5 413
Dry deposition 536 522
Wet deposition 437.5 451.5
Dust 30 39.5

2yon Kuhlmann et al(2003ab).

b |to et al.(2007).

¢ Baboukas et a(2000.

d Neglect biomass burning contribution to hydroxyacetone and glycolaldehyde.
€ Sum of biomass burning and biogenic emissions.

f Ngwabie et al(2008.

9 CoH5OH+HCOOH

N athiere et al(2008.

) Kesselmeier et a{1999.

The lifetime of FA in the boundary layer is about 1.6 days This observation cannot, however, be generalized since other
(excluding transport to the free troposphere). plumes did not exhibit production of AAdé Gouw et al.

The FA atmospheric mass is highest in the tropie8@ 2006 Yokelson et al.2009 and references thereinyokel-
of the global burden Table S2) as a result of large biogenicson et al(2009 also noted that the growth of FA and AA in
and biomass burning emissions (Fij. Modeled mixing  the Yucatan biomass burning plumes cannot be accounted for
ratios in the Northern midlatitudes are low and follow the by the photochemistry of their known precursors, pointing to

seasonal cycle of biogenic emissions. unidentified high molecular weight precursors. The impor-
tance of these precursors as a source of FA and AA will be
2.5.2 Acetic acid investigated in Sec#l.2

Photochemical production is dominated by the reaction of
The total source of acetic acid is about 1400 Gmoly(Ta- PA with HO, (53%) and other peroxy radicals (24%), with
ble 3). Emissions of AA account for about one third of AA isoprene photochemistry and acetaldehyde oxidation the pri-
sources. The difference with FA stems from much larger di-mary sources of PA. Our estimates are consistent with those
rect emissions from biomass and biofuel burning. Secondaryf von Kuhimann et al(20033 and Ito et al. (2007 but
production from anthropogenic sources or biomass burnimuch lower than the estimate Baboukas et a{2000. von
ing is small. AA production has, however, been observedKuhlmann et al(20033 pointed out that this is the result of
in biomass burning plumes. For instand@kelson et al.  the very high branching ratio for the production of AA from
(2003 observedAAA /ACO increase by as much as 9% in PA+HO, assumed byaboukas et al(2000, inconsistent
some biomass burning plumes and noted that the secondawyith values reported in recent laboratory experiments (e.g.,
production of AA exceeds the measured direct emissionsDillon and Crowley 2008.
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man vessel Polarstern in the Atlantic oceaklézco et al.

23 2005. We also use upper tropospheric FA profiles measured
by the space-borne Atmospheric Chemistry Experiment FTS
(Bernath et a].2009. All retrievals use the revised spec-

2 troscopic parameters for FA/4nder Auwera et al.2007)
contained in the HITRAN 2008 spectral databaRethman
et al, 2009.

11.5

3.1.1 Ground-based total column

Solar spectra in the vicinity of thes vibration have been ob-
1 tained by several stations of the NDACC: Barcroftin the Inyo
National Forest (California) at 3800 m, Bremen in north-
western Germany, La&union 700 km east of Madagascar,
Paramaribo on the coast of Suriname, Thule in northwestern
Greenland, and Wollongong, 100 km south of Sydney. The
different measurement sites and the cruise ship tracks are de-
picted in Fig.2. Measurement uncertainty is estimated to be
—0 ~19%. The choice of the spectral microwindow used to re-
ppbv trieve FA could result in a systematic bias in the retrieved
FA as large ast2.7 x 101° moleccnt?. A more detailed
description of the FTS retrievals can be found in the Supple-
ment (Figs. S1to S4 and Table S1).

10.5

Fig. 1. Annual simulated distribution of FA and AA in the boundary
layer. FA and AA maxima in the tropics reflect strong biogenic
sources.

Photooxidation of isoprene and other biogenic emissions:

a major source of FA

Similar to FA, deposition is the major sink of AA. Because

AAis less soluble than FA and because its oxidation by OHThe FA seasonal cycle at the mid-latitude stations, Wollon-
is faster and has a negative temperature dependence, ph@ong (Fig.3a, see also Fig. S5), Bremen (Figh, see also
tooxidation of AA is much more important than for FA and Fig. S6) and Barcroft (Figdc, see also Figs. S7 to S9) is
contributes to the significantly shorter lifetime of AA in the consistent with a major source of FA from terrestrial biogenic
atmosphere: 2.3 days (1.7 days in the boundary layer). AAemissions and their photooxidation. At Wollongong, for in-
is predicted to primarily consist of modern carbon globally stance, FA and biogenic emissions peak simultaneously in
(Table 83) The distribution follows patterns similar to FA January_ In Contrast, CO and HCN total columns genera”y
with a stronger influence of biomass and biofuel burning. peak around October, at the height of the biomass burning
season (Fig. S5). At Barcroft, the strong correlation between
FA and CHO in the summer months (Fig. S7) also suggests
a large influence of biogenic emissions on the FA budget. In

In this section. we evaluate the GEOS-Chem simulationcontraSt there is no correlation between FA and HCN. This

against upper tropospheric and total column measuremeniZt€rPretation is consistent with the conclusionsZainder
of FA by solar absorption spectrometry in the infrared usinget al. (2010 that FA seasonal variations above the Alpine
a Fourier transform spectrometer (FTS) as well as FA and°!at€au are the result of natural processes. _
AA aircraft measurements. The location of ground based At all sites, the model predicts large contributions of bio-

stations, the ship cruises and aircraft-based measurements$§Nic Photooxidation to the FA budget. The model performs
indicated in2. best in regions and time periods impacted by large isoprene

emissions such as in Wollongong (FBa) and La Runion
3.1 FTS measurements (Fig. 4a). Interestingly, the model predicts a biogenic peak

in FA in May at La Reunion later than the maximum in iso-
FA can be measured by FTS using the Q-branch ofprene emission in Southern Afric®fter et al, 2002. In-
the vs mode near 1105cmt. In this section, we use tense precipitations from January to April over LauRion
FA total columns retrieved by ground-based stations ofmay explain this delay by efficiently scavenging FA (leading
the Network for the Detection of Atmospheric Composi- to a minimum in the modeled FA in January). As the climate
tion Change (NDACC http://www.ndacc.org/Kurylo and becomes drier in May, the atmospheric lifetime of FA in-
Solomon(1990) as well as during several cruises by the Ger- creases resulting in higher FA total columns in spite of lower

3 Comparison with observations
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Fig. 2. Locations of the measurement sites used in this study. Red crosses: FTS ground stations (B: Barcroft, Br: Bremen, P: Paramaribo, R:
La Réeunion, T: Thule, W: Wollongong). Cyan dots: ship cruises. Blue, Magenta, Yellow and Green dots: aircraft missions flight tracks.

isoprene emissions. This illustrates the complicated interMissing biomass burning precursors
play between FA sources and sinks in the tropics. The model
suggests La Bunion is especially sensitive to this effect as Evidence for a large but more localized and seasonal biomass
the modeled FA total column is dominated by transport from burning source of FA can be found in the W0||0ngong and La
Madagascar and Southern Africa. Réunion records (Fig®a and4a). In La Reunion, FA peaks
In contrast, the model greatly underestimates FA at Bre-n October. This peak is also observed in CO angOHTS
men (Fig.4b) and Barcroft (Fig4c). These stations ex- measurements at the same location and is associated with
hibit a marked biogenic signature but are located in regionssiomass burning in Southern Africa (CO) and Madagascar
with lower isoprene emissions. This likely reflects a miss- (CO and CHO) (Vigouroux et al, 2009. In Wollongong,
ing biogenic precursor of FA in the model. In these re- the anomalously high FA total column measured in Decem-
gions, FA production may be promoted by seasonal bioticher 2006, the largest on the record, is also associated with
emissions from cattle and crop farminge(rl et al, 2009  piomass burning, since (a) it clearly precedes the biogenic
associated with elevated ozone due to anthropogenic activipeak in FA observed in other years, (b) very large bush fires
ties. The anthropogenic contribution to FA is predicted to bepyrned over 1 million acres from December 2006 to January
low at both sites (less than 5%) consistent with the seasona#007 in the Victorian Alps~450 km southwest of Wollon-
profile of FA and previous isotope measurements in Europgyong, and (c) anomalously high CO and HCN columns are
(Glasius et a.200Q 2001). recorded during the same time period (Fig. S5). This is con-
We note that Barcroft data must be interpreted cautiouslysistent with the work ofaton-Walsh et a2005 who re-
as the complicated topography of the region is not resolvethorted a significant correlation between aerosol optical depth
in the model. In particular summer FA total columns show and FA at the same site during bush fires from 2001 to 2003
evidence for boundary layer incursions which are not cap-and inferred that biomass burning could result in a strong en-
tured at the coarse resolution used in this study. Howeverhancement in FA total column at this site.
CHZQ seasonal_ity i_s surprisingly WeII.-captured in the model The model captures the timing of the biomass burning con-
despite a IOW'b"",‘s in t_he summer (!:'g' S8). The.refore, ME+ribution to the FA column well but underestimates FA dur-
teorology alone is unlikely to explain the large discrepancyjng piomass burning periods. The coarse resolution of the
between the model and the data over this site, and SOUIC&g e is likely to contribute to this discrepancy due to the
from the Central Valley (150 km to the west of Barcroft) are i ion of biomass burning plumes. However, the system-
likely underestimated. atic discrepancy on a multi-year average at l&uRion may
also indicate missing biomass burning sources of FA.

The discrepancy for marine sites (cruise (Fpand Para-
maribo (Fig. 4d)) also hints at a missing biomass burn-
ing source of FA. Air masses affected by biomass burning
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100 model predicts surface concentrations which are 2 to 5 times
lower than measurements made during cruisestignder

lso et al.(1990 andBaboukas et al2000.
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A local source in the polar regions
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FA and AA account for a large fraction of the water-soluble
organic carbon (gas + particle) over snow in polar regions
(Anderson et a).2008. Better constraints on the budget of
FA and AA in these regions may help understand the large
variations in FA and AA observed in the ice core record
in the last 100 000 yeard ¢grand and De Angelisl996.
¢t ‘ These variations have been tentatively attributed to changes
) o2 2005 2006 2007 2008 2009 in the biosphere or biomass burning activity in boreal regions
100 (Fuhrer and Legrand 997, Eichler et al, 2009.
Measured FA over Thule is about one order of magnitude
e W Mol Ll 50 = lower than in Wollongong (Fig3b). The largest FA total
w 'W W'W r \‘\//"' oY columns are measured in the summers of 2004 and 2008.
: : : Both these periods are characterized by exceptional biomass
: : ' burning in boreal regions (in North America in 2004 and in
Asia in 2008) Giglio et al, 2010, consistent with the hy-
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5’;5- . . . pothesis that FA anomalies may reflect large biomass burn-
Z, . % ing events. In the absence of local sources, the modeled FA
NE 5 o . s° . I column is dominated by transport. This is reflected in the
ER R .",'3... . ..'° *y '& ° modeled vertical distribution of FA peaking in the free tro-
e y s Y posphere. The model predicts a strong seasonal cycle with

maximum during the boreal summer, corresponding to the
. . : ; largest biogenic and biomass burning emissions. The model
(b) 2oa 2005 2006 2007 2008 2009 underestimates FA total column by a factor of 2 to 5. This
discrepancy may in part reflect insufficient biomass burn-
Fig. 3. The observed seasonal cycle of FA total column (blue, lowering emissions Andreae and Merlet2001). We also note
panel) is well captured by the model at (red, lower panel) at Wol- that the model predicts very low concentrations of FA at the
longong, Australia (34.5S, 150 E, 20ma.s.l.(a)) and is consis-  syrface 10 pptv). This is in sharp contrast with the mea-
tent with a strong biogenic influence (green, upper panel). This isg;;rements ofAnderson et al(2008 which report~1 ppbv
not the case in the high latitude site at Thule, Greenland (7853 of water-soluble organic carbon (primarily FA and AA) over
68.75 W, 220ma.s.|.(b)) where model under predicts measured Summit at 1.5 m above the snow. This discrepancy between

FA. Upper panel: modeled contribution of biogenic sources (green:

emission + photochemical production) and biomass burning (black.mOdeI and observation in Thule may thus reflect missing lo-

emissions + photochemical production) to FA total column. Lower cal sources. Ind_eeﬂzibb and Arsenaulf2002 repQVtEd sur- )
panek modeled (red) and measured (b|ue) FA total column. Mea_face concentrations of FA and AA measured in the Arctic

surements and model are averaged over a two day time period. ~ could not be sustained by transport alone but required a large
source from snow photochemistry.

=
T

emissions are known to be advected aloft from Africa to Missing winter sources

South America and their impact has been measured over

Paramaribo during the dry season from August to Novem-Mid latitude and low altitude sites (Bremen, Wollongong)
ber Peters et al 2004 Petersen et 3l2008. High CO mea-  show larger relative biases between the model and the data
sured in the tropics during cruises is also well correlated withduring the winter (Figs3a and4b). This may point to

FA (R =0.64, Fig. S10). The lifetime of FA is, however, in- large missing anthropogenic sources of FRalpot et al,
compatible with a large contribution of directly emitted FA 1988. Alternatively leaf decay may also contribute to
to the FA total column over Paramaribo (transport time fromthe FA sources in the winter monthKgsselmeier et al.
Africa to Paramaribo has been estimated at 10 dayBéy 1998. A missing biogenic contribution would be consis-
ters et al(2004) and suggests a missing long-lived precur- tent with isotope measurements which showed that FA and
sor from biomass burning. Sources of FA and AA from ma- AA are primarily made of modern carbon even in the winter
rine emissions are also likely to be underestimated since théGlasius et al.2001).
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Fig. 4. (a)La Réunion, France-{20.9 N, 55.5 E, 10 m.as.l.). Measurements are from campaigns in 2004 (Aug—Oct), 2007 (May—June;
Aug-Oct) and 2009 (May—Dec) arfd) Bremen, Germany (53N, 8.9 E, 27 ma.s.l.). Measurements are from 2002 to 2@dYBarcroft,

United States (378N, —118.2 E, 3800 m a.s.l.). Measurements are from campaigns in 1994 (Aug), 1998 (Oct—Dec), 1999 (Jan—Jul), 2000
(Oct-Dec), 2001 and 2002 (Jan-Aug) af) Paramaribo, Suriname (5.8/-55.2 W, 23ma.s.l.). Measurements are from campaigns in
2004/2006 (Oct—Nov), 2005/2007 (Feb—Mar; Sep). Upper panels: same &s [Eégver panel: comparison between modeled and measured

FA total columns. Individual total column measurements are indicated with blue dots. The 2004—2008 model range is indicated by the red
shaded area and the model mean by the white dashed line.

3.1.2 ACE-FTS Figure 6 shows the average distribution of FA measured
by ACE-FTS from 2004 to 2008. FA is highest from 10 to
The Atmospheric Chemistry Experiment (ACE) is a Cana-5(r S, probably reflecting large biogenic sources. The North-
dian satellite that was launched by NASA on on 12 Au- ern hemisphere exhibits lower FA mixing ratios on average.
gust 2003. FA is measured by high spectral resolutionFA mixing ratios decrease rapidly with altitude and away
(0.02cnt?) FTS operating from 2.2 to 13.3 um. Using solar from the source region. High mixing ratios observed at high
occultation, the altitude profile of temperature, pressure andjtitudes in the Southern Hemisphere may indicate efficient
various chemical compounds, including FA, CO angHe  transport of FA or, more likely, its precursors from the bound-
are determined between88 and 85 S. Here, we are using  ary layer to the free troposphere.
version 3.0 of the ACE-FTS Level 2 data product. The model captures mid tropospheric FA in the tropics and
Rinsland et al(200§ and Gonzlez Abad et al(2009  Southern mid latitudes relatively well. It is biased low north
have used the ACE-FTS spectra to retrieve mid and uppepf 40° N (Fig. 7), mirroring the low modeled concentration
tropospheric FA. Even though most FA is located at low alti- of FA in the planetary boundary layer (Fit) and consistent
tude and thus cannot be observed by ACE-FTS, these uppggith the large underestimation of FA total column over Bre-
atmospheric profiles provide insights into the sinks, sourcesnmen. The model is biased high south of 50 This region
and transport of FA. experiences among the lowest concentrations of FA and it is
unclear how significant this discrepancy is.
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Latitude FTS suggests an altitude-dependent error. Increasing the reaction

rate of OH with FA reduces the model high-bias in the upper tro-
Fig. 5. Monthly FA total column measured during cruises in the PosphergC) while injection of biomass burning in the free tropo-
Atlantic ocean in 1996, 1999, 2000, 2002, 2003 and 2005 (dots)sphere provides little improvement in the middle troposphere while
The 2004-2008 model monthly mean range is indicated by the redlegrading FA simulation in the upper troposph¢y. Absolute
shaded area. FA maximum in the tropics reflects biomass and biodifference between the model and the ACE-FTS measurement is
genic sources. shown in pptv with contours indicating the relative difference in %

((model-measurement)/measurement). Cells with no measurements

are grayed. Pangh) shows the comparison for the reference run

100 140 (R1), PanekB) for R2b and Pane(C) for R4 (see Sect). The
150 124 model is sampled at the location and time of the ACE-FTS mea-
surement.
200 H109
520 193 ing ratios greater than 160 ppbv are strongly influenced by
£ 300 /g fresh biomass burning emissions. This is in part captured by
¢ the model which shows a strong enhancement of FA in this
% 350 i1 62 regime. The largest discrepancy is found for values of CO
< 400 a7 ranging from 120 to 150 ppbv. These air masses exhibit a
weak biomass burning signature and are primarily located in
450 31 the lower free troposphere at high northern latitudes. These
500 16 air masses may be affected by boundary layer air, carrying
high mixing ratios of FA or its precursors of biogenic or an-
850 =0 a0 20 o 20 20 60 8o ° thropogenic origins. Alternatively, they may be associated

with aged biomass burning, which would support the exis-
Fig. 6. Measured distribution of FA (pptv) by ACE-FTS from 2004 tence of long-lived biomass burning precursors of FA.
to 2008. Median of FA measurements is calculated ifi [Hi-
tude 50 mbar bins. Only cells with more than ten measurements3.2 Aircraft measurements by mass spectrometry
are shown.

From the previous section, large sources of FA appears to be

missing in the Northern Hemisphere mid latitudes. Here we

The model greatly underestimates the measured verticgbresent data from several aircraft missions over North Amer-

gradient of FA in the free troposphere, underestimating FAica to gain insights on these missing sources. We use mea-
at low altitude and overestimating it at high altitude (FiYy. surements from the Intercontinental chemical transport ex-
The correlation plot between FA and CO reveals possibleperiment (INTEX-B/IMPEX April to May 2006 with a focus
reasons for this discrepancy (Fig§). The model overes- on the transport of pollution from Asia to the United States
timates FA at low CO (40 to 60 ppbv) which primarily re- over the PacificSingh et al. 2009, the Second Texas Air
flects the high bias of the model at high altitude where mostQuality Study (TexAQS Il — August to October 20@6r-
of the ACE-FTS measurements are taken. ACE HCN meayrish et al, 2009, the Intercontinental Transport and Chem-
surements (not shown) imply that air masses with CO mix-ical Transformation experiment (ITCT 2k4 campaign over

Atmos. Chem. Phys., 11, 1982813 2011 www.atmos-chem-phys.net/11/1989/2011/
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Fig. 8. The correlation between CO and FA observed by ACE-

FTS (blue crosses) in the free troposphere is not well-captured byFig. 9. In-situ measurements show strong correlation of FA and AA

the model (green, red and blue crosses), suggesting a missing sewith the abundance of organic aerosol over the West Coast of the

ondary source. Lower panel: correlation plot between FA and COUnited States and the eastern Pacific (INTEX-B), in urban environ-

(lower panel) for the measurements (blue) and the model: R1 (red)ments (MILAGRO) as well as in arctic regions (ARCPAC).

R2b (green), R4 (black). Upper panel: distribution of measured and

modeled CO. The extent of the error bars indicate the 25 and 75

percentiles. The model is sampled at the location and time of th R = 0.86) and the organic content of the aeros®k 0.82)

ACE-FTS measurement. hints at missing sources of AA from biomass burning.

Unrepresented precursors of FA and AA could also ac-

) count for some of the discrepancy in INTEX-B (eSinreich

the Northeastern United Statéshsenfeld et gl2006 and et al, 2010. The discrepancy in the marine boundary layer

the Aerosol, Radiation and Cloud Processes Affecting ArctiCso, poth acids is similar to the one reported Baboukas

Climate study (ARCPAC 2008 over Alaskd/ameke etal. gt a1, (2000 in the Atlantic ocean. Modeled marine sources

2009). FA and AA were measured by Chemical lonization of Fa are a negligible fraction of FA photochemical produc-

Mass Spectrometry during INTEX-Brounse et al.200§  {jon (~2.5%) reflecting the low emissions of FA precursors.

and AA was measured by PTRMS during ITCT 2k4, AR- Thjs is not true for AA as acetaldehyde emissions from ma-

CPAC 2008 and TexAQS ldle Gouw and Warnek007.  yine sources are large, resulting8.5% of AA production

Even though FA was not measured during these missions, iyer the ocean. The marked maximum in FA total column in

can be expected to correlate very well with AA (6850.9  the tropics is, however, consistent with an important role of

for INTEX-B). transport from the continents (Fig).

The model underestimates AA and FA in all missions, con-  INTEX-B measurements over the California Central Val-
sistent with total column observations in the Northern mid |ey (Table4) also confirm that cattle and/or crop farming
and high latitudes (Bremen and Thule). Missions closer tojs accompanied by very large mixing ratios of FA and AA
large biogenic or anthropogenic sources (ITCT 2k4 and Tex{5 times greater than in Asian plumes and 10 times greater
AQS 1) exhibit a smaller discrepancy than INTEX-B (im- than in the Pacific free troposphere). In contrast with mea-
pacted by aged Asian pollution) or ARCPAC 2008 (impacted surements taken over the Pacific, AA appears to be pro-
by biomass burning). This suggests a large missing longduced/emitted more efficiently than FA in this environment.
lived precursor of FA and AA. Consistent with this hypothe-  Comparisons between the model and the data show lower
sis, air masses exhibiting a strong Asian pollution signaturegdiscrepancies for TexAQS Il and ITCT 2kd42—3x, Fig.10a
(as defined bypunlea et al.2009 exhibit a marked enhance- and 10b). Correlations with anthropogenic markers (ben-
ment in FA and AA mixing ratio over other air masses sam-zene: R = 0.5 for TexAQS Il, R =0.75 for ITCT 2k4 ;
pled over the Pacific (Tabld). Since FA and AA emitted methoxyperoxyacetylnitrateR = 0.85 for ITCT 2k4) sug-
or formed in Asia are expected to be washed out as air igjests a source of AA may be associated with anthropogenic
lifted out of the boundary layer, this enhancement hints at arocesses.
secondary production of both acids. The correlation of FA
with the organic fraction of the aerosolg & 0.83, Fig.9),
which are predominantly of secondary origDunlea et al.

2009 is consistent with this hypothesis. Similarly, in AR-
CPAC 2008, a strong correlation of AA with black carbon

www.atmos-chem-phys.net/11/1989/2011/ Atmos. Chem. Phys., 11,2083-2011
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Table 4. The increase in the median measured (m) FA and AA in polluted air observed during INTEX-B/IMPEX reflects the importance of
secondary sources in the budget of FA and AA. These sources are missing from the modek(Mg slope of the linear fit: AAeFA+ 8
calculated using York's method/@rk et al, 2004 for the measurement (ordinary least square for the model). Characterization of the air
masses follows the approach@iinlea et al(2009.

FA (pptv)  AA (pptv) a+1o (R?)
m M m M m M
Free troposphere 296 26 193 25 0439.16 (053) 0.42(037)
(Asian pollution)
Free troposphere 108 26 86 26 0:5R.23(052) 0.54(051)
(pristine + dilute Asian pollution)
Boundary layer 1291 81 906 62 1.590.16(063) 0.40 (091)
(California Central Valley)
3.3 Summary of model-measurement comparisons observations of CO and aerosols downwind of fires could be

best explained when a large fraction of the fire emissions
The comparisons between measurements and model resulis released above the boundary layer (@grquety et al.
have revealed that: 2007. Injection of FA/AA or their precursors outside of the
rpoundary layer is of great importance in their budget. In-
deed a fast transport of carboxylic acids out of the bound-
ary layer increases their lifetime by reducing the dry depo-
sition sink and results in a large increase in their net life-
2. FA and AA concentrations are largely underestimatedtime. This in turn results in enhanced transport of FA and
when biomass burning (ARCPAC 2008, ACE-FTS, AA on larger scales. Furthermore biomass burning has been
La Reéunion) or anthropogenic influences (Bremen, associated with a reduction of low-level precipitation (e.g.
INTEX-B) are strong. However, even in these instances,Andreae et a).2004 which may further increase carboxylic
FA and AA seasonality (Bremen) suggests that a largeacid lifetime.
fraction of FA and AA is associated with emission and  Several studies have associated enhancements of FA in the
photooxidation of biogenic compounds. free troposphere to biomass burnifgohzlez Abad et aj.
2009. Here we examine whether injection of biomass burn-
ing emissions outside of the boundary layer can help bridge
the gap between between model and observations at high
4. FA and AA are greatly underpredicted in polar regions CO. We use two different scenarios. In the first one (R2a),
and in Northern midlatitude regions impacted by an- 60% of the biomass burning is emitted in the boundary layer
thropogenic activities. while 35% is emitted in the mid troposphere (from the top of
. ) ) . boundary layer to 400 hPa) and 5% in the upper troposphere
These observations are c_ons!stent with major secondarmoo hPa to 200 hPa). In the second scenario (R2b), we adopt
sources of FA and AA missing in the model. In the follow- e of the scenarios used Byrquety et al(2007) to inves-
ing, we use a series of sensitivity runs to examine the crljterlqigate biomass burning over North America with 40% of the
a secondary source of FA and AA must meet to help bridgey,;omass burning emissions in the boundary layer, 30% in the
the gap between the model and the data. The reference simyys;qg troposphere and 30% in the upper troposphere. Since our
lation described in this section is referred to as R1 hereaftergoa| is to examine the sensitivity of free tropospheric FA to
biomass burning injection height, modifications of the injec-
tion height are applied globally, an important simplification
(Val Martin et al, 201Q and references therein). Furthermore
4.1 Biomass burning injection height we assume that EF for FA and AA are independent of the the
biomass burning injection height. This is another important
As a default in GEOS-Chem, biomass burning emissions arsimplification since (a) the injection of biomass burning in
solely released in the boundary layer. However observationshe free troposphere strongly depends on the fire intensity,
have shown that major fires can inject emissions well aboveand (b) EF for FA and AA exhibit some correlation with the
the boundary layer (e.gle Gouw et al.2006 Vigouroux modified combustion efficiency (MCE), an indicator of the
et al, 2009. Several modeling studies have also shown thatcombustion type (flaming or smoldering). Therefore, a more

1. the model captures FA concentration and seasonality i
regions with large biogenic emissions (ACE-FTS in the
tropics, Wollongong, La Bunion)

3. The rapid decrease in FA with altitude in the upper tro-
posphere is not captured by the model.

4 Sensitivity study
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500— " " and the data in the lower troposphere. In particular, it has
no effect on the modeled FA in air masses with CO mixing
S50r = T ratios ranging from 120 to 150 ppbv. This is not surprising if

these air masses are associated with aged biomass burning,

600y as FA sinks (photooxidation and wet deposition) are faster
— than for CO. In contrast, the injection of FA into the free tro-
;‘550 \ posphere significantly amplifies the discrepancy between the
200 ' model and the measurements in the upper troposphere. The
3 , very long lifetime of FA in the upper troposphere is respon-
@50_ sible for this strong sensitivity. In R2b, FA is increased by
= almost 50% in the upper troposphere compared to the refer-
soob ence run, resulting in large discrepancies for CO between 40
and 120 ppbv (Fig7).
850 These observations suggest that the distribution of FA in
the free troposphere is only sensitive to biomass burning in-
900

o 200 T00 500 500 1000 jection height for fresh biomass burning plumes. As FA is
(@) pptv removed from the free troposphere faster than CO, the cor-

450 relation between FA and CO across the whole CO range can

sool only be sustained if the photooxidation of long-lived unrep-
resented compounds (i.e., poorly soluble and reactive) pro-

550} duces FA. However, if such a source exists, the observed ver-
tical gradient of FA indicates a large sink is missing from the

%QOO' model in the upper free troposphere.

Qo

%’50' 4.2 Secondary source of FA and AA and organic aerosol

oo aging

g

%50t The positive correlation of FA and AA with submicron or-

: ganic aerosol observed in several aircraft campaigns 9Fig.
soor hints at a possible relationship between FA and AA produc-
ssob i tion and aerosol aging, i.e., processes affecting aerosol com-

position.
900 =) 500 ‘ 550 1000 Aerosol composition is very dynamic as evidenced by the
(b) pptv positive correlation between the oxygen to carbon ratio and

the residence time of aerosolBgCarlo et al.2008 Capes
Fig. 10. (a) TexAQS Il and(b) ITCT 2k4. Comparison between et g|, 2008. Near sources, aging is thought to be domi-
me_asu_red (blue) and modeled (red) vertical AA profile_s. The boXpated by gas-phase oxidation of semivolatiles (a), while, for
(thick line) extent represents the 25% and 75% percentiles. longer residence time, heterogeneous oxidation (b) may be-

come importantDeCarlo et al.2008 George et a).2008.

The combined evolution of the oxygen to carbon ratio and
quantitative Study of the importance of biomass burning inof the hydrogen to carbon ratio during aerosol aging was
the FA and AA budget would require an explicit description recently showed to be consistent with the formation of car-
of the relationship between MCE and EF as well as MCE andhoxylic groups Heald et al. 2010. This is not inconsistent
injection height. with (a), even though we are not aware of direct evidence for

Both scenarios lead to an enhancement of FA in the midthe formation of either FA or AA from the photooxidation
troposphere (by 10% for R2a (not shown) and by 35% forof semivolatiles. In contrast, laboratory experiments provide
R2b (Fig.7 panel b)). The increase is especially large at highample evidence for the volatilization of FA and AA (b) fol-
CO, greatly reducing the discrepancy between the model antbwing the photolysis of aerosolMalser et al. 2007 Pan
the measurements (Fig). This is remarkable since biomass et al, 2009 as well as their heterogeneous oxidation by O
burning emissions of FA and its precursors account for a rel{Eliason et al.2003 Park et al.2006 and OH Eliason et al.
atively small fraction of FA sources in the model. This dis- 2004 Molina et al, 2004 Vlasenko et al.2008. As het-
proportionate effect highlights the strength of boundary layererogeneous oxidation operates on relatively long time scales
sinks of FA which greatly hinder its transport to the free tro- (>4 daysGeorge et a.2008, it could help account for ob-
posphere. The increase in FA induced by both scenarios isservations during INTEX-B and at Paramaribo. It appears,
however, insufficient to bridge the gap between the modehowever, to be too slow to provide a large source of FA and
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AA near emission center®gCarlo et al.2008. These ob- T T T 100
servations suggest that aerosol aging and wall reactions could
result in a significant source of FA and AA in chamber ex- L /\\.50 S
periments that was not accounted forPgulot et al(2009. V—\//

Comparison between the data and the model suggests , , , , 0

global sources of FA and AA may be underestimated by up
to 50% for both acids, i.e., an additiona TmolCyrt. Es-
timates for the global flux of carbon from the photooxidation Hg
of aerosol range from 4 to 16.5 TmolCVr (Kwan et al, o
£
8

2006, suggesting FA and AA volatilization would need to
account for a very large fraction of this flux (10-50%). How- ¢
ever this estimate does not account for the probably large & 25
dynamic exchange of matter between the gas and aerosol
phases driven by semivolatile volatilization and photooxida-
tion (Robinson et a).2007 Kroll et al., 2009 Jimenez et aJ.
2009.

Proper evaluation of the role of aerosol aging as a source of
FA and AA requires detailed modeling of aerosol evolution
(e.g., following the framework presented Bynenez et a|.
2009 informed by additional laboratory measurements. This
is beyond the scope of this paper. Here, we do not explic-wﬂz-5'
ity model secondary organic aerosol but use organic aerosolg 5| .
(OA) to generate a diffuse source of FA and AA associated =
with aerosol aging (scenario R3). In GEOS-Chem, OA rep- Ng :
resents both emitted OA (primarily from biomass burning g 1
with an important contribution of anthropogenic sources in £
the Northern midlatitudes) and a small and simplified sec-
ondary production from the condensation of low volatility
compounds from biogenic and anthropogenic sourBask(
et al, 2003. The largest global source of OA is biomass Fig. 11. A diffuse source of FA from aerosol aging (dominated by
burning globally. We assume that the reaction of OH with biomass burning (R3)) allows the model to reproduce the increase

OA produces FA and AA according to: in FA during the biomass burning season in LauRion(a) and
Wollongong(b). Color code as Fig. 3.

2%04 2005 2006 2007 2008 2009

-1
@=@=<r_p+i> A OH
dt dt Dg vy o o ) ) ) )
the lifetime of FA. This is evident in the comparison with

wherery is the particle radiusy the reaction probability (as- the cruise measurements where a very large increase is ob-
sumed to be 1 here))q the gas-phase diffusion coefficient, served in the tropics, reflecting the enhanced transport of FA
v the mean molecular velocity of OH antthe aerosol sur- biomass burning precursors away from their source regions
face area. This reaction does not represent a physical proce¢sig. S11). Other locations impacted by biomass burning
(OA is not lost via this reaction) but is meant to provide a such as Thule see large increases in FA or AA though this
diffuse source of FA and AA correlated with OA. Including remains insufficient to bridge the gap between model and
this process results in an increase in the source of FA and AAneasurements.
by 320 Gmolyrl, about~25% (~0.95 TmolC yr1). In the GEOS-Chem simulations used in this study, or-

This large additional FA source greatly improves the ganic aerosol sources are dominated by biomass burning.
agreement with La Bunion. The mean FA concentration Because of the lack of a proper representation of secondary
increases by almost 60% in October (Fida). Similarly, organic aerosol (SOA) in our simulation, it is not surpris-
the anomalously high FA measured in December 2006 ining the discrepancy remains very large in locations where
Wollongong is much better reproduced in the model with organic aerosols are dominated by SOA from biogenic or
this hypothetical aerosol source (Fitflb). We note that it anthropogenic sources (e.g., Bremen (Fig. S13), INTEX-B).
has little effect on the FA total columns for the other years, Future work will focus on assessing the role of semivolatiles
underlining the exceptional intensity of the 2006 bush fires.as a source of FA and AA. In particular, the interaction be-
For both sites, a similar increase in biomass burning emistween biotic emissions (biogenic and agricultural) and an-
sions of FA would not result in such a large improvement. thropogenic activities need to be properly represented, as it
This is because the lifetime of organic aerosol is longer tharhas been shown that this interaction could result in enhanced

Atmos. Chem. Phys., 11, 1982813 2011 www.atmos-chem-phys.net/11/1989/2011/



F. Paulot et al.: Formic and acetic acid budget

2005

Fraction of FA source due to HCHO + HO,

secondary aerosol formatioddg Gouw et al.2005 Weber 0150 0.4 0.2 0.3 0.4 05 5;6 0.7
et al, 2007 Goldstein et a].2009. If SOA aging is indeed N S N
a source of FA and AA, this could help explain the biogenic 02} o
signature of FA and AA in polluted regions (seasonality and .25}
isotopic composition), as well as the similar magnitudes of 0l
Wollongong and Bremen FA total columns despite very dif- ' ,
ferent isoprene sources. 035
04t

4.3 Upper tropospheric budget of FA = 0.1
The ACE-FTS comparison revealed a high bias of the model 0}/
in the upper troposphere. At these altitudes, wet deposition g ssl'
becomes small and FA sink is dominated by the reaction of
OH with FA. ]

To examine the sensitivity of the FA profile to the temper- ~ 0-65;
ature dependence of its reaction with OH, we use the tem- ' s : : . :
perature dependence derived theoreticallyGajano et al. 0 005 01 O'é,i (ppb?,')z 025 03 03

(2002 for the acidic k1) and formyl channelskg) and scale

it to match the experimental rate of FA+ OH determined atFig. 12. Including a representation of HCHOHO, chemistry in-

room temperature. The resulting rate constant of FA with OHcreases FA in the upper troposphere by nearly 50% (red) compared

(kratoH) is : to the reference run (blue). Such a source (black dashed line) would
further amplify the high bias of the model with respect to ACE-FTS

786
kearoH=k1+kr =2.94x 107 x exp(7>

observations. Profile of FA at14° N, 60° W July 2005.

1036 HOCH,O2 +NO — HOCH20+ NO» (R7)
+9.85x 10713 x exp<——)
r HOCH,O+ Oy — FA+HO; (R8)
At 220K, this predicts the oxidation of FA is 2.3 times faster s
than at 298 K. HOCH,OOH— FA (R9)
In the R4 simulatiqn, we also include FA formation from HOCH,O0H- OH —> FA +H,0+ OH (R10)
organic aerosol (as in R3) as well as the injection of FA in
the mid troposphere (as in R2a). The change in the reactioHHOCH,OOH+ OH— HOCH,O00 (R11)
rate at cold temperature results in a dramatic decrease of FA
in the upper troposphere (Fig), because photooxidation is HOCHOOH+hv — HOCH,O+ OH (R12)

the dominant sink of FA in this region. This decrease is es-

pecially remarkable since mid troposphere FA is mcreasedtion Jenkin et al(2007 reported thanRS) and R6) ac-

as a result of the injection of biomass burning in this regions.
This result must be interpreted cautiously as the model ma
underestimate HQin the upper troposphere, especially in
the tropics \Wennberg et al1998. The fate of FA in the up-

per troposphere deserves more study since FA could providEr

a useful proxy to investigate biomass burning injection in the
free troposphere.

The discrepancy between model and observation of FA

in the upper troposphere is further amplified if the equilib-
rium between HOCHLOO and HCHOG+HO; is considered
(Veyret et al, 1989.

HCHO+HO, < HOCH200 (R3)
HOCH,O5 + HO, — HOCH200H (R4)
HOCH,O + HO, — HOCH20+ OH-+ O, (R5)
HOCH;O, 4+ HO, — FA+H,0 (R6)

www.atmos-chem-phys.net/11/1989/2011/

Reaction of HOCHOO with NO results in FA forma-

ount for 20% and 30% of the reaction of HOEGBO with

O,. The photooxidation of hydroxymethylhydroperoxide
(HOCH,OOH) is also expected to form FA with high yield
om photolysis, reaction with OH and heterogeneous de-
composition Neeb et al.1997). Therefore we assume that
the reaction of H@ with HOCH,OO results in FA forma-
tion with a yield of 1. As shown on Fidgl2, HO, +HCHO
chemistry significantly increases FA in the upper troposphere
where the lifetime of HOCHOO is long enough for the re-
action of HOCHOO with NO and HQ to compete with
HOCH,OO decomposition. As pointed bylermans et al.
(2009, proper assesment of HCHEHO, importance as a
sink of formaldehyde and source of FA requires very precise
knowledge of the temperature dependenceRE)( Recent
measurements of HOGI®O — HO, 4+ CH,O by Pinceloup
et al. (2003 are significantly slower than the recommended
IUPAC value @Atkinson et al, 2006 used in this simulation.
This suggests the source of FA from HCH® O in the free
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Abstract. We present intercomparison results for formalde- for the Ring effect or the width and position of the fit-
hyde (HCHO) slant column measurements performed duringing interval. This study led to the identification of po-
the Cabauw Intercomparison campaign of Nitrogen Dioxidetentially important sources of errors associated with cross-
measuring Instruments (CINDI) that took place in Cabauw,correlation effects involving the Ring effect4OHCHO and

the Netherlands, in summer 2009. During two months, nineBrO cross sections and the DOAS closure polynomial. As
atmospheric research groups simultaneously operated MAXa result, a set of updated recommendations was formulated
DOAS (MultiAXis Differential Optical Absorption Spec- for HCHO slant column retrieval in the 336.5-359 nm wave-
troscopy) instruments of various designs to record UV-length range. To conclude, an error budget is proposed which
visible spectra of scattered sunlight at different elevation an-distinguishes between systematic and random uncertainties.
gles that were analysed using common retrieval settings. Th&he total systematic error is estimated to be of the order of
resulting HCHO data set was found to be highly consistent,20 % and is dominated by uncertainties in absorption cross
the mean difference between instruments generally not exsections and related spectral cross-correlation effects. For a
ceeding 15 % or 7.5% 10 moleccnt?, for all viewing el-  typical integration time of one minute, random uncertainties
evation angles. Furthermore, a sensitivity analysis was perrange between 5 and 30 %, depending on the noise level of
formed to investigate the uncertainties in the HCHO slantindividual instruments.

column retrieval when varying key input parameters such

as the molecular absorption cross sections, correction terms
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1 Introduction al., 2011; Wagner et al., 2011), MAX-DOAS measurements
are also particularly well suited to make the link between
Formaldehyde (HCHO) is the most abundant organic carsatellite observations, chemical transport model calculations,
bonyl compound in the atmosphere. Being a short-lived ox-and in situ measurements in a validation context (Brinksma
idation product of a large number of volatile organic com- et al., 2008; Vlemmix et al., 2011b).
pounds (VOCSs), its abundance can be closely related to VOC The first reported MAX-DOAS measurements of HCHO
emissions of natural origin or from human activities. In par- were performed in the Italian Po Valley, in summers 2002
ticular, the variability of HCHO over continents is domi- and 2003 (Heckel et al., 2005; Wagner et al., 2011). Soon
nated by local production from non-methane volatile organicafter, Hak et al. (2005) reported on an intercomparison ex-
compounds (NMVOCs) (Millet et al., 2006; Stavrakou et ercise including the chromatographic technique, long-path
al., 2009a,b and references therein), originating from bio-(LP) DOAS, Fourier Transform InfraRed (FTIR), MAX-
genic, pyrogenic or anthropogenic sources. These emission§OAS, and Hantzsch-type in situ instruments, showing
through their involvement in tropospheric ozone chemistry,good consistency between the different techniques. In 2006,
are important in controlling air quality. Over Europe, satellite Wittrock et al. published a study on global HCHO map-
observations reveal a marked seasonal cycle, with a summagging from the SCIAMACHY (SCanning Imaging Absorption
maximum and a winter minimum (Curci et al., 2010). spectroMeter for Atmospheric CHartographY) nadir satel-
Tropospheric formaldehyde has been observed from nadilite instrument including comparisons with two MAX-DOAS
UV backscatter satellite sensors (Chance et al., 2000; Palmaystems (in Kenya and the Netherlands), and found good
et al., 2003; Wittrock et al., 2006; De Smedt et al., 2008, agreement within the estimated uncertainties. Pikelnaya et
2010; Millet et al., 2008; Marbach et al., 2009; Vrekous- al. (2007) and Inomata et al. (2008) also compared MAX-
sis et al., 2010; Curci et al., 2010), as well as from air- DOAS HCHO with LP-DOAS and PTR-MS data, respec-
borne and ground-based in situ instruments (e.g. Hak et altjvely, and Vigouroux et al. (2009) compared SCIAMACHY,
2005; Fried et al., 2011 and references therein) and groundMIAX-DOAS and FTIR HCHO total columns in a tropi-
based remote-sensing Fourier transform infrared spectromezal remote region. Recently, Fried et al. (2011) presented
ters (e.g. Demoulin et al., 1999; Jones et al., 2009; Vigourouxa comparison of ground-based MAX-DOAS and aircraft
etal., 2009). In the UV, HCHO can be measured using activeHCHO measurements during the INTEX-B (INtercontinen-
and passive Differential Optical Absorption Spectroscopytal chemical Transport EXperiment) campaign and showed
(DOAS) (see Platt and Stutz, 2008, for a review). Among good agreement between both data sets.
the category of passive DOAS systems, the Multiaxis DOAS Although the aforementioned studies have largely demon-
(MAX-DOAS) technique can be used for tropospheric tracestrated the capabilities of MAX-DOAS systems for HCHO
gas monitoring (Van Roozendael et al., 2003nHinger et detection, no effort has been devoted so far to intercompare
al., 2004; Sinreich et al., 2005). The MAX-DOAS technique and harmonize instruments and retrieval methods. Such ac-
has been successfully applied to NGBICHO, SQ, BrO, and tivities are an essential prerequisite for the reliable retrieval
CHOCHO detection (e.g. Bobrowski et al., 2003; Wittrock et of vertical columns and profiles from MAX-DOAS HCHO
al., 2004; Heckel et al., 2005; Sinreich et al., 2007; Pikelnayameasurements. The Cabauw Intercomparison campaign of
etal., 2007; Theys et al., 2007;&her et al., 2009; Vlemmix Nitrogen Dioxide measuring Instruments (CINDI) in the
etal., 2010, 2011a; Irie et al., 2011; Wagner et al., 2011). Netherlands in June—July 2009 (Roscoe et al., 2010; Piters et
MAX-DOAS instruments perform quasi-simultaneous ob- al., 2012), where a number of MAX-DOAS instruments were
servations of scattered sunlight in a range of viewing direc-jointly operated, presented the opportunity to assess for the
tions scanned from the horizon to the zenith. Measurementfirst time the consistency of these HCHO measuring systems.
made at low elevation angles have a higher sensitivity toThe Cabauw site is located in a semi-rural area of the Nether-
lower tropospheric layers, since in this geometry the photongands where formaldehyde concentrations are expected to be
travel longer paths through these layers than photons sanbetween one and several tens of ppbv, which are typical back-
pled at larger elevation angles. This results in an increasedround levels in the continental boundary layer and urban re-
sensitivity to atmospheric absorbers that are located near thgions, respectively (Hak et al., 2005; Fried et al., 2011). In
surface, such as HCHO. It has been shown that the MAX-their study on multi-component MAX-DOAS retrievals dur-
DOAS technique can be used to to retrieve information on theng CINDI, Irie et al. (2011) reported median HCHO vertical
vertical distribution of both trace gases and aerosols (Wagnemixing ratios (VMRSs) of around 2.5 ppbv, and peak values of
etal., 2004; Friel et al., 2006; Irie et al., 2008, 200&m@#r  up to 8 ppbv. The CINDI data set is therefore ideally suited
et al., 2010; Li et al., 2010). These advantages, combinedor an HCHO intercomparison exercise.
with the fact that measurements can be made automatically This paper is structured as follows. Section 2 gives an
year-round, with a good/frequent temporal sampling, makeoverview of the CINDI campaign, the data recorded, the in-
the MAX-DOAS method suitable for long-term monitoring struments, and the settings used by the different groups. Re-
of atmospheric composition. Moreover, due to their spatialsults from the HCHO slant column intercomparison are then
representativeness in both vertical and horizontal axes (Irie gpresented in Sect. 3. In Sect. 4, we focus on sensitivity tests
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performed to assess the stability of the HCHO retrievals. Re-used in order to exclude error-prone twilight measurements

sults are used to derive an error budget for slant column rethat are not relevant for the present study.

trievals. Conclusions and perspectives are given in Sect. 5. As can be seen in Table 1, the characteristics of the var-
ious instruments were quite diverse, ranging from commer-

i cial mini-DOAS systems to state-of-the-art scientific grade

2 Data analysis instruments equipped with thermoelectrically cooled CCD

array detectors of large dimension. Accordingly, the stability

and noise levels were expected to differ considerably from

The CINDI campaign took place at the Cabauw Experimen-ON€ system to another, with a direct impact on correspond-

tal Site for Atmospheric Research (CESAR site; Russcheni"d HCHO measurements. Another important point is that

berg et al., 2005), a semi-rural area in the Netherlands. AI-SOMe instruments were set up to record spectra in both UV

though the campaign mainly focused on tropospherieNO and visible ranges simultaneously, while others had to alter-

aerosols were also monitored with in situ systems, sun phonate between these two wavelength regions. As a result, some

tometers and a lidar (Piters et al., 2012; Zieger et al., 20115YStems (e.g. INTA and Toronto) could only measure HCHO

Irie et al., 2011). To complement the atmospheric composi-2/ter 30 June, atthe end of the formal period of the;Ner-

tion measurements, the site offered a large ensemble of met&_orrlparison exercise described in Roscoe et al. (2010). Oth-
orological observations. A detailed description of the CINDI €S’ instruments (WSU, NASA) switched their wavelength

campaign and an overview of first results can be found inf@nge repeatedly over time, alternating the two types of mea-
Piters et al. (2012). surements throughout the campaign. It should be noted that

Instruments were installed and tested between 8 an(ﬁhe MAX-DOAS instrument of the Toronto group was tested

14 June 2009 and a formal semi-blind intercomparison ofi" Multi-axis mode for the first time during this campaign,
NO, and Q Differential Slant Column Densities (DSCDs) and only a few days of data were available.

took place from 15 to 30 June 2009 (Roscoe et al., 2010). i )

After that date, additional measurements were performed?-3 HCHO analysis settings

by several groups until 24 July, focusing on other species , .
such as HCHO, BrO, and CHOCHO. The goal of the formal Formaldehyde presents structured absorption bands in the

semi-blind NG and Q intercomparison was to characterize UV Spectral region, between 240 and 360nm. Because of

the current level of consistency of multi-axis instruments, astn€ increased ozone absorption below 320 nm, only the bands

previously done for the zenith-sky instruments of the Net- above 320 nm are generally used for the spectra} retrieval of
work for the detection of atmospheric composition changeH/CHO. In this region, the HCHO DSCDs are retrieved from

(NDACC: e.g. Roscoe et al., 1999; Vandaele et al., 2005)Measured spectra by applying the DOAS technique (Platt
During CINDI, 22 NG measuring systems were intercom- and Stutz, 2008, and references therein). The wavelength in-

pared, and most of them were shown to meet the criteria fof€"val for fitting is generally optimized so as to (1) maxi-

2.1 The CINDI intercomparison campaign

endorsement by NDACC (Roscoe et al., 2010). mize the sensitivity to HCHO, (2) minimize the fitting resid-
' uals and the scatter of the retrieved HCHO slant columns,
2.2 Instruments and (3) minimize the interferences with other absorbers. Fig-

ure 1 displays the absorption cross sections of the trace gases

The present work focuses on HCHO measurements fromhat need to be considered in the 320-370 nm wavelength
MAX-DOAS instruments. Nine groups participated in this region. Based on experience and heritage from past stud-
exercise, as reported in Table 1. In addition, NIWA (National ies on ground-based (e.g. Heckel et al., 2005; Vigouroux et
institute for Water and Atmospheric Research, New Zealandjl., 2009) and satellite instruments (Wittrock et al., 2006; De
and KNMI (Koninklijk Nederlands Meteorologisch Instituut, Smedtetal., 2008, 2009), standardized analysis settings were
the Netherlands) performed a few HCHO measurements durdefined and prescribed for use in the present intercomparison
ing the campaign. However, these data were too sparse to irexercise. These baseline settings are summarized in Table 2.
clude in the intercomparison. Note that all absorption cross sections were convolved to the

A comprehensive description of the CINDI MAX-DOAS resolution of the individual instruments using slit function
instruments can be found in Piters et al. (2012) and Roscoe ehformation provided by each group. In the case of the O
al. (2010), and additional references relevant for the preserdnd NQ cross sections, a soldp correction was applied
study are given in Table 1. All systems that operated dur-(Aliwell et al., 2002).
ing CINDI recorded spectra at a set of prescribed elevation For the retrievals, daily reference spectra were taken from
angles (2, 4, 8, 15, 30and the zenith), and at a fixed az- the zenith observations around 11:40 UT. Figure 2 presents
imuth angle of 287 relative to north. A full cycle of MAX-  an example of HCHO fitting results obtained with the BIRA-
DOAS measurements was generally obtained within half anASB (Belgian Institute for Space Aeronomy)instrument on
hour. For the intercomparison of HCHO, only measurements30 June 2009, at°4elevation angle and 435ZA. The cor-
recorded at a solar zenith angle (SZA) less thah wbre responding residuals (approximately T(RMS) are typical
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Table 1. Primary characteristics of the spectrometers taking part in the HCHO intercomparison campaign.

Institute Measurement FWHM  Sampling Detector Integration  Reference
period for (nm) ratio characteristics time
HCHO (pixel/
FWHM)
BIRA 13Jun-22Jul 0.4 9 back- 60s @her et
illuminated al. (2010)
CCD,
2048x 512
pixels
(—30°C)
INTA, 7 Jul-24 Jul 0.4 3.6 UV enhanced 90s Roscoe et
Instituto CCD, al. (2010)
Nacional de 1024 256
Tecnica pixels
Aeroespacial £40°C)
Bremen 8 Jun-21 Jul 0.4 11.8 back- 40s Wittrock
illuminated etal.
CCD, (2004)
2048x 256
pixels
(—35°C)
Heidelberg 17 Jun-24Jul 0.5 6.5 back- 60s Friel3 et
illuminated al. (2011)
CCD,
2048x 256
pixels
(—30°C)
JAMSTEC, 8 Jun-24 Jul 0.7 8 uncooled CCD, 5min Irie et al.
Japan Agency for 3648 pixels (2011)
Marine-Earth
Science and
Technology
NASA 22 Jun-20Jul 0.6 5 uncooled CCD, 16s Herman et
2048x 14 pixels al. (2009)
WSU, 21 Jun-5 Jul 0.83 8 back- Typical Herman et
Washington illuminated 1.2s al. (2009)
State CCD,
University 2048x 512
pixels
(—70°C)
Toronto 30 Jun—4 Jul 0.2-0.8 7-12 back- ~2min Fraser et
illuminated al. (2009)
CCD,
2048x 512
pixels
(—=72°C)
Mainz 21 Jun-10Jul 0.6 8 stabilised 60s Shaiganfar
CCD, etal.
2048 pixels (2011)
(4°C)

Atmos. Meas. Tech., 6, 167185, 2013
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Table 2.Baseline DOAS analysis settings used for HCHO slant column retrieval during the intercomparison exercise.

Parameter Specification

Fitting interval 336.5-359 nm
Wavelength calibration ~ Calibration based on reference solar atlas (Chance and Kurucz, 2010)
Cross sections

HCHO Meller and Moortgat (2000), 29K

O3 Bogumil et al. (2003), 223 and 248, Ip-corrected

NO» Vandaele et al. (1996), 29&, Ip-corrected

BrO Fleischmann et al. (2004), 22K

Oy Hermans et al. (2003h(tp://spectrolab.aeronomie.be/o2.htm

Ring effect Chance and Spurr (1997)

Closure term Polynomial of order 3 (corresponding to 4 coefficients)
Intensity offset Linear correction

Wavelength adjustment  All spectra shifted and stretched against reference spectrum

310 x10¢ HCHO DSCD: 2.86x10"® molec/cm?
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Fig. 1. Absorption cross sections of the main trace gases absorb-

ing in the 320-370 nm spectral range and of the Ring effect. All ‘:35 340 345 350 355 360
absorption cross sections are expressed ifromiec !, except Q Wavelength [nm]

(x 10-40¢cmP® molec2) and have been smoothed to match the res- _. . . .
olution of the BIRA-IASB instrument (0.38 nm FWHM). Fig. 2. Example of a HCHO slant column fit obtained with the

BIRA-IASB instrument on 30 June 2009, around 14:30 UT, at 4
elevation angle and 43olar zenith angle. The first panel shows the

of low-noise scientific grade instruments. Under similar con—measured (black) and the fitted (red) values, and the second panel
9 ’ shows the residual of the DOAS fit.

ditions, residuals can be an order of magnitude larger when
using compact mini-DOAS systems.

the oxidation of biogenic NMVOCSs. In contrast, the HCHO
2.4 Results peak values as observed on several days in July are proba-

i bly related to anthropogenic emission sources. In Fig. 3b, the
Figure 3a shows an example of HCHO measurements 0bgohjete \VCD data set was binned and plotted as a function
tained during CINDI. HCHO DSCDs measured by the

) I , of the local time. As can be seen from the standard devia-
BIRA'IASET MAX'D,OAS mstru_ment at 30 elevation WET€ " tions, the natural variability of HCHO is large, but the diurnal
converted into equivalent vertical columns (VCDs) using a

) i AR variation consistently peaks in the afternoon, which is likely
simple geometrical approximation @dninger et al., 2004;

X i related to the progressive oxidation of the NMVOCs emitted
Ma et al., 2012). The time series of HCHO VCDs covers during the day.

approximately one month during summer. Comparing the re-
trieved columns with measurements of the ambient temper-
ature (Fig. 3a), one can see that the HCHO variations are
strongly correlated with corresponding changes in the tem-
perature. This feature was reported by lIrie et al. (2011) and
is consistent with a background HCHO source, mainly due to
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Fig. 3. HCHO vertical columns (moleccn?) retrieved from

BIRA-IASB MAX-DOAS measurements at SCelevation using a sured by BIRA against those measured by IUP Bremen. Data from

geometrical approximationa) Time series of observations per- the whole campaign were averaged in 30-min bins. Statistical pa-
formed during June and July 2009. Ambient temperature measure,

. : . . rameters derived from each regression plot (number of points #, lin-
ments are superimposed in blye) Corresponding mean diurnal g plot( b

iati f the HCHO vertical col £ bars denote th ear regression equation and correlation coeffici®)tare given for
variation ot the 10 vertical column. Error bars denote th€ one o 5 oy glevation above the corresponding subplots. The dashed line is
sigma standard deviations around the mean values.

they=x line.

Fig. 5. Scatter plots of the HCHO DSCD (3®molec cnT2) mea-

02-Jul-2009

?: 55 sien g:s ?: t»e.ev zé “E:: By almost_all instruments were ir_1 o_peration gnd the HCHO con-
§40 Vet |24l » P e centrations had a smooth variation over time. As can be seen,
D &R 4| 2 fﬁg i H ﬁ;a‘:# the HCHO DSCDs are consistently larger at low elevation
EZ: ‘ézz ‘2’2: ¥ e due to the enhanced light path in the near-surface HCHO
— ] T layer; good agreement is observed between various data sets.
uT time T time T time et To proceed further, the measurements from each group
Y v " , . — ° Torowto were first compared to the Bremen data set, which has the
. 45 dev g 30° lev £ o0 lov Ha most complete time series, very frequent measurements and
gm * f §40 gw smooth behaviour. In _the sec_ond step, a reference data set
. .&‘rﬁ 5 i W&‘f 5l - was created by grouping thg mstrumen_ts that presente.d the
sl 8 | FREET 8 My’*ft bgst mutual agreement. To illustrate this proqedure, Fig. 5
— — —— displays the BIRA HCHO DCSDs plotted against those of
UT time UT time UT time

Bremen, for different elevation angles. Relevant statistical
Fig. 4. Diurnal evolution of the HCHO DSCD measured on parameters (correlation coefficient, slope and intercept of the
2 July 2009 and averaged in 30-min bins, for the different instru- linear regression fit) are indicated. As can be seen, the scat-
ments involved in the intercomparison. Units are molecém ter plots are compact, and the slopes and correlation coeffi-
cients are close to unity, confirming the good agreement be-
tween the Bremen and BIRA instruments. Statistical param-
3 Slant column intercomparison results eters at 30 and 9Celevation are slightly smaller, due to the
smaller dynamical range of the DSCDs at those elevations
We follow the method introduced in Roscoe et al. (2010) (see Fig. 4). Similar agreement was found with INTA, and
for the NG and G slant column measurement intercom- therefore a reference data set was created by averaging data
parison. HCHO DSCDs retrieved by each group using thefrom the Bremen, BIRA and INTA instruments. The scatter
baseline analysis settings defined in Table 2, are averageplots displayed in Fig. 6 illustrate, for thé €levation case,
over periods of 30 min. This procedure minimizes the im- the results of the final comparison where data from each in-
pact of the temporal and spatial variability of HCHO and dividual instrument are compared to the merged reference.
of the differences in read-out noise between instruments. ArAlthough the number of coincident points can differ greatly
example of the diurnal evolution of the resampled HCHO depending on instruments, the data of most of the groups
DSCDs is shown in Fig. 4 for different elevation angles and agree quite well with the reference. Figure 7 presents the fi-
for SZA < 75°, on 2 July 2009. This day was chosen becausenal results of the statistical analysis, constructed using the

Atmos. Meas. Tech., 6, 167185, 2013 www.atmos-meas-tech.net/6/167/2013/



G. Pinardi et al.: MAX-DOAS formaldehyde slant column measurements during CINDI 173

47 elev; #: 702 4° elev; #: 336 4 ° elev; #: 757
y=1.02x+-0.21;R=0.98 y=0.99 x + 0.62; R = 0.98 y=0.99 x +-0.26; R = 0.99
100} BIRA g 100} INTA g 100} IuPB et
e L e
50 F/i“ 50 e 50 /
o} . o} »*" 0} -
0 50 100 0 50 100 0 50 100
4° elev; #: 411 4°elev; #: 718 4°elev; #: 738
y =0.90 x + 0.06; R = 0.97 y=0.92x+4.2; R=0.82 y=1.00 x + -2.4; R = 0.82
100} IUPH -7 100| JAmsTEC  , -~ ’
50 S 50 3
o -~ o2

0 50 100 0 50 100

4°elev; #: 414 4° elev; #: 60 4 ° elev; #: 449

y=0.95x +0.15; R = 0.97 y=0.85x+0.24; R =0.82 y=091x+-4;R=0.93
100[ wsu _>"| 100} TorONTO -] 100| mAINZ s
50 /(ﬁ 50 L 50
of - of of 7
0 50 100 0 50 100 0o 50 100
Ref. Ref. Ref.

Fig. 6. Scatter plots of HCHO DSCDs (}Pmoleccnt2) mea-

Slope

RSt S o gy

H i H H i i H
BIRA INTA IUPB IUPH JAMSTEC NASA WSU TORONTOMAINZ

1 T T T T

% ? ¥ v o 9] o
g 09 ® Q e @ #
S o8 o..0 5] O &
® ® e ® @ 15°
g7 ® 30°
3 s . . ¢

i i
BIRA INTA IUPB IUPH JAMSTEC NASA WSU TORONTOMAINZ

20 ‘
@@Q@eseag

L i i i i i i i i
BIRA INTA IUPB IUPH JAMSTEC NASA WSU TORONTO MAINZ

=)

o
T

Intercept [x1 015]

Fig. 7. Straight-line slopes, correlation coefficients and intercepts
of HCHO slant columns against those of the reference, for each
instrument and all off-axis elevation angles. The dotted lines in the
first panel correspond to values of 1.15 and 0.85.

sured by each instrument compared to the campaign reference data

set (see text), for the case of measurements attheedation an-
gle. Statistical parameters derived from the regressions (number of
points #, linear regression equation and correlation coefficights

are given on top of each subplot. The dashed line igthe line.

whole ensemble of off-axis measurements (2, 4, 8, 15 and
30°). Most instruments compare relatively well with the ref-
erence for most of the elevation angles: correlation coeffi- § 10 100
cients are close to unity (illustrating the compactness of the§ 50 l * 50
scatter plot with respect to the reference), slopes deviate by

4° elevations: absolute deviations

BIRA INTA IUPB
300 150 400
200 100
200
100 50
0 0 0
-20 0 20 -20 0 20 -20 0 20
IUPH JAMSTEC NASA
150 100

no more than 15% from the reference, and intercepts are ~ * ° * worn e n
close to zero. Note that larger relative differences against wsu 10— TORONTO 100 MAINZ
the reference are systematically obtained &t 8@vations

due to the lower HCHO DSCDs at this elevation angle (see 1 5 50

Fig. 4). Also, smaller values for the correlation coefficients . . 1

and larger intercept values and corresponding uncertainties 2 0 2 2 0 20 2 0 2

are found for the JAMSTEC, NASA and Toronto data sets,

HCHO SCD deviations [x10'® molec/cm?]

which might possibly be connected to the larger noise of therig. 8. Histograms of the HCHO DSCD absolute deviations
corresponding instruments with respect to others (see Fig. 6)10° molec cn?) of each instrument's data compared to the ref-
A test with an orthogonal regression (instead of linear) showserence set, for the case of measurements attfededation angle,

similar results.

and for the whole campaign.

For each instrument, the histograms of the absolute
HCHO DSCDs deviations are presented in Fig. 8. Only the
results at 4 elevation are shown, but similar conclusions due to this choice. For the Mainz instrument, the negative
can be drawn at other elevations. All instruments, except thébias might be related to the position of the instrument, at an
Toronto one, have a symmetric and quasi-Gaussian shape faititude of 20 m on the Cabauw tower, where measurements
the & elevation, but large differences in the Gaussian FWHM probably loose sensitivity to HCHO present at the surface. In
(full width at half maximum). Largest FWHM values are case of the Toronto instrument, the statistical results should
found for JAMSTEC, NASA and Mainz, consistent with the be interpreted with care since there were only five days of
noise level of those instruments. Some of the groups (IUPHmeasurements.

JAMSTEC, NASA, Toronto and Mainz) also display a small

The HCHO intercomparison exercise presented here

but significant bias compared to the reference. It should beshould be connected to the N@nd G, comparisons per-
mentioned again that the first three instruments (BIRA, INTA formed by Roscoe et al. (2010). They reported fitted slopes
and Bremen) were used to construct the reference data sébr the visible MAX-DOAS instruments within 10% of unity
and thus a better agreement with the reference is expecteat almost all non-zenith elevations, with most instruments
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Fig. 9. Effect of the choice of the polynomial order used in the DOAS(&i)—(c): Impact on the HCHO DSCDs (molec cif) for the
different elevation anglegd)—(f) impact on the corresponding HCHO VCDs (molec*&hobtained using two different methods described
in the text.

within 5 %; similarly, values of 12 and 7 %, were found for restricted to values less than 5. For the baseline retrievals,
the UV sensors. The 15% deviation from unity slope de-a 3rd order polynomial was selected. However, during our
rived in our study for the HCHO columns in the UV are thus sensitivity tests, we noticed that any changes to these poly-
a good result, considering that retrieving HCHO DSCDs isnomial settings had a strong impact on the diurnal behaviour
more challenging than retrieving NCbecause of the smaller of the HCHO DSCD, especially for high elevation angles,
optical thickness of HCHO. including zenith, as can be seen in Fig. 9a—c. This raised the
following two questions: (1) Why such a dependence on the
polynomial order, and (2) which one of the tested settings is
the most satisfactory? In order to answer the second question,
we decided to investigate the consistency of VCDs estimates

The intercomparison study presented in Sect. 3 has been c:orgl—S follows. In a first approximation, the HCHO VCD can be

ducted using standardized retrieval settings consistently AP arived from measured DSCDs in two different simple ways:

plied by each participating group. This harmonization proce'first, from the difference between 3@levation off-axis and

dure allowed us to concentrate on instrument-specific differ-_ ™! . : . .
i zenith observations using the so-called geometrical approxi-
ences, and to draw conclusions on the overall level of con-

sistency between HCHO measuring svstems operated durpation (Fbnninger et al., 2004; Ma et al., 2012), and second,
y g sy P . ?rom direct conversion of the zenith-sky observations using

ing CINDI. We now concentrate on evaluating the Sens"appropriate AMFs. For one given observation, the AMF rep-

tivity of HCHO results to possible changes in the retrieval :
d : . . resents the geometrical enhancement factor that results from
settings using representative spectra from the BIRA instru-

ment recorded on a clear day (4 July 2009). As will be il- the geometry of the (MAX)DOAS observation and from the

lustrated hereafter, these sensitivity tests highlight possiblé5 cattering properties of the atmosphere. AMFs are calculated

L . : using radiative transfer models accounting for multiple scat-
optimizations in the HCHO slant column retrieval param- . - ;
. . ering and earth sphericity. They allow for conversion of the
eters and lead to the recommendation of new analysis set- ; . .
: o easured slant columns into equivalent vertical columns. For
tings. Sensitivity test results are shown both on DSCDs an he present analysis, and considering that our test data were
on dDSCDs, i.e. the difference of the off-axis DSCDs with P ySIS, 9

. o ; . recorded under clear-sky aerosol-free conditions, zenith-sky
the zenith DSCDs of the scan (the closest in time), since thi . '
is the information used in the profile inversions. SHCHO AMFs were calculated using the UVspec/DISORT

(DIScrete Ordinate Radiative Transfer) model (Mayer and
4.1 Degree of closure polynomial and Ring effect Kylling, 2005; Hend_rick et al., 2005) at th_e wf'ivelength of
346 nm and for a typical HCHO profile peaking in the bound-
When performing a DOAS retrieval, an important free pa- ary layer. The HCHO content in the noon reference spec-
rameter is the degree of the polynomial function that is usedrum was derived using the geometrical approximation, so
to account for the smooth part of the attenuation spectrumthat both VCD evaluations (geometrical approximation and
To avoid oscillations that may correlate with trace gas ab-zenith-sky conversion) were constrained to agree at the time
sorption features, the degree of this polynomial is generallyof the noon reference spectrum. The resulting time series of

4 Sensitivity study
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on 4 July 2009. The two panels present the results for different or-
ders of the polynomial used in the DOAS fit.

Ring coefficient

— Case A: normalised cross section generated according
to Wagner et al. (2009)

5 10 15 20

Time [UT,
o — Case B: cross section derived from SCIATRAN ra-
Fig. 10. Daily variation of the zenith HCHO DSCD columns diative transfer calculations in a Rayleigh atmosphere
(moleccn?) and of the Ring coefficients for retrievals with a (A. Richter, personal communication, 2005)
3rd and 5th order polynomial. A strong correlation is observed for
HCHO and Ring when a 3rd order polynomial is used in the DOAS — Case C: two cross sections generated from principal
retrieval. component analysis of a range of SCIATRAN calcula-

tions in an ozone containing atmosphere, according to

retrieved HCHO VCDs are displayed in Fig. 9d—f for the Vountas et al. (1998).

same three polynomial settings. As can be seen,onlythethircrtigure 11 shows the relation between changes in HCHO
case, |e the DOAS eVaantion Using a5th Order polynomial,DSCDS and Corresponding Changes in the R|ng f|t Coefﬁ_
leads to consistent retrievals of HCHO VCDs using both ge-cients when using different Ring cross sections. One can
ometrical approximation and zenith-sky conversion. see that HCHO dDSCD changes compared to the baseline
Although these results strengthen our confidence in thqgelta dDSCDs=dDSCD(new setting)ddDSCD(baseline))
corresponding HCHO DSCDs, the question remains: Whalgre Jinearly related to changes in the Ring fit coefficients.
is causing the observed dependence on the polynomial ofcomparing the retrieval cases using, respectively, a 3rd and
der? The curvature of the zenith-sky daily variation observedy 5th order polynomial, it is also clear that the interference
when using polynomials of order 3 and 4 (black dots in the petween HCHO and the Ring effect is much stronger when a
first two upper plots of Fig. 9) is striking, and suggests angard order polynomial is used (Fig. 11a). This suggests that,
interference problem involving another absorber. As can b&or our analysis conditions, the use of a 3rd order polyno-
seen in Fig. 10, the Ring effect clearly displays a similar mja| introduces a misfit that activates the correlation between
curved pattern. Additional tests showed that none of the otheping and HCHO differential absorption features. In order to
parameters involved in the HCHO retrieval produces a simi-fyrther test the stability of our retrievals, with respect to this
lar shape. issue, a number of combinations of polynomials and Ring ef-
The Ring effect (Grainger and Ring, 1962) is a well-known fact cross sections were investigated and are summarized in
phenomenon responsible for filling-in of the solar and telluric Fig. 12. For each case, the root mean square of the differ-
lines in scattered sunlight spectra (e.g. Grainger and Ringences between HCHO VCDs retrieved using our two alter-
1962; Wagner et al., 2009 and references therein). This efpative VCD calculation methods are displayed. Overall, one
fect is large in comparison to the faint absorption featurescan see that the sensitivity to the choice of the Ring effect
of HCHO, and it can, therefore, produce interferences if notcross section is smallest when using a polynomial of order 5,

well corrected in the DOAS evaluation. To investigate fur- for which more consistent results are obtained when chang-
ther, the sensitivity of our HCHO DSCDs to uncertainties in jng the Ring data sets.

the Ring effect, additional test analyses were performed us-
ing different sources for the Ring cross sections: 4.2 Oy absorption cross section

— Baseline case: cross section calculated according t\nother important interfering species in the HCHO fitting
Chance and Spurr (1997) interval is the collisional dimer of molecular oxygen O
Its absorption cross sections are still poorly characterised
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4.3 DOAS fitting interval

As already mentioned, the baseline HCHO fitting interval se-
lected for the present study extends from 336.5 to 359 nm.
This wavelength region, which includes three strong absorp-
tion bands of HCHO, has generally been recommended for
HCHO DSCD retrievals. However, the absorption structures
of HCHO and BrO are to some extent correlated in this
wavelength interval, which has been identified as an issue
for satellite BrO retrievals (Theys et al., 2011). Figure 15b
R graphically displays the correlation matrix of the different
< < : & &0 absorption cross sections used in the HCHO fit. As can be
S A R R S seen, HCHO and BrO present the largest coefficient of cor-
Fig. 12. Root mean square of HCHO VCD differences rglqtion .(around 9'55)' Whigh can be _easily explain_ed by the
(molec cnT2) obtained using two alternative methods for the cal- S|_m|lar|t|es of their dn‘ferennal absorptl_on Cross sections (see
culation of vertical columns (see text and Fig. 9). Various choicesF19- 158). In comparison, other species are less correlated.
of retrieval settings are tested using polynomials of degree 3 (blue)However, the coefficient of correlations between HCHO and
4 (red) and 5 (black), respectively, and different Ring effect crossOsz and for other combinations involvings00;, BrO, NG,
sections. Optimal stability (corresponding to smallest HCHO VCD and Ring are not negligible. Such correlations may be ex-
differences and larger coherence between the results with differenpected to be dependent on the wavelength interval consid-
Ring choices) is obtained for cases using a polynomial of degree 5ered for the analysis. Therefore, in an attempt to identify the
settings that would minimize the correlation matrix, calcu-
. ) i lations were performed for a range of fitting intervals start-
due to the difficulty of measuring them in laboratory un- ing between 332 and 338 nm and ending between 352 and
der pressures and temperatures representative of atmospheggg nm, in steps of 0.25nm, in a similar way than what was
conditions. The Greenblatt et al. (1990) cross sections argyne in Vogel et al. (2012). For each case, the root mean
known to suffer from wavelength registration errors and h?‘vesquare of the non-diagonal elements of the correlation ma-
been measured under unsuitable high pressure conditiongy \vas reported in Fig. 15c. Smaller correlations are clearly
not present in the ambient atmosphere. Alternatively, thesyng for fitting intervals starting at short wavelengths. From
Hermans et al. (2003) data set provides cross sections Qfigya| inspection of Fig. 15¢, one can conclude that the 333—
overall better quality, however significant uncertainties still 358 nm wavelength range presents a local minimum of cor-
remain, particularly in the UV region below 360nm. We (q|ation, likely because of the addition of a BrO band at
tested both data sets, and came to the conclusion that signigs4 nm in a region free of HCHO absorption. Note that this
icant interferences take place between BCHO and BrO  yayelength interval is similar to the one selected in Theys et
absorption features in the 336.5-359 nm |_nterval. Figure 13, (2011) for their satellite retrievals of BrO.
shows the HCHO and BrO DSCDs, as retrieved from MAX- 1 frther explore the potential of this extended fitting in-

DOAS measurements using the Hermans et al. (2003) and thgya| on our HCHO MAX-DOAS retrievals, additional sen-
Greenblatt etal. (1990)4Xross sections. As can be seen, the sjtjyity tests were performed. Results again show large insta-
Hermans data set (our initial baseline for the intercomparison,jjiies with respect to the Ring effect interference. This is il-
exercise) leads to larger HCHO columns but also 10 a largeyysirated in Fig. 16a—c, where the HCHO DSCD retrieved in
sprgad in the BrO DSCle retrieved at different viewing _ele— the 333-358 nm interval with a 5th order polynomial angd O
vations, a feature that is not expected for a stratospheric abgeenplatt et al. (1990) data set, is displayed for different el-
sorber like BrO. In contrast, the BrO DSCDs derived Using gy4tion angles and for different choices of the Ring cross sec-
the Greenblatt @cross section appear to be more consistentyjong As can be seen, the diurnal behaviour of the retrieved
Similarly to the case of the polynomial discussed before, thisycHo DsSCDs has a large dependence on the source of the
suggests that a misfit to the,@bsorption (larger in this case Ring cross section used in the DOAS fit, and the correspond-
using the Hermans et al, 2003, data set) activates a correlqhg HCHO VCDs calculated using the two methods intro-
tion between HCHO and BrO DSCDs. We will revisit the g,ceq in section Sect. 4.1 are generally inconsistent. These
origin of these correlations in the next section. The linearegyits suggest that the extended fitting interval that mini-
relationship between HCHO, BrO ands @SCDs changes  izes the Bro-HCHO interference is also more sensitive to

when switching from the Hermans et al. (2003) to the Greenjng effect misfits. Therefore, any attempt to use this interval
blatt et al. cross sections, as is clearly apparent from Fig. 14<h401d be made with great care.

Based on these considerations, we conclude that the Green-
blatt et al. (1990) @ cross section, so far, remains the better
choice for HCHO retrieval in the 336.5-359 nm region.

RMS VCD difference

Y e O X v @
SRR q}@“ ?5(&
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(red) (delta dDSCDs =dDSCD (new settingliDSCD (baseline); %2 a3 %
in moleccnT2) when exchanging the Hermans et al. (2003) Start waveleng(h
O4 absorption cross section for the Greenblatt et al. (1990)fjg 15 (a)HCHO and BrO absorption cross sections in the 325—
datg set, expriegsed as a function of thg BSCD values (in 350 nm wavelength range convolved at the resolution of the BIRA
10*molec cm™®). instrument (0.38nm FWHM) and normalized in arbitrary units.
(b) Correlation matrix of the absorption cross sections used for
HCHO DOAS retrievals in the 336.5—-359 nm interv@) Overall
correlation (expressed as the root mean square of the non-diagonal
elements of the correlation matrix) for different wavelength inter-
The sensitivity studies, performed on BIRA data of valsin the 332—360 nm wavelength range.

4 July 2009, revealed several possible optimisations of the

HCHO DOAS retrieval, in order to minimise interferences

and misfits related to polynomial order, Ring effect and O small impact on the HCHO evaluations. This is further dis-
and BrO absorption cross sections. Compared to the settinggtissed in the next section, where the systematic and ran-
used during the intercomparison exercise and presented ifom uncertainties on HCHO DSCD retrievals are reviewed
Table 2, the use of a 5th degree polynomial and the wavein more detail.

length corrected @Greenblatt et al. (1990) cross section is

recommended. Applied in the 336.5-359 nm wavelength in-

terval, these changes reduce instabilities related to the Ring

effect and lead to more consistent BrO DSCDs. Sensitiv-

ity tests involving other parameters revealed a comparatively

%}
@
&®

4.4 Recommended analysis settings
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Fig. 16. Same as Fig. 9, but for an analysis in the 333-358 nm wavelength region, with a 5th order polynomial apdtieeidlatt et
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integration time (4°)

and that the DOAS fit residuals are dominated by instrumen-
tal noise, the random contribution to the DSCD error can be = w'—7D————0—
derived from the DOAS least-squares fit error propagation SZAr]

(e.g. Stutz and Platt, 1996). Random errors are then adelfig_ 17. Comparison of HCHO DSCD errors (molecch) re-
q_ua,tely rgpresented by the slant CO“_"mn fit errors. Any de.'trieved by each participating group for the case &fedevation,
viation with respect to these assumptions generally results ifased on measurements from 4 July 20@9.DSCD errors from

an overestimation of the random error, so one can considepoAs evaluations(b) corresponding integration time;) DSCD
to a first approximation that the DOAS DSCD error consti- errors normalized by their integration exposure times.

tutes an upper limit of the true random error. For the instru-

ments involved in this exercise, slant column errors varying

between~ 1 x 101° molec cnm? and~ 2 x 1018 moleccmm?  normalised to a common integration time of 1 min. As can
were reported by the different groups as illustrated in Fig. 17abe seen in Fig. 17c¢, this largely improves the consistency be-
for 4 July 2009 at SZA less than 75As expected, scien- tween the scientific-grade instruments, which all display sim-
tific grade instruments (BIRA, Bremen, IUPH, WSU) dis- ilar noise levels. The NASA and Mainz instruments, which
play small errors of the order ofs1 10> molec cnt?, while use small and uncooled or less cooled detectors (see Table 1)
mini-DOAS types of instruments (e.g. Mainz) are signifi- have larger errors as is to be expected. More surprisingly,
cantly noisier, typical errors reachingx510'° molec cnm? the Toronto data appear to display a similar level of noise,
or more. In order to better compare the actual performanceslespite the fact that this instrument was using a large 2-D
of the different instruments, the DSCD errors were furthercooled array detector. This is likely related to a mechanical

5 Error budget @) 10" g O DSCD wrrors (4] P
The total uncertainties on the HCHO DSCDs retrieval can 10 WW !
.. . . = i t i .’W‘O. PRk ‘ 0 ’ =
be divided into two categories: (1) the random errors mostly g N i 2
caused by measurement noise, and (2) errors affecting the §1owf .............. Y | = e S
S Qsmparsennty
slant columns in a systematic way. = Y
3 ) 10 65 45 293 45 65 10 65 45 293 45 65
5.1 Random uncertainties SZAI] SZAI]
normalised DSCD error:
(. err(4°)*sqrt((tint(4°)/60sec)) ) - 1UPB
. . . . 10 T 0 T

Random errors in DOAS observations are primarily related 5 p i s B
to the measurement noise which, for silicon array detectors, g, | = e s Lo . wsu
i imi i ; ? [ NN R ] ©  JAMSTEC
is generally limited by the photon shot noise. Assuming that & bt pt MAINZ

T . 3 0 S [ERR * NASA
the errors of the individual detector pixels are uncorrelated £ 10l 2 o l TORONTO

g
[
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slit problem having occurred during the campaign that re-their use was found to result in very small differences in the
duced the signal to 25 % of normal values. Also, temperatureHCHO dDSCD, of the order of a few 3®molec cnt2. For
instabilities have led to systematic features in the residualsa median dDSCD of 3.8 1018 molec cn? at 4 elevation,
that affected DSCD error estimates reported by this groupthe difference is therefore less than 2 %.

During part of the campaign, the Bremen instrument had a

high frequency structure in the residuals which could be ac-Ozone

counted for by using an empirical correction. The problem

could not be reproduced in the laboratory after the campaign he baseline intercomparison settings used the Bogumil et
and appears not to have impacted the,Nd HCHO re- al. (2003) ozone absorption cross sections. We have tested
trievals. The INTA instrument (not on Fig. 17 because it wasthe impact of using the alternative data set from Brion, Dau-
not measuring on 4 July) is showing similar level of noise. mont and Malicet (BDM, Daumont et al., 1992; Malicet et
When normalised to the same integration time as the other in@l., 1995). The resulting HCHO dDSCDs were found to be

struments, JAMSTEC appears to have been the noisiest sy4arger by approximately & 10" molec cnr2. For a median
tem Operated during the Campaign_ dDSCD of 3.8x 1016 molec sz at & elevation, the differ-

ence is on the order of 13 % during the day.
5.2 Systematic uncertainties

Ring effect
Several important sources of systematic uncertainty have al-
ready been discussed in depth as part of our sensitivity analAlthough the cross-talk between HCHO and the Ring effect
ysis, which led us to propose optimised HCHO retrieval set-has been strongly reduced using the new baseline settings
tings that minimise interference effects involving the poly- defined in Sect. 4 (see Fig. 10), some level of correlation
nomial closure term, Ring effect,4OBrO and HCHO cross  persists between these parameters. As a result, HCHO un-
sections. In this section, additional uncertainties are treategertainties are expected to be linked to the strength of the
with the aim of providing a comprehensive error budget for Ring effect, which itself is a function of the geometry, SZA
dDSCDs, as these are the main input parameters for retrievand aerosol content (Wagner et al., 2009). When consider-
ing profile information. This includes the impact of system- ing the Ring cross section that leads to the larger differ-
atic uncertainties in absorption cross sections as well as eences, (in most cases approach A), typical uncertainties on
rors due to calibration uncertainties, in particular the slitthe HCHO DSCD reaches up to 5 to 12 %.
function and the wavelength calibration, which are key pa-

rameters for DOAS retrievals. NO2

5.2.1 Absorption cross sections The baseline intercomparison settings used the Vandaele et
al. (1996) NQ absorption cross sections at 298 Switch-

HCHO ing to the alternative data set of Burrows et al. (1998)

HCHO DSCDs are found to vary by 2 to 5%, depending on
Two sources of HCHO absorption cross sections have beethe NQ, content.
used in the literature, the Cantrell et al. (1990) spectrum
and the Meller and Moortgat (2000) data set. The latter was04
adopted for our baseline. HITRAN recommends the use of
the Cantrell data set, rescaled to correct for its systematThe choice of the @cross section has been already largely
ically low bias (Chance and Orphal, 2011). In the 336.5—discussed in Sect. 4.2. Adopting the Greenblatt et al. (1990)
359 nm interval and at the resolution of the BIRA spectrom-data set, which minimises inconsistencies in the BrO slant
eter, the cross sections differ by approximately 9 %, a differ-columns, we further neglect residual errors related 4010
ence which was found to propagate directly to the slant col-should be noted that in this study, a wavelength axis corrected
umn retrievals. The temperature dependence of the HCHQersion of the Greenblatt et al. (1990) data set has been used
absorption cross section is small, of the order of 0.05% K (see e.g. Wagner et al., 2002), with a shift-ed.2 nm.
(De Smedt, 2011) and its effect was neglected here since the
Meller and Moortgat cross section was measured afR93 5.2.2  Instrumental slit function and wavelength
a temperature representative of ambient conditions during calibration

CINDI.
Uncertainties in key instrumental calibration parameters may

Bro also be important. For example, imperfect characterisation
of the slit function can lead to errors in the HCHO retrieval
Two main sources of BrO cross sections can be found indue to inappropriate convolution of the laboratory absorption
the literature: Wilmouth et al. (1999) and Fleischmann etcross sections. This effect was tested by changing slightly the
al. (2004). These data sets are highly consistent in shape anglidth of the measured slit function of the BIRA instrument
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(changes of: 0.04 nm around the measured value of 0.38 nm 3 1.33¢+016
Gaussian FWHM). This led, for example, to changes in the g ot 1teste = random scienfific gracle
HCHO dDSCD at 4 elevation of 1x 10*® molec cnt?, cor- 22 o oses0ts § | " random miniDOAS type

. . . .8 4 8 systematic: calibration
responding to relative differences of around 2%. In addi- §20f et Jreeiots 8 |— siitfunction
tion, small perturbations to the wavelength registration of 8 15 e v s7e0ts & | oo
the spectra were introduced in order to test the sensitivity s i sserots 2 |— Ring xs

H H H I b _— NO2 xs

of Fhe r.etrlevals to known uncertainties in the wavelength & _ s DRSS N st 1oL
calibration procedure. Results indicate changes of the order |~

of 2 x 10 molec cnt? for the £ dDSCD (around 5 %) for % o w0

shifts of 0.02 nm. We therefore conclude that uncertainties in

the instrumental slit function and the wavelength calibrationFig. 18.Summary assessment of the error budget on HCHO dDSCD

have a minor impact. at & elevation, as a function of the SZA. Random uncertainties are
Another potentially important source of error already iden- typi(_:al of low-noise s_cientific grade instruments (red _dots_) and of

tified in the CINDI NO, study by Roscoe et al. (2010) is the mini-DOAS types of instruments (blue dots) for a typical integra-

L . " o ' g’on exposure time of 1 min.
accuracy of the pointing direction. This issue was addresse
early in the campaign, before the HCHO intercomparison

was s'Fa.rted, chec!qng the alignment of each instrument an?&/pical cases corresponding to low-noise scientific grade in-
minimizing the pointing errors (Roscoe et al., 2010). More- g, ments and to mini-DOAS types of instruments, respec-
over, smcel this error source ﬁoes not affect d';e(;]tly thegely. As can be seen for scientific grade instruments, the to-
DOAS evaluations, but more the determination of the €or-5| ooy on individual measurements are largely dominated
responding air mass factors, we do not treat it explicitly her_e.by the systematic part. For mini-DOAS instruments, both
It should, of course, be considered for a full error analysis ., 4om and systematic uncertainties contribute similarly. As
of vertical column and/or profile concentration retrieval of already mentioned, the random uncertainty can be reduced
HCHO. by means of longer integration time and, for less sensitive
mini-DOAS instruments, a trade-off between error and tem-

5.3 Overall error budget poral resolution has to be made.

Based on the results discussed above, an overall assessment
of the total uncertainties on HCHO dDSCDs has been geners Conclusions
ated, including the main contributions of systematic and ran-
dom errors, and is shown in Fig. 18. The figure summarisedHCHO differential slant columns were retrieved from nine
the main results from the sensitivity study for an elevation different MAX-DOAS instruments jointly operated during
angle of 4 with a typical dDSCD of 3.8 10® molec cn?, the CINDI campaign in Cabauw, the Netherlands, from June
which is the median value during 4 July 2009. For mostto July 2009. This exercise complements the formal semi-
cases, the retrieved HCHO dDSCDs fall within 15 % of the blind NO, and G slant column intercomparison performed
values obtained with the optimised settings defined in Sect. 4during the same campaign (Roscoe et al., 2010). To reduce
Assuming that the different effects are sufficiently uncorre-the impact of uncertainties on retrieval parameters, common
lated with each other, we can sum all deviations in quadra-DOAS analysis settings were used by the different groups.
ture to obtain an estimate of the overall systematic uncerin addition, 30-min averages were taken to reduce differ-
tainty, which is represented by the black line in Fig. 18. Onences in temporal sampling. The HCHO differential slant
this basis, we estimate the total systematic uncertainties ooolumns retrieved by the different groups generally agree
HCHO dDSCDs to be of approximately 20 % for measure-within 15 %, which is very satisfactory and almost as good as
ments at 4 elevation, with a weak dependence on the SZA.the agreement obtained for the N@&nd Q, intercomparison
Since some of the effects considered in our study are likely(Roscoe et al., 2010). This exercise shows that a large variety
to be partly correlated, these values could be considered asf MAX-DOAS instruments of different grades and sensi-
upper limits, however, despite our efforts to include the mosttivities can consistently measure HCHO columns within ac-
important sources of uncertainties in our sensitivity analysis,ceptable errors. However, while scientific grade instruments
the need for possible additional terms cannot be excluded aclearly demonstrate their ability to provide low-noise mea-
priori. Moreover, the results presented here are based on surements at high temporal resolution (less than 30 min), less
single day of measurements and are influenced by the atsensitive mini-DOAS instruments display significantly larger
mospheric conditions on that day. Therefore, arguably, thenoise, which probably compromises their ability to deliver
uncertainties reported here are to be interpreted as realistigertical profile information at the same temporal resolution.
conservative values. A number of sensitivity tests was performed to investigate
In Fig. 18, the random error is estimated for a typical in- the sensitivity of HCHO retrievals to changes in DOAS anal-
tegration time of one minute. We distinguish between twoysis settings and input data sets. The study highlights the
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ABSTRACT

The long-term trend of the atmospheric carbon tetrachloride (CCl;) burden has been
retrieved from high spectral resolution infrared solar absorption spectra recorded between
January 1999 and June 2011. The observations were made with a Fourier transform
spectrometer at the northern mid-latitude, high altitude Jungfraujoch station in Switzerland
(46.5°N latitude, 8.0°E longitude, 3580 m altitude). Total columns were derived from
spectrometric analysis of the strong CCl, v5 band at 794 cm ™!, accounting for all interfering
molecules (e.g., H,0, CO,, O3, and a dozen weakly absorbing gases). A significant improve-
ment in the fitting residuals and in the retrieved CCl, columns was obtained by taking into
account line mixing in a strong interfering CO, Q branch. This procedure had never been
implemented in remote sensing CCl, retrievals though its importance was noted in earlier
studies. A fit to the CCl, daily mean total column time series returns a statistically-significant
long-term trend of (—1.49 + 0.08 x 10" mol/cm?)/yr, 2— ¢. This corresponds to an annual
decrease of (—1.31+0.07) pptv for the mean free tropospheric volume mixing ratio.
Furthermore, the total column data set reveals a weak seasonal cycle with a peak-to-peak
amplitude of 4.5%, with minimum and maximum values occurring in mid-February and
mid-September, respectively. This small seasonal modulation is attributed primarily to the
residual influence of tropopause height changes throughout the year. The negative trend of
the CCl; loading reflects the continued impact of the regulations implemented by the
Montreal Protocol and its strengthening amendments and adjustments. Despite this
statistically significant decrease, the CCl, molecule currently remains an important con-
tributor to the atmospheric chlorine budget, and thus deserves further monitoring, to ensure
continued compliance with these strengthenings, globally. Our present findings are briefly
discussed with respect to recent relevant CCl, investigations at the ground and from space.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Measurement of the long-term trends of atmospheric
species is a key responsibility of the Network for the
Detection of Atmospheric Composition Change (NDACC,
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is a coordinated international program that uses ground-
based in situ and remote-sensing instruments as well as
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sondes to monitor composition changes in both the
troposphere and the stratosphere, which are needed to
quantify the impact of these changes upon living condi-
tions and climate on Earth.

The carbon tetrachloride (CCl4) molecule, emitted at
the ground, has been and remains a key component of the
stratospheric chlorine budget [1-6], still contributing over
10% to the total Cl loading, and to the stratospheric ozone
depletion by a similar percentage. It is also a potent
greenhouse gas with a global warming potential relative
to CO, of 1400 on a 100-yr horizon [7]. Monitoring of its
atmospheric budget evolution remains, therefore, of rele-
vance to both the Kyoto and the Montreal Protocols.

In recent Scientific Assessments of Ozone Depletion (e.g.,
Table 1-4 in [8]; Box 1-2 in [9]), a mid-range CCl, total
atmospheric lifetime of 26 (23-33) yr was reported, assum-
ing that photolysis above the tropopause is the main sink,
and that losses to oceans and to recently identified terrestrial
biomes are also potential sinks, all remaining highly uncer-
tain at this time. More recently, a stratospheric lifetime of
34+ 5yr was estimated from a CCl4~CCIsF tracer-tracer
correlation [5], i.e,, significantly larger than the above value
for the global atmosphere. Based on polar ice and firn sample
analyses, the CCl, emission history dates back to 1908, but
experimental uncertainties in surface station measurements
remain substantial (3-5%), resulting in spreading due to
differences in the assumed productions, adjusted surface
emissions, and in chemical model predictions [8, 10]. Firn-air
results also indicate that nearly all of the CFCs (chlorofluor-
ocarbons), halons, methyl chloroform and CCl,; present in
today’s atmosphere are of anthropogenic origin, though the
existence of small natural sources or some anthropogenic
production and use in years predating the oldest firn air
samples cannot be ruled out. Global in situ surface mixing
ratios of carbon tetrachloride reached a maximum of about
105-106 pptv in late 1990 (1 pptv=10""2 by volume) and
have declined subsequently at a steady rate of about
1.0 pptv/yr (~1% yr—1) as a result of reduced emissions
(Fig. 1-6 in [8]). The annual global mean in 2004 was
92-96 pptv confirming that CCl; emission reductions have
indeed begun, thus lowering its global radiative forcing [11].
A recent inverse analysis [6] of annual emissions from
surface station measurements for a nine year period
(1996-2004) and eight land regions again concluded that
emissions of CCl; are continuing a slow global decline,
consistent with earlier measurements and inventories with
significant decrease in emissions over Europe and North
America and growth in emissions from industrial regions in
South Asia, India, and Southeast Asia. Limited knowledge of
the CCl, emission budget, uncertainty in its lifetime, and
surface station calibration differences make it difficult to
reliably predict its future evolution.

The purpose of this study is to report on the long-term
trend of the CCl, total columns derived from high spectral
resolution solar absorption spectra recorded with a Fourier
transform infrared spectrometer (FTIR) and encompassing
the strong CCl, v3 and weaker v, +v4 combination bands in
the vicinity of 12.7 pm. These observations were per-
formed at the International Scientific Station of the Jung-
fraujoch (ISS]) located in the Swiss Alps, at 46.5°N latitude,
8.0°E longitude, 3580 m altitude. The measurements cover

the January 1999 to June 2011 time period. This ISS] time
series provides an updated assessment by remote sensing
of the CCly trend which is compared to those reported
recently (see Table 1-2 in [8]). A significant improvement
in the fit to the ISS] observations was obtained by account-
ing for spectroscopic line mixing in a nearby interfering
CO, Q branch, a procedure not implemented in previous
remote sensing CCl, retrievals though its importance was
noted in earlier papers. Our present findings will be
discussed critically with respect to recent relevant CCly
investigations

2. Jungfraujoch measurements

Since the mid-1980s, solar spectra have been regularly
recorded at the Jungfraujoch station under clear-sky con-
ditions using very high-resolution (0.003 to 0.006 cm™!)
wide band-pass FTIR spectrometers. Altogether, the various
optical filters and cooled detectors cover the 700 to
4500 cm~! interval. This domain contains spectroscopic
absorption features of over two dozen measurable gaseous
constituents in ISS] recordings, including source-, sink- and
reservoir species (e.g., [3]). The number of days with
available observations was around 50/yr until 1990; it
increased to about 115 days per year thereafter, when
the site became affiliated to the NDSC. Remote spectro-
metric observations and related analyses were originaly
focusing on NDSC priority tasks in support to the initial
Montreal Protocol of 1987, in particular the need to
quantify composition changes in the stratospheric ozone
layer caused by its catalytic destruction by inorganic Cl
atoms. The latter resulted from the photolysis of increas-
ingly produced and released anthropogenic organic chlor-
ine-bearing source gases (primarily CFCs and then HCFCs)
as first predicted by Molina and Rowland [12]. Subsequent
amendments and adjustments to the Montreal Protocol
and specific recommendations by the emerging Kyoto
Protocol led the NDSC to progressively extend its list of
targeted gases, namely halocarbons including CCly, as well
as other trace gases (e.g., HBr, OCS, SO,) that directly affect
ozone, and greenhouse gases including CO,, CH4 N,O
which influence the global thermal environment. To reflect
these extensions, the NDSC was renamed NDACC in 2006.
The ISS] Alpine station has the official NDACC task to
monitor the state of the atmosphere at northern mid-
latitudes.

3. Analysis

Spectroscopic parameters adopted here for the target gas
CCly are based on laboratory measurements by Nemtchinov
and Varanasi [13]. Their spectra were recorded with an FTIR
spectrometer at temperatures between 208 and 296 K and
pressures ranging from 10 to 1013 hPa. The measured cross
sections for the target gas and some interfering species (e.g.,
CHCIF, (HCFC-22), CCl,FCCIF, (CFC-113), CIONO,) were con-
verted to “pseudolines” by G. C. Toon (Jet Propulsion Labora-
tory) with the rotational and vibrational partition functions
and stimulated emissions included, solving for the intensity
at 296 K and the ground state energy of each pseudoline [14,
15]. The intensities have an estimated error of 4% due to
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potential uncertainties in that conversion. (G. C. Toon, private
communication, 2008). In the present study, the pseudolines
have been combined with line-by-line spectroscopic para-
meters for other interfering gases (e.g., H>O, CO,, O3, CoHp,
C,Hg, HCN, NO, NO,) compiled in the HITRAN 2004 database
([16], see also http://www.cfa.harvard.edu/hitran). The
August 2006 updates were also adopted, in particular the
improved air-broadened half-widths for the three most
abundant isotopologues of water vapor [17].

Retrievals were performed with the SFIT2 version 3.81
algorithm. The approach is based on the optimal estima-
tion method [18] modified on the basis of its semi-
empirical implementation [19, 20]. Concentration profiles
for two molecules can be derived. Realistic a priori vertical
distributions of all other interfering gases can be either
scaled or imposed. SFIT2 is widely used and includes the
capability of modeling most strong solar line absorptions,
namely CO (e.g., [21-24]). The covariance matrix is
specified for each layer as a percentage of the a priori
profile and a correlation length, which is interpreted as a
gaussian decaying correlation between layers. In our
retrievals, we assumed mid-day pressure and tempera-
ture profiles provided for ISS] by the National Centers for
Environmental Prediction (NCEP; see http://www.ncep.
noaa.gov), combined with refractive ray-tracing calcula-
tions to derive the airmass distribution and mass-
weighted effective pressures and temperatures for each
layer [25, 26]. Since the solar OH quadruplets were not
simulated by our solar line model, the eight narrow
spectral intervals (typically 0.06 cm~! wide) encompass-
ing them were de-weighted. A Voigt line shape [27] has
been assumed for all atmospheric lines, but the strong
12¢160, Q branch at 791 cm~! is poorly fitted with this
approach due to line mixing [28-30]. The impact of line
mixing in CO, Q branches has also been noted in other

INTENSITY
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Fig. 1. Molecule-by-molecule plots for the four strongest atmospheric
gases and solar lines simulated for the Jungfraujoch at an apparent
zenith angle of 80° in the 785.0-807.0 cm ™' interval used to retrieve
CCly. Each spectrum is normalized and offset vertically for clarity. Not
shown here are weak second and third order interfering absorptions
produced by a dozen other telluric species.

spectral regions (e.g., [31, 29, 32-34] and review in [35])
and in thermal emission spectra of Mars [33].

Fig. 1 reproduces molecule-by-molecule plots (offset
vertically for clarity) of an experimental solar spectrum
and of the primary simulated atmospheric molecular
absorbers for the 785.0-807.0 cm ! region adopted here
to retrieve CCly. All the simulated spectra were calculated
for a typical ISS] observation at an apparent solar zenith
angle of 80°. The strong CO, Q branch at 791 cm™!
appears prominently in the displayed spectral interval.

We selected an a priori mixing ratio profile for CCl,
that decreases from 92 pptv in the bottom layer to
70 pptv at 17 km, 10 pptv at 23 km and 1.5 pptv at
25 km, based on predictions obtained with the version 4
of the WACCM model (Whole-Atmosphere Community
Climate Model, e.g., [36]). This assumed a priori profile is a
mean prediction for 1975-2020 at the location of the
Jungfraujoch station. This model simulation includes the
time period under investigation here; it is in agreement
with surface data measurements showing a CCl; max-
imum in late 1990, followed by a gradual decrease of the
mixing ratio with time. Vertical profiles were retrieved for
CCly and H,0, in the 785.0-807.0 cm ™! spectral interval.
Additionally, O and CO, were fitted over the same
wavenumber range by multiplicative scaling of a most
realistic a priori profile for each molecule. Profile retrie-
vals of CCl; were performed with strong constraints. A
conservative signal-to-noise ratio of 150 was adopted for
the inversion to avoid unrealistic oscillations in the
retrieved profiles. A 10% per km diagonal covariance and
a Gaussian half width for interlayer correlation of 10 km
for extra diagonal elements were further adopted. Line
mixing in the CO, Q branch at 791 cm~! was treated with
the software and data of Niro et al. [32] assuming the full
relaxation operator model [37].
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Fig. 2. Typical information content for the retrieval of CCl; from
Jungfraujoch, in the troposphere and lower stratosphere. The left frame
displays the total column averaging kernel vs. altitude for merged layers
considered out to 100 km altitude. The right frame shows the first
eigenvector which indicates that the retrieval is essentially sensitive to
the troposphere. The corresponding eigenvalue of 0.93 confirms that
only a small fraction of information comes from the a priori profiles in
this altitude range.
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The left frame of Fig. 2 shows a typical CCl, total
column averaging kernel for merged layers, for the 3.58 to
20.0 km altitude region. The corresponding eigen vector is
shown in the right frame. These curves and the reported
values illustrate a limited vertical sensitivity for the target
gas. The Degree of Freedom for Signal (DOFS) is indeed
close to 1.0 for observations at solar zenith angles of
~80°. Furthermore, sensitivity tests have shown that
retrieved CCl4 total columns were uncorrelated to the
apparent solar zenith angle in the 75°-85° range. Hence,
only spectra observed within that range were included in
our analysis.

Fig. 3 presents spectral fits to a sample spectrum
recorded at ISS] on October 14, 2006, and measured minus
calculated residuals with (frame A) and without (frame B)
CO, line mixing included in the analysis. The root-mean-
squares (RMS) residuals from the retrievals are reported for
both cases with a reduction by over a factor two when
accounting for CO, line-mixing. We have evaluated the
impact of this spectroscopic effect on the retrieved total
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columns, using all available observations for 2006. This
sensitivity study shows that CCl; total columns are on
average (15 + 2)% lower (1 — o) when line-mixing is included
in the forward model. A similar magnitude was reported by
Stiller et al. [38] who evaluated the impact of neglecting line-
mixing in the retrieval of CCl, from infrared limb emission
spectra, quoting typical errors of 10-15% around 7 km.

4. Error budget

Table 1 summarizes estimates of important sources of
random and systematic errors affecting our retrieved CCly
columns, following approaches adopted in a recent study of
ISS] spectra [39]. Main random sources include uncertainties
in the NCEP temperature profiles, in the limited signal-to-
noise ratios and in the zero offset of the observed spectra.
The most important systematic errors are associated with
the uncertainties in the spectroscopic parameters of both the
targeted CCl4 and the main interfering gases. The accuracy of
the retrieval algorithm, errors resulting from interfering
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Fig. 3. Sample fits to a solar spectrum recorded on October 14, 2006 at the Jungfraujoch station. The observed and fitted spectra are reproduced in red
and blue, respectively. Frame A displays in green the observed minus calculated residuals when accounting for the line mixing in the CO, Q branch. This
corresponds to a significant improvement when compared to the residuals which were obtained when neglecting this spectroscopic effect (see frame B).



1326 C.P. Rinsland et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 113 (2012) 1322-1329

Table 1
Random and systematic sources of uncertainties on the retrieval of CCl,
total columns above the Jungfraujoch.

Error source Error Maximum
type relative
uncertainty (%)

Finite signal-to-noise R 4
Temperature profile R 4
Retrieval algorithm R 1
Local height variability among R 3
interfering gases
RSS total random <7
Temperature profile S 2
Retrieval algorithm S 1
Spectroscopic parameters: CCly S 8
H,0+CO,+05 S 5
Residues of solar OH quadruplets S 1
de-weighting
Instrumental line shape S 1
CCly a priori profile S 4
Slope biases in profiles of S 3
interfering gases
RSS total systematic <11

*S=systematic, R= random, RSS=square root of the sum of the squares.

atmospheric and solar lines and biases in modeling the ISS]
instrument line shape function, are of minor importance.
Brief justifications regarding their estimated magnitudes are
given hereafter.

4.1. Temperature profile uncertainty

NCEP quotes the temperature uncertainties as 1.5 K
from the ground up to ~20 km, 2 K up to about 30 km,
and from 5 to 9 K from ~35 km up to the stratopause. We
have imposed such biases to our altitude-pressure-tem-
perature profiles before retrieving CCl; total columns
from a sample set of ISS] spectra. For the —AT and the
+ AT changes, mean relative differences were found equal
to +2% and -—6%, respectively. Owing to the large
asymmetry in these differences, we have realistically split
them into —2% systematic and + 4% random. This latter
value accounts for occasional imbalances between morn-
ing and late afternoon temperatures versus the adopted
mid-day NCEP profiles.

4.2. Finite signal-to-noise ratio and zero offset

Individual inspection of all fitted spectra showed that
their residuals are commensurate with their respective
S/N ratios, and that their zero baseline offset rarely
exceeded + 1%. Consequently, and as evaluated by Zander
et al. [39], an upper combined random uncertainty of
+ 4% has been adopted here.

4.3. Spectroscopic parameters

An error of + 4% has been estimated by G. C. Toon (see
Section 3) for the conversion into pseudolines of the CCly
absorption cross-sections derived by Nemtchinov and
Varanasi [13]. In addition, the absorption cross-sections
themselves are affected by instrumental uncertainties,
which Allen et al. [5] estimated to be as large as 10%.

Here, however, as we primarily deal with the strongest
CCly absorption feature of the v; band investigated in the
laboratory, we have adopted a realistic value of + 4%,
which is commensurate with the evaluation of + 5% for
the same peak cross-sections studied by Orlando et al.
[40]. Therefore, a combined direct systematic bias of
about + 8% may affect our CCl, total column retrievals.
Based on spectroscopic uncertainty estimates documen-
ted in the HITRAN compilation, indirect impacts on the
CCl4 columns by the main interfering gases have been
evaluated at 1% for O3, 2% for CO,, and 4% for H,O, thus
resulting in a combined systematic root square sum (RSS)
uncertainty of less than + 5%.

4.4. Retrieval algorithm

The SFIT2 algorithm is widely used by NDACC inves-
tigators for partial and or total column retrievals. As in
previous papers [23, 24, 41], we have estimated that total
columns are retrieved within uncertainties of + 1%, both
random and systematic, when dealing with high quality
solar spectra, which is the case here.

4.5. Solar lines

Despite de-weighting narrow spectral intervals cen-
tered at the locations of the strongest solar OH multiplets,
weak perturbations may persist, resulting in a systematic
impact on the CCl4 total column retrievals estimated to be
less than + 1%. It should be noticed here that improved
modeling parameters of solar OH lines occurring in the
region 700 to 4430 cm~! have been reported recently by
Hase et al. [42] (based on solar occultation spectra
recorded by the ACE-FTS instrument at tangent altitudes
above 160 km) but these were not available when per-
forming the overall fitting process for this work.

4.6. Uncertainty in the instrument line shape function

As shown by the sample fittings to the ISS] spectra
(Fig. 3), the instrument line shape is accurately repro-
duced by taking into account the ISS] spectral resolution
and apodization function, and no line shape asymmetries
are observed in the fitting residuals. A systematic bias on
the retrieved CCl, total columns has been estimated to be
less than + 1%.

4.7. Uncertainty in the a priori profile of CCl,

As noted previously, there remain significant uncer-
tainties in both the in situ surface measurements and the
vertical profiles from the ACE and MKIV spectra (see Fig. 4
to 6 in [5]). The impact of our chosen CCly a priori profile
has been evaluated by performing a run with a profile
derived from MKIV balloon measurements. On average,
the discrepancy amounts to about 4%. Despite the large
scatter observed among the MKIV profiles, a systematic
error of the same magnitude has been adopted here.
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function fitted to all available daily means. The solid curve reproduces the derived seasonal modulation.

4.8. Uncertainties in the a priori profiles of interfering
species

As shown in Fig. 1, the weak broad CCl, absorption is
overlapped by several strong interfering lines (e.g., H,0,
CO,, Os3). Possible biases and local altitude dependent
perturbations in the adopted a priori profiles for these
gases introduce additional errors which have been esti-
mated at maximum 3% systematic and 3% random.

4.9. Impact of subsidence

The WACCM a priori profile for CCl, has been shifted
vertically by +/—2 layers (~ +2 km at the tropopause
level). The impact on the retrieved total columns is
negligible and can be omitted in the error budget.

5. Results and discussion

Crosses in Fig. 4 show all our retained daily averaged CCl,
total columns above ISS] for the January 1999 to June 2011
time period. This time series was fitted with the bootstrap
resampling tool developed by Gardiner et al. [43] to deter-
mine the CCl, long-term linear trend, its uncertainty and the
seasonal modulation. In the present case, a six-term Fourier
series was adopted to model the intra-annual modulation.
The resulting fit is reproduced by a solid curve in Fig. 4, while
its linear component is shown as a dashed line. The latter
returns a statistically-significant total column long-term
trend of (—1.49 + 0.08) x 10" mol/cm?/yr, at the 2— ¢ con-
fidence level. The Fourier coefficient vector as per equation 2
in [43] is equal to {-22.077, —13.576, —3.607, —7.771,
+5.288, +0.147} in units of 10'?> mol/cm?. Using the mod-
eled 1999.0 column as reference, we compute a relative
annual trend of (—1.10+ 0.06)%/yr, still at the 2—a¢ con-
fidence level. This column decrease corresponds to a mean

tropospheric trend of about — 1.3 pptv/yr. Furthermore, fit to
the total column data set also reveals a seasonal cycle with a
peak-to-peak amplitude of 4.5%, with minimum and max-
imum values found in mid-February and mid-August, respec-
tively. Our CCl, trend for the full 1999-2011 time series is in
agreement with the surface station measurements for 2000-
2004 (see Table 1-2 in [8]), though as noted in Section 1,
calibration differences exist among the surface in situ data-
sets. The weak but statistically-significant seasonal cycle
derived from the ISS] total column measurements is believed
to result from residual effects of the seasonal changes in the
tropopause height. However, the impact of the strong varia-
tion of water vapor throughout the year cannot be ruled out
at this time.

A recent analysis of ACE solar occultation spectra recorded
between February 2004 and August 2007 at latitudes
between 70°S and 80°N reported higher CCl, mixing ratios
of 100 to 130 pptv in the free troposphere above major
industrial regions at 20°N-50°N latitude and near the equa-
tor. The zonal CCl, distribution from ACE further indicated a
slight hemispheric asymmetry and decreasing mixing ratios
with increasing altitude at all latitudes. Neglecting the line
mixing in the nearby CO, Q branch at 791 cm~! and the
complexity of the spectrum at low altitudes limited the
accuracy in fitting the measured spectra. An overestimation
by up to 30% of the ACE mixing ratios was identified after
comparison with in situ surface mixing ratios [5]. The
differences demonstrated that ignoring the CO, Q branch
line mixing was an important limitation in the accuracy of
the ACE retrievals. This was confirmed by further ACE
comparisons with calculations by three atmospheric models
and balloon limb solar occultation measurements recorded
with the Mark IV FTS [44].

A comparison of in situ with ISSJ total column results
shows commensuration among the retrieved slopes (i.e.,
(—0.98 +0.07)%/yr versus (—1.10 4+ 0.06)%/yr, respectively).
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Efforts to understand the measurement differences are on-
going (B. Hall, National Oceanic and Atmospheric Adminis-
tration, private communication, 2010).

6. Summary and conclusions

The trend of carbon tetrachloride (CCl;) has been
derived from infrared high resolution solar absorption
spectra encompassing the January 1999 to June 2011 time
period and recorded with a Fourier transform spectro-
meter at the northern mid-latitude Jungfraujoch station in
Switzerland. Total columns were derived with the SFIT2
algorithm from a region of the strong CCl; v; band at
794 cm~! accounting for over a dozen interfering mole-
cules with improvement in the residuals obtained by also
taking into account, for the first time, line mixing in a
nearby CO, Q branch at 791 cm . Fits to the observations
are close to the noise level of the measured spectra
when line mixing is included in the forward model. A fit
to the CCl, daily mean total column time series reveals a
statistically-significant long-term trend of (—1.49+
0.08) x 10'3 mol/cm?/yr at the 2—o confidence level.
Using 1999.0 as reference, we compute a relative trend
of (—1.10 4+ 0.06)%/yr. The measured total column data
set also reveals a weak seasonal cycle with a 4.5% peak-to-
peak amplitude with minimum and maximum in mid-
February and mid-August, respectively. The seasonal
modulation is tentatively attributed to tropopause height
changes throughout the year. Our fit to the time series
shows no significant interannual variations in the trend.
This is in agreement with a recent inverse analysis,
indicating small interannual variations in the trend based
on in situ surface station measurements and chemical
transport model predictions for the 1996-2004 time
period.

A significant high bias of ~10% is obtained when
comparing Jungfraujoch CCl; column average mixing
ratios with those reported at in situ surface stations. The
cause of this bias remains poorly understood and further
work is recommended to reduce the discrepancy among
the monitoring techniques involved.

The present Jungfraujoch trend results assess the
continued impact of the regulations implemented by the
Montreal Protocol and its strengthening amendments for
a molecule with high global warming potential, thus also
of concern within the frame of the Kyoto Protocol.
Although a statistically significant decrease in the total
column is inferred, the CCl, molecule remains an impor-
tant contributor to the stratospheric chlorine budget. The
capability of deriving the total atmospheric burden of CCl,
from the spectrometric analysis of high resolution infra-
red solar spectra recorded regularly at the ground is an
important new NDACC challenge for long-term trend
monitoring of all key components of the organic chlorine
budget, worldwide.
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Abstract. The analysis of high spectral resolution Fourier 1 Introduction

Transform infrared (FTIR) solar absorption spectra is an im-

portant issue in remote sensing. If this is done carefully,Since 2002 the Belgian Institute for Space Aeronomy
one can obtain information, not only about the total column (BIRA-IASB) has been responsible for measurements of
abundances, but also about the vertical distribution of var-high-resolution ground-based FTIR solar absorption spec-
ious constituents in the atmosphere. This work introducedra at the Observatoire de Physique de I'Atmasghde La

the application of the information operator approach for ex-Réunion (OPAR). This station is located at°A, 55 E, in
tracting vertical profile information from ground-based FTIR the Indian Ocean, East of Madagascar, at the edge between
measurements. The algorithm is implemented and testethe southern tropics and subtropics and it is coordinated by
within the well-known retrieval code SFIT2, adapting the op- the Laboratoire de I'’Atmosp#re et des Cyclones (LACy) of
timal estimation method such as to take into account onlythe Universié de La Runion. These FTIR observations con-
the significant contributions to the solution. In particular, tribute to the worldwide survey of the evolution of the at-
we demonstrate the feasibility of the method in an applica-mospheric composition and structure, in the framework of
tion to ground-based FTIR spectra taken in the frameworkNDACC (Kurylo and Solomon, 1990; Kurylo, 1991). Itis

of the Network for the Detection of Atmospheric Composi- therefore fundamental to extract as much information as pos-
tion Change (NDACC) at lle de La&nion (2% S, 55 E). sible about the vertical distribution of the target atmospheric
A thorough comparison is made between the original opti-constituents absorbing within the FTIR spectral ranges, and
mal estimation method, Tikhonov regularization and this al-to make sure that the knowledge gained is reliable. The ver-
ternative retrieval algorithm, regarding information content, tical profile information can be derived from the line shape
retrieval robustness and corresponding full error budget evalof the absorption lines via the altitude dependence of the
uation for the target species ozonegj{itrous oxide (NO), pressure broadening.

methane (CHl), and carbon monoxide (CO). Itis shown that  The analyses shown here focus on the atmospheric species
the information operator approach performs well and in mostozone (Q), nitrous oxide (NO), methane (Ch) and car-
cases yields both a better accuracy and stability than the oghon monoxide (CO). These gases have been selected for sev-
timal estimation method. Additionally, the information op- eral reasons. First, they are mandatory species within the
erator approach has the advantage of being less sensitive tdDACC Infrared Working Group (IRWG), because of their
the choice of a priori information than the optimal estima- important roles in tropospheric and stratospheric chemistry
tion method and Tikhonov regularization. On the other hand,and their link to current environmental problems like climate
in general the Tikhonov regularization results seem to bechange and stratospheric ozone depletion. Second, at lle
slightly better than the optimal estimation method and in-de La Reunion, CO is an important tracer of biomass burn-
formation operator approach results when it comes to erroing. Additional arguments to study these trace gases are that
budgets and column stability. they have different numbers of degrees of freedom for signal
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162 C. Senten et al.: Information operator approach for the inversion of FTIR spectra

(Sect. 2.2.2) and that they are very much wanted for satellit2.1 Forward model
validation.

Within the NDACC IRWG it is common to use the optimal The forward model in SFIT2 is a multi-layer multi-species
estimation method (OEM) (Rodgers, 2000) or Tikhonov reg-line-by-line radiative transfer model and remains unchanged
ularization (TR) (Tikhonov, 1963) to solve the inverse prob- When applying the IOA. The instrument parameters in the
lem. Nevertheless, in some cases one may encounter proﬁprward model include a wavenumber scale multiplier and
lems like vertical profile instability or physically unrealistic Pbackground curve parameters, as well as the actual optical
retrieval results. Looking for a more robust inversion methodpath difference and field of view of the instrument. To ac-
in order to eliminate these difficulties has led us to the infor-count for deviations from the ideal instrument line shape
mation operator approach (I0A) (Doicu et al., 2007), which (ILS) function due to small instrument misalignments or im-
has been proved successful for the inversion of satellite dat@erfections, empirical apodization and phase error functions
by Hoogen et al. (1999). The fact that the I0A is by defi- are included in the forward calculations. These calculations
nition based on the genuine information content of the mea-are executed on a fine altitude grid to take into account the
surements makes it presumable that the method improves tHecal atmospheric pressure and temperature variabilities.
stability of the retrievals — avoiding spurious profile oscilla-

tions —, that it gives a more realistic idea of the actual in-2'2 Inverse model

he inverse problem consists of determining the best repre-

lied t i qf th diti 'Sentation of the true state of the atmosphere from the ob-
applied o spectra measured from the ground, it IS very Us€g, o g absorption spectra, more specifically, the vertical dis-
ful to test its feasibility for ground-based FTIR observations

o L . tributions and total column amounts of the target molecules.
and to verify its possibilities with respect to the OEM and g

) _ In order to solve this ill-posed problem, some regularization
TR.In ordertq perform the re_tnevals ofthe at_)ove-mentpnedwithin the ensemble of possible solutions is required. To en-
Frace gases with the 10A, we |mpleme.nFed this new algorlthmhance the performance of the standard SFIT2 retrieval code,
into the retrieval code SFIT2 (v3.94), jointly developed at the results from information theory can be taken into account
NASA Langley Research Center, the National Center for At-

. . . explicitly. We now present the theoretical background of this
mospheric Research (NCAR) and the National Institute of ; o : .
. adapted optimal estimation scheme incorporating the I0A, as
Water and Atmosphere Research (NIWA) (Rinsland et al. P Py 'matl ! porating

'well as its impl ion in the SFIT2 algorithm.
1098; Hase et al., 2004), well as its implementation in the S algorithm

The paper is organised as follows: Sect. 2 provides a theos 2 1 Adapted retrieval method
retical description of the IOA retrieval method, while Sect. 3
shows the retrieval results and error budget evaluations foFirst note that the retrieval of vertical profiles from FTIR
the target species obtained from the above mentioned FTIRlata is an underconstrained problem, because of the follow-
spectra, when applying the OEM, IOA and TR. Section 4 dis-ing reasons: (1) a profile is a continuous function of altitude,
cusses the influence of the a priori information on the OEM,whereas an FTIR spectrometer provides measurements only
IOA and TR results. Section 5 describes a theoretical studyat a discrete number of wavelengths; and (2) there are com-
of the three methods based on synthetic spectra. Conclusiongonents in the actual profile which do not contribute to the
are given in Sect. 6. measurements and, consequently, cannot be determined from
them. In order to numerically solve the inverse problem, the
profile is discretized to a finite number of height levels be-
tween which it is assumed to be a linear function of alti-
tude. Additional information is needed to get a physically

I . . . reasonable result. In particular, when using the OEM, a pri-
The problem we are facing is the retrieval of the vertical dis- i knowledae about the atmosoheric trace aas distributions
tribution of target atmospheric species from ground—basealos used to age Latel constrainFt)he retrieve dg rofile
high-resolution solar absorption spectra. The commonly ™ _. q y . P ’
. . : Lo Since the vector of transmittances of the observed solar
used algorithm, SFIT2, is based on a semi-empirical imple- . o . .
. . absorption spectrum within the ranges of the fitted micro-
mentation of the OEM of Rodgers (2000). Applying the IOA " . . ) .
. . . . window(s) is a nonlinear function of the atmospheric state,
onto the OEM is an efficient way of automatically using only . . ; . ;

. the retrieval solution has to be found iteratively. In the itera-
those components of the measurements that effectively “ONion stepi + 1 the optimal estimation solution can be written
tribute to the final information content, prior to knowing how P+ p.

. . L as (Rodgers, 2000):
much information you can get and where it is situated. How e LTt
this can be achieved is explained in Sect. 2.2. xit1=xXa+(K;S;7Ki + 577K, S [y —yi
+ Ki(x; —xa)], (1)

where x5 is the a priori atmospheric state vector (of di-
mensionN), S, is the a priori covariance matrix; is the

2 General description of the information operator
approach
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Fig. 1. N»O profiles from all spectra taken at St.-Denis during the 2007 campaign, retrieved with) t©&M and with the IOA with
threshold(b) 0.09,(c) 0.79 andd) 0.99, respectively. The black line corresponds to the a priori profile used.

0.6

0.4F

02

00 O 0 @ G @ @
- .....00

.
ol
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measurement vector (of dimensiaf), y; is the same quan-
tity calculated by the forward model using the resylfrom

the previous iteration, S, is the measurement error covari-
ance matrix, an; is the weighting function matrix, defined
asdylsx, after the i-th iteration. When convergence has oc-
curred, the result of the last iteration is identified with the
retrieval solutionx,. The corresponding solution covariance
matrix is then given by (Rodgers, 2000):

S=K/SK+5H 2

As mentioned in Sect. 2.1y is not only influenced by the
target species’ absorption but also by several other param-
eters, such as the background curve and wavelength shift
parameters, the empirical apodization and phase error poly-
nomial function parameters, and the interfering species’ ab-
sorptions. By including these additional fit parameters in

(black squares) for between 0 and 20 and for the eigenvalues of the state vector, the target profile retrievals can be im-
Pr that lay within this domain, for @(red) and CO (green).

www.atmos-meas-tech.net/5/161/2012/

proved significantly. Note that the number of elements in

is much larger than the number of independent elements that
can be retrieved from the measurement. Moreover, in prac-
tice, the number of independent retrieved parameters is even
smaller due to inevitable measurement noise. Theoretically,
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164 C. Senten et al.: Information operator approach for the inversion of FTIR spectra

Table 1. Retrieval characteristics for each target species, for the 2007 FTIR campaign at lle dmhiaR The variances represent the
diagonal elements &, and HWHM the applied inter-layer correlation length of a Gaussian probability distribution. The last three columns
list the spectral micro-windows that are fitted simultaneously, the associated spectral resolution (depending on the optical filter and on the
target gas), and the main interfering species, respectively.

Molec. Variance [%] HWHM [km] Micro-window(s) [cml]  Resol. [cn1] Interf. species

O3 10 4 1000.00-1005.00 0.0072 28, COy, CoHjy, 0558 0586

2481.30-2482.60
2526.40-2528.20
N,O 10 5 9537 852538 80 0.00513 CQ, CHy, O3, H,0, HDO

2540.10-2540.70

2613.70-2615.40
2650.60-2651.30

CHj variable 5 2835.50-2835.80 0.00513 HDO,@, COy, NO,
2903.60-2904.03
2921.00-2921.60

2057.70-2057.91

2069.55-2069.72

2140.40-2141.40 .
CO 20 4 2157.40-2159.20 0.0036 @, OCS, CQ, No0O, Hy0, solar CO lines

2165.37-2165.85

2168.84-2169.02

* Ranging from 4 to 70 %, as a function of altitude.

Table 2. Evolution of 1/2 In (1 +Ar ;) andir , / (1 +Ar ) for the largest 24 eigenvalugs ;, of the Kozlov information matrixPr, for Oz,
N,O, CHs and CO.

O3 N>O CHy CcO

no 12N+ ,)  Aeal(+Arn)  U2In(A40y ) Aral(W+arn)  2I0(A400 ) Aral/(L+arn)  V2In(A400 ) Ara/(L+Ar )

1 17.3168 1.0000 15.6414 1.0000 15.4139 1.0000 15.5225 1.0000
2 11.3409 1.0000 9.0650 1.0000 15.3273 1.0000 15.3972 1.0000
3 7.1326 1.0000 6.1980 1.0000 15.0916 1.0000 15.0273 1.0000
4 6.8262 1.0000 5.4902 1.0000 14.5332 1.0000 14.4747 1.0000
5 4.7069 0.9999 4.9038 0.9999 14.4930 1.0000 14.3777 1.0000
6 4.5662 0.9999 4.7459 0.9999 11.0533 1.0000 13.8888 1.0000
7 4.2232 0.9998 4.3099 0.9998 7.0866 1.0000 11.9066 1.0000
8 3.7078 0.9994 4.2361 0.9998 4.8829 1.0000 8.5702 1.0000
9 2.8993 0.9970 4.0495 0.9997 4.4885 0.9999 6.5113 1.0000
10 2.6263 0.9948 3.9281 0.9996 4.4172 0.9999 5.8351 1.0000
11 2.3000 0.9899 3.6862 0.9994 4.1455 0.9999 5.7922 1.0000
12 1.3416 0.9317 3.3634 0.9988 3.4401 0.9997 5.5019 1.0000
13 0.7166 0.7615 2.9367 0.9972 3.3155 0.9990 5.1528 1.0000
14 0.4941 0.6278 2.7310 0.9958 2.3465 0.9987 4.6797 0.9999
15 0.0942 0.1717 2.4667 0.9928 2.0997 0.9908 4.4398 0.9999
16 0.0133 0.0262 2.1979 0.9877 1.4615 0.9850 4.2783 0.9998
17 0.0031 0.0062 0.9955 0.8634 1.4586 0.9462 3.8915 0.9996
18 0.0023 0.0046 0.3338 0.4871 0.0342 0.1469 2.5302 0.9937
19 0.0003 0.0006 0.0869 0.1595 0.0342 0.1469 2.3931 0.9917
20 0.00007 0.0001 0.0840 0.1546 0.0060 0.0120 2.0579 0.9837
21 0.000006 0.00001 0.0124 0.0244 0.0060 0.0120 1.7362 0.9690
22 0.000003 0.000006 0.0012 0.0023 0.0002 0.0004 0.8377 0.8128
23 0.0000009 0.000002 0.0001 0.0003 0.0002 0.0004 0.2552 0.3998
24 0.00000006 0.0000001 0.0001 0.0003 0.00004 0.00007 0.1099 0.1973
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the information content of the measurement can be defined as

the reduction in entropy of the a posteriori knowledge about

the atmospheric state with respect to the a priori knowledge (a)
(Shannon and Weaver, 1949). Under the assumptiorcthat .
andx, are Gaussian distributed, the information contént §ZMW
of a measurement can be shown to be (Rodgers, 2000): g

ZWWMMZ b bl

. 5 ) SW w5 wwnhv' M 50
H =1/2In[detS,)]— 1/2In[detS))]. (3) TR ATS AR A W
Using the definitiorP; = S,Gy, with Gy =K S;,l Kr, Eq. (3)
can be rewritten as:

H=1/2In[det(S:S )]
=1/2|n[deI(Pr~|—|)] | 10

Altitude (km)

Transmission
o
®
o
>
>

N | {
=1/2) NGua+1), (4) 2 S . S

2
MwW1 MwW?2 MW3 Mw4 VMR (ppv) x 107
n=1

wherei;, (n=1,...,N) are the eigenvalues of theé x N (b)
matrix Py, the so-called “Kozlov information matrix” (Ko- .

o x10° x10° 0
zlov, 1983). These eigenvalues thus represent the informa: & ° s s 2’W M‘%
. . . . o0 o 0 v Fw
tion content in the measurement, while the corresponding £ . 5 5 50
1»\\‘ P

eigenvectors form a basis for the solution space. Hence, only
the Nopt eigenvalues with a relevant contribution to the infor-
mation content, i.e. L/2Im{, + 1)>10rAr, [ (1 +Arp) &

1 (n=1,...,Nopt < N), should be taken into account. The
associated eigenvectaps , (n =1,..., Nopp span the effec-
tive state space accessible with the measurement. Therefore
the IOA retrieval results directly depend on the information ‘ . 10
content of the measurement by expanding — in each iteration Lo ‘
—the difference between the a priori and the true state vectot
into a series of the significant eigenvector®pf This gives

IS
S

Altltudg (km)

Transmission
o
®
o
>
o
>
N
S

1 2
MW1 MW2 MW3 MwW4 VMR (ppv) X107

the following equation: (c)
Nopt © x10” x10” x10° . 10° 0
Xi+1—Xa= Z,Bi,n¢i,n~ (5) S umww : Z °W{W¢‘W
n=1 g’*" 5 ‘ * ° *
Now, instead of the state vect®r,, itself, the coefficients TR e AT AT A W
Bi.n have to be determined. In Hoogen et al. (1999) some \ [ ' z
straightforward calculations lead to the derivation of the _ . )
expansion coefficient; , (n=1,...,Nopp: 3 £
Eos 06 6 2
Bin=hin/[Niw(@+2i)1] KTS y — yi gl
+ Ki(x; —xa)], (6) | ‘ _ N
where N;,=¢ KIS/*K; ¢;, (n=1,.., Nopp are ool : : o
normalization factors defined as such. MWL MWz s e VMRGPY o

In our implementation the calculation of the eigenvectors Fia. 5 Muitiol _ i (MWL: 2481.30-2482.60
and eigenvalues d¥; is based on the common QR method 'J: > ditiple micro-window ' ON—ea0200,
(Golub and Van Loan, 1983), i.e. the mati is itera- MW2:  2526.40-2528.20, MW3: 2537.85-2538.80, and

ivelv d di h d f h | _ MW4: 2540.10-2540.70 cm') fit of N,O plus interfering
tively decomposed into the product of an orthogona rnatr'xspecies from a single spectrum on 8 October 2007 at St.-Denis

Q and an upper triangular matriR, until the method con-  5ing the(a) OEM, (b) I10A and (c) TR. Measured (blue) and
verges and all eigenvalues and eigenvectors are determinegimulated (green) spectra are shown (left lower plot), together
As the repeated QR factorizations can be quite expensiveyith the residuals (left upper plot), computed as measured minus
the real non-symmetric matri; is first reduced to the sim- simulated. The right plot shows the a priori (green crosses) and
pler upper Hessenberg form, i.e. having zero entries belowetrieved (blue diamonds) profile.

the first subdiagonal, and then the similarity transformations

are accumulated.

Atmos. Meas. Tech., 5, 161180, 2012 www.atmos-meas-tech.net/5/161/2012/



C. Senten et al.: Information operator approach for the inversion of FTIR spectra 167

Table 3. Date, OBP and SZA of the reference spectra fgr 8,0, CHy and CO measured at lle de L&&nion in 2007, together with the
RMS of the fit residual, DOFS and independent PC limits when using the OEM, I0A and TR.

Molec. Date OBP[cml] SZA Meth. RMS DOFS PC limits [km]
OEM 1.01 468 0.05-7.0-19.0-26.2-100
O3 12 September 600-1400 51.8310A 1.02 3.92 0.05-9.4-21.4-29.8-100
TR 1.01 4.64 0.05-7.0-19.0-27.4-100
OEM 0.18 3.35 0.05-4.6-13.0-100
N>O 8 October 2400-3310 42.03 IOA 0.19 2.87 0.05-5.8-15.4-100
TR 0.18 291 0.05-5.8-15.4-100
OEM  0.29 2.32 0.05-8.2-100
CHy 2 October 2400-3310 46.43 10A 0.30 2.06 0.05-9.4-100
TR 0.30 2.29 0.05-9.4-100
OEM  0.39 3.04 0.05-2.6-9.4-100
coO 29 July 1850-2750 42.19 I0A 0.39 281 0.05-2.6-9.4-100
TR 0.39 3.09 0.05-2.6-9.4-100

Table 4. Mean RMS of the fit residual, mean ITER, mean DOFS, total altitude range and common independent PC ranges, mean CA, and

mean daily relative STD on the CA for the retrievals of, ®l,0, CH, and CO, from the 2007 campaign data at lle de lauon, when

using the OEM, IOA and TR.

Molec. RMS ITER DOFS Al range [km] CA [ moleccnT?) STD [%]
OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR
0.05-100 7.90/7.90/7.90 0.32/0.35/0.31

0.05-9.4 0.7410.72/0.74 0.90/0.99/0.89

O3 0.86/0.87/0.86 71717 46/39/46 9.4-21.4 1.33/1.32/1.34 0.98/1.38/0.99
21.4-29.8 3.84/3.87/3.83 0.57/0.61/0.54

29.8-100 1.99/1.98/1.99 0.88/1.02/0.74

0.05-100 6.67/6.66/6.66 0.060/0.058/0.053

0.05-5.8 3.48/3.43/3.44 0.29/0.16/0.16

N20  0.15/0.15/0.15 9/515 8.1/2.9729 5.8-15.4 2.54/2.59/2.58 0.37/0.19/0.17
15.4-100 0.64/0.64/0.64 0.53/0.24/0.29

0.05-100 36.5/37.1/36.9 0.48/0.29/0.22

CHs 0.29/0.28/0.28 9/6/6 22/21/23 0.05-9.4 25.1/25.8/255 0.41/0.72/0.30
9.4-100 11.4/11.3/11.4 1.01/0.73/0.28

0.05-100 1.67/1.67/1.66 0.73/0.75/0.73

0.05-2.6 0.51/0.49/0.49 2.39/2.45/2.00

CO 04470457044 Tl 3.1/28/30 2.6-9.4 0.72/0.75/0.76 2.4212.13/1.47
9.4-100 0.44/0.43/0.40 1.66/1.71/1.23

It is obvious that this “eigenvector approach” uses a priori2.2.2

information in the same statistical sense as the original op-

Information content and sensitivity

timal estimation method. Though, it has the advantage thafrhe retrieved state vector; is related to the a priori and
only those components are considered about which the medhe true state vectons, andx, respectively, by the equation
surement actually provides information. In addition, since (Rodgers, 2000):

basically only a linear combination of the significant eigen-

vectors has to be calculated and since the QR method i§r = Xa+ A (X — Xa), )

very efficient and numerically stable, the I0A is expected to hereA is defined | inth f OEM:

encounter fewer singularity problems than the OEM and TR.WhereA Is defined asx/ox, orin the case o :
A=(K/SKi+5HKS K, (8)
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83 - 0 02 04 06 08 1 12 2904.03, and MW5: 2921.00-2921.60 til’f) fit of CH4 p|US in-

Averaging kernels terfering species from a single spectrum on 2 October 2007 at St.-
Denis using th¢a) OEM, (b) IOA and(c) TR. Measured (blue) and
Fig. 6. Averaging kernels and sensitivity curve (black dashed) for simulated (green) spectra are shown (left lower plot), together with
the N, O retrieval from a single spectrum on 8 October 2007 at St.-the residuals (left upper plot), computed as measured minus simu-
Denis using théa) OEM, (b) IOA and(c) TR. lated. The right plot shows the a priori (green crosses) and retrieved
(blue diamonds) profile.
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Fig. 9. Multiple  micro-window (MW1. 2057.70-

2057.91, MW2: 2069.55-2069.72, MW3: 2140.40-2141.40,

MW4:

2157.40-2159.20,

MWS5:

2165.37-2165.85, and

MW6: 2168.84-2169.02 cimt) fit of CO plus interfering species
from a single spectrum on 29 July 2007 at St.-Denis usingdhe
OEM, (b) IOA and(c) TR. Measured (blue) and simulated (green)
spectra are shown (left lower plot), together with the residuals (left
upper plot), computed as measured minus simulated. The right plot
shows the a priori (green crosses) and retrieved (blue diamonds)
profile.
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The rows of the matriXA are called the averaging kernels, solution is calculated iteratively by the following expression
and the trace of equals the number of degrees of freedom (Schimpf and Schreier, 1997):
for signal (DOFS). Note that essentially the DOFS comprises
two shares, namely one corresponding to the fitted VMR val-Xi+1=Xa+ (K,TS;lKi +aRTR)71K,-TS;1[y —Yi
ues of the target profile and one corresponding to the other +K;(x; —xa)], (12)
fitted parameters within the state vector. In what follows the
term DOFS will refer to the target part only, unless statedwhereR anda are the regularization matrix and regulariza-
otherwise. tion parameter, respectively. Both are introduced to constrain
For each of the retrieval layers the full width at half maxi- the state vector or, in other words, to incorporate information
mum of the averaging kernel provides an estimate of the verabout the solution magnitude and smoothness. Again, all er-
tical resolution of the profile retrieval at the corresponding ror components are calculated in the same way as for the
altitude, while the area of the averaging kernel (i.e. the sumOEM retrievals.
of its elements) represents the sensitivity of the retrieval at For the retrievals obtained with TR, we have usedlthe
the corresponding altitude to the true state. The DOFS toregularization matrix, i.eR = L;. ThisL; is by definition
gether with the averaging kernel shapes define the indepera (N — 1) x N matrix composed by zeros except for the ele-
dent partial columns that best represent the retrieval resultsmentsL 1(i, i) = —1 andL1(i,i +1) =1, fori=1,...,N — 1.
The matrixA in Eqg. (8) can be written as a function of For this particular choice d® the averaging kernel matrik
P, namely: becomes:

Te—1 -1 Te-1 -1
A=(SaK; S K+ D) S K S;Ky=(Pr+ D)7 "Pr, (9) A=(KrTS;lKr+OtLIL1)_1KrTSy_1Kr- (13)

N .
such that the trace ¢t equals) ,_y  Arn/(1+irn)inthe  consequently, the sum of all elements of each rowAof

case of OEM. ~ equals 1, as can be seen from a simple matrix manipulation.
When we derivéh in the case of IOA, we getthe following s is valid for each choice af. In other words, for the

expression for each elementj of A (i =1,...,N andj = Tikhonov retrievals in this paper the sensitivity is always 1 at
L...,N): every altitude and is not a relevant parameter.
Nopt The parametar we have used is the one that results in the
(A= Z)Lr,n/[N,,n(lJrAr,n)] best compromise between the DOFS and the total random er-
n=1 ror on the retrieved total column. Note that this total random
(¢InK;rS;lKr)l,j(¢r,n)i,l' (10) error we have evaluated here by summing up the covariance
matrices of the forward model parameter error, the smooth-
The trace ofA, or the total DOFS, now equaE,iviT)»r,n ing error, the interfering species’ errors and the measurement

/ (1 + Arn). Note that if we would use all eigenvalues of Noise error, asguming that the other error components dq not

Pr (i.e. Nopt= N), instead of only the significant ones, this Vary with«. This tuning method is based on the discussion

would correspond to the trace Afresulting from the OEM.  in Steck (2002) showing that the DOFS as well as the total
Analogous toA, in the case of IOA, the gain matri@,,  andom error decreases with increasing

defined a$x/5y, becomes:

Nopt 3 Application of the IOA to ground-based FTIR data
(GDij =) den/[Nea(Lthen)]

n=1 As discussed in the introduction, we have focused on the re-

@/ KIS, D1 (brn)ins (11)  trieval results of @, N2O, CHy and CO. In addition to the

total column abundances of these molecules, we have ex-

Note that all definitions of the error components for the tractgd information — Whenever feasible—about.theirvertic.all
distribution between the ground and 100 km altitude. In this

OEM are still valid for the IOA applied onto the OEM, . . ;
. . . . section we give an overview of the measurement character-
as this alternative retrieval method is based on the same_. .
. : . istics, the retrieval strategy used, and the OEM, IOA and TR
premises. In the numerical evaluations we have to use the _ - : . .
. . . Tetrieval results, including mutual comparisons.
adapted expressions for the averaging kernel and gain matrix

(Egs. 10 and 11).

withi=1,..,Nandj=1,...,M.

3.1 Specifications of the FTIR measurements

2.2.3 Tikhonov regularization
Before continuous operations started in May 2009, three

Besides the OEM, Tikhonov regularization (TR) is another FTIR solar absorption measurement campaigns had been car-
commonly used method for the retrieval of the vertical distri- ried out at lle de La Runion, namely in 2002, 2004 and
bution of trace gases from FTIR absorption spectra. The TR2007. Within the scope of this paper we concentrate on
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Table 5. Smoothing error, total random error without the smoothing error contribution, total random error, total systematic error and total
error on the retrieved total and partial columns af 8,0, CH4 and CO, at lle de La &union in 2007, when using the OEM, IOA and TR.

Total rand. without

Alt. range Smoothing [%] smoothing error [%] Total rand. [%0] Total syst. [%] Total [%]
Molec. [km] OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR
0.05-100 0.44/0.54/0.51 0.80/0.62/0.81 0.91/0.83/0.96 254/11.71/2.84 2.70/1.90/3.00
0.05-9.4 6.70/9.06/7.14 1.62/1.39/1.55 6.90/9.17/7.30 14.32/12.48/14.18 15.89/15.49/15.94
O3 9.4-21.4 9.05/10.71/10.31 3.35/2.26/291 9.65/10.94/10.71 27.20/13.76/23.77 28.86/17.58/26.07
21.4-29.8 5.56/7.58/6.70 3.12/1.75/2.52 6.38/7.78/7.16  21.89/7.84/17.41 22.80/11.05/18.82
29.8-100 5.03/6.57/6.34 2.48/2.03/2.02 5.61/6.88/6.65 13.83/7.75/9.75 14.93/10.36/11.81
0.05-100 0.10/0.27/0.073 0.49/0.35/0.33 0.50/0.44/0.34 2.49/2.64/2.68 2.54/2.68/2.70
N,O 0.05-5.8 0.55/1.36/0.40 1.05/0.64/0.64 1.18/1.50/0.75 5.41/4.77 ] 4.68 5.53/5.00/4.74
5.8-15.4 0.72/2.18/0.65 1.33/0.56/0.49 1.51/2.25/0.81 5.26/5.11/5.07 5.48/5.59/5.14
15.4-100 1.39/4.84/1.47 2.85/1.51/1.07 3.17/5.07/1.82 12.61/5.56 / 4.05 13.00/7.53/4.44
0.05-100 0.22/1.09/0.31 0.95/0.97/0.93 0.98/1.46/0.98 4.83/7.28/5.21 4.93/7.42/5.30
CHy 0.05-9.4 0.41/2.29/0.64 1.08/0.94/0.97 1.16/2.48/1.16 7.5417.4817.72 7.63/7.88/7.81
9.4-100 0.60/2.91/0.61 150/1.09/1.46 1.61/3.10/1.59 7.85/6.87/8.16 8.01/7.54/8.32
0.05-100 0.15/0.15/0.37 1.29/1.22/1.15 1.30/1.23/1.21 3.52/2.88/2.93 3.75/3.13/3.17
co 0.05-2.6 1.92/2.45/3.94 4.37/3.76/3.38 4.78/4.49/5.19 30.16/24.14/16.59 30.54/24.56/17.39
2.6-9.4 2.2212.67/4.16 2.20/2.15/1.24 3.13/3.43/4.34 35.92/27.31/15.90 36.05/27.53/16.48
9.4-100 2.18/2.47/4.94 2.28/2.07/1.43 3.16/3.23/5.14  33.99/22.82/9.95 34.13/23.05/11.20

spectra taken during the third campaign, from May to Oc-in particular at those altitudes for which it is difficult to get
tober 2007. In particular, these spectra are recorded usnformation out of the measurements. Note that in order
ing a mobile Bruker 120M Fourier Transform spectrome- to compare the OEM and IOA retrievals, we use the same
ter installed at the St.-Denis University campus (50 ma.s.l. x5 and S, for both methods, rather than imposing the same
20°54' S and 5529 E). The 2007 campaign was performed DOFS.

with the same experimental setup as the 2004 campaign, The diagonal elements of the measurement error covari-
which is described in detail in Senten et al. (2008). Noteance matrix are defined to be an estimate of the squared re-
that the FTIR experiment at lle de LaéRBnion is qualified  ciprocals of a representative signal-to-noise ratio (SNR). The
as an NDACC-compliant experiment, confirming that it sat- off-diagonal elements are set to zero, which means that the
isfies all quality criteria imposed by the NDACC Infrared measurement errors at different wavelengths are assumed to
Working Group. be uncorrelated.

For the NO and CH retrievals the selected micro-
windows (fitted simultaneously), the associated interfering
molecules, the used a priori profiles and the correspond-
ing a priori covariance matrices are adopted from Senten
et al. (2008). The @retrieval strategy is the one used by

For all retrievals discussed in this paper the absorption line/1gouroux et al. (2008), and for CO we adopted the strategy

parameters were taken from the HITRAN 2008 spectralfrom_ Duflpt et al. (2010). An overview of these choices is

database (Rothman et al., 2009) in combination with avail-Provided in Table 1.

able updates on the HITRAN websitatp://www.hitran.

com). The spectral micro-windows in which the absorption 3.2.2 Choice of eigenvalues and eigenvectors to be used

features of the target and interfering species are fitted, are

selected such that they contain unsaturated well-isolated alBefore discussing the IOA retrieval results, we clarify the cri-

sorption features of the target species with a minimal numbeteria to determine the most appropriate numigy: (< N) of

of interfering absorption lines, and such that the amount ofterms to be used in the IOA sum, i.e. Eq. (5), yielding the best

information present in the spectra — represented by the DOF8ompromise between the information content and the stabil-

— is maximized. ity of the retrieval results. In particular, a suitable threshold
The a priori profilex, used and its associated covariance g has to be searched for, meeting the conditipp / (1 +

maitrix S, should represent a good guess of the “true” state\r ,) > g, with g < 1. As the eigenvectors corresponding to

3.2 Retrieval results

3.2.1 Retrieval strategy and spectral fits

Atmos. Meas. Tech., 5, 161180, 2012 www.atmos-meas-tech.net/5/161/2012/
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Fig. 12. Time series of the total and partial column amounts (iff1folec cnT2) of (a) O3, (b) N2O, (c) CH4 and(d) CO during the FTIR
campaign at St.-Denis in 2007, retrieved with the OEM (blue crosses), IOA (red circles) and TR (green diamonds), respectively.

smaller eigenvalues have the property of being more oscillathe OEM and I0A withg =0 comes from the fact that the
tory, it is easy to understand that the more eigenvectors wetate space spanned by both methods is not exactly the same.
include in the linear combination defining the retrieval solu-
tion, the more this solution will oscillate. On the other hand, The impact of different threshold values between 0 and 1
if we do not include enough eigenvectors, the solution will no on the retrieved profiles can be seen in Fig. 1, showing the
longer be representative of the true state and the DOFS wilN20 profiles for the whole 2007 campaign obtained with the
be considerably smaller. Table 2 shows the evolution of 1/20EM and with the IOA forg equal to 0.09, 0.79 and 0.99.
In (A, + 1) and;, / (1 + A ) for the largest 24 eigenval- These three values gf correspond to including about 20,
uesir,, of Py for an illustrative 10A retrieval of each target 17 and 15 terms in the IOA decomposition. These four ap-
molecule. The systematic decrease of both quantities aroungroaches result in 3.1, 3.3, 2.9 and 1.6 DOFS on average,
1 and 0.8, respectively, indicates that including the subserespectively. Consequently, the smoothing error increases.
guent smaller eigenvalues and eigenvectors in the IOA calcuThe root mean square (RMS) values of the spectral fit resid-
lations would not significantly contribute to the solution. On ual, calculated from the differences between the observed
the contrary, they would only induce unrealistic oscillations and simulated spectral points, equal 0.15, 0.15, 0.15 and 0.16
in the retrieved vertical profiles. on average, respectively. This demonstrates the poor sensi-
tivity of the spectral fit to the choice @f, or correspondingly,

By definition of the IOA, when decreasingg the IOA so-  to the retained dimension of the state space. Obviously, the
lution approaches the OEM solution, up to the point of usinglOA profiles for g = 0.99 are less oscillatory than those for
all eigenvalues and eigenvectors in the IOA sum, 4.0, g =0.79, which in turn are less oscillating than those for
or equivalently,Nopt= N in Eq. (5). The remaining differ- ¢ =0.09. These plots also confirm the statement that in the
ence — though very small — between the retrieval result fromlimit the IOA profiles move towards the OEM profiles. The
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174 C. Senten et al.: Information operator approach for the inversion of FTIR spectra

" ——Aprion For each molecule the RMS value and the integer nearest to
"|—=—OEM 10% .
——10A 10% the number of degrees of freedom for signal are the same for
TR 10% . . . .

sl —— OEM 40% every method, whereas the partial column limits are slightly
T iRao different. These limits correspond to the altitude ranges that
D comprise at least one degree of freedom for signal. In order

401 TR 80%

to allow direct comparison of the OEM, IOA and TR patrtial
columns, or in other words, to discuss the retrieval results in
terms of partial columns with identical altitude boundaries,
from now on, the altitude ranges are deduced from the av-
eraging kernel matrices such that the sum of the diagonal
elements ofA is at least one for every method, thus possibly
increasing some of the partial column widths. If the remain-
ing diagonal elements add up to more than 0.6, the resulting
8 o o o5 o : > altitude range is considered as an additional partial column.
VMR (ppv) x 10° Figures 3, 5, 7 and 9 illustrate the single or multiple micro-
window fits of G;, N2O, CHy, and CO, respectively, for the
Fig. 13. O3 profile on 12 June 2007 at St.-Denis obtained when reference spectra listed in Table 3, together with the resid-
using Sz with on its diagonal 10% (squares), 40 % (circles) and uals, computed as measured minus simulated transmission.
80 % (diamonds), retrieved with the OEM (blue), IOA (red) and TR Figures 4, 6, 8 and 10 show the corresponding averaging ker-
(green), respectively. The black profile is the unchanged a priorinels and sensitivity curves (black dashed), calculated at each
profile. altitude as the sum of the row elementsfafAs explained
in Sect. 2.2.3, for the TR retrievals the sensitivity is 1 at
every altitude and therefore a redundant quantity in the dis-
same behavior was observed in the tests we performed fogussion. For @the SNR andr are 150 and 1, respectively,
the other target molecules. for N2O they are 150 and 5, for GHhey are 250 and 3,
Figure 2 shows the curves of=1/2In(x +1) and y = and for CO they are 150 and 5. As the reference spectra are

x/(1+x) for x between 0 and 20 and for the eigenvalues of caréfully chosen, they represent the complete dataset well,
the Kozlov information matris®; that lay within this domain, ~and, in turn, their resulting vertical profiles have also been
for O3 and CO. Clearly, the intersection point of these two found to be representative. The retrieved vertical profiles will
curves is situated around 0.79. Note that the eigenvalues dherefore not be shown individually. .
P, for N2O and CH, yield similar graphs, but are left out For every target gas the spectral fits look very similar for
here, just for clarity of the figure. each method. For $and CO the retrieved profile is simi-
Based on the considerations above, we conclude that th&r for each method. For 40 and CH the OEM retrieved
best compromise is attained with the threshgle- 0.79.  Profile slightly oscillates near the surface, whereas the 10A
This lower limit for the contribution to the information con- Profile is more stable. The TR profile of Gscillates less
tent of the measurement is valid for each target species and i§an the OEM profile but more than the 10A profile. In order

used in all subsequent IOA retrievals discussed in this papefC confirm and to generalize this conclusion, Fig. 11 shows
the CH; vertical volume mixing ratio (VMR) profiles ob-

tained with the OEM, IOA and TR, from the whole set of
FTIR spectra taken at St.-Denis in 2007. In the troposphere
the TR profiles are slightly more stable than the OEM and
For the discussion of the characteristics of the IOA comparedOA profiles, whereas at higher altitudes they are less stable
to the OEM and TR, we analyzed the vertical profile and col-than the IOA profiles, but still more stable than the OEM pro-
umn retrievals for the complete set of 2007 spectra. Howeverfiles. Note that the two groups that can be distinguished most
full error budget evaluations are made here only for one ref-clearly in the case of IOA correspond to spectra recorded at
erence spectrum for each target molecule, because perforna SZA smaller and larger than 4%espectively. The reason
ing the error calculations for all spectra would have been todfor this effect is not yet understood.

time-consuming. The choice of these typical reference spec- Table 4 summarizes the mean DOFS, the mean number of
tra is based on their representativeness for the whole 200#erations in the fit (ITER), the mean RMS values of the spec-
dataset, with respect to the solar zenith angle (SZA), the retral fit residual, the mean total and partial column amounts
trieved profile shape and the DOFS. Table 3 lists the date, théCA) (in molecules cm?) and the mean daily relative stan-
optical bandpass (OBP) and the SZA for the reference speadard deviation (STD) on the CA (in %) for each molecule
tra analyzed for each species, together with the RMS of thevhen applying the OEM, I0A and TR. The mean daily rel-
spectral fit residual, the DOFS and the corresponding partiahtive standard deviations are considered to provide a good
column (PC) ranges when applying the OEM, IOA and TR. measure for the quality of the retrieval method, because they

30-

Altitude (km)

20+

3.2.3 \Vertical profiles and column amounts
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Table 6. Impact of different choices d8; on the G total and partial columns retrieved with the OEM, IOA and TR, for the 2007 campaign
data at lle de La Bunion: mean daily relative STD and mean relative biases with respect to the retrieval with10%

STD [%] 10%Ss ~ STD [%] 40%Sa Bias [%] 40%Ss  STD [%] 80%Sa Bias [%6] 80%Sa
Alt. range [km] OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR

0.05-100 0.32/0.35/0.31 0.26/0.34/0.26-0.037/0.035/+~0.073 0.25/0.28/0.25 —0.26/0.21 /-0.17
0.05-9.4 0.90/0.99/0.89 1.22/1.00/1.08 —-0.30/0.060/+~0.27 1.68/1.14/1.30 —0.96/0.18/-0.58
9.4-214 098/1.38/099 1.66/1.40/1.62—0.16/-0.035/-0.20 2.21/1.60/1.92 —0.58/0.26 /-0.40

21.4-29.8 0.57/0.61/0.54 1.25/0.64/1.33 0.18/0.067/0.14 1.83/0.93/1.68 0.20/0.20/0.20
29.8-100 0.88/1.02/0.74 1.25/0.95/1.39 —-0.36/0.010/~0.40 2.41/0.78/2.15 —-1.09/0.21/-0.81

(b)

(©) e

Altitude (km)
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Fig. 14. O3 profiles from all spectra taken at St.-Denis during the 2007 campaign, retrieved with thé@DBM), IOA (d, e, f)and TR(g,
h, i) with S; diagonal elements 10 %, 40 % and 80 %, respectively. The black line corresponds to the used a priori profile.

reflect the stability of the retrieved column amounts. Ideally, methods. For @and CO the mean number of iterations be-
the latter do not change much over the course of a day, afre convergence is equal for each method, whereas fGr N
the diurnal variations of the retrieved target molecules areand CH, it is smaller for the IOA and TR. The information
supposed to be small. For all retrievals performed, we ob-content — represented by the DOFS — is slightly smaller for
serve that the quality of the spectral fits — characterized by thehe 10A. This is due to the fact that the IOA leaves out all
RMS —, as well as the mean vertical column amount (VCA) components that do not contribute significantly to the infor-
and partial column amounts (PCA), are similar for all three mation content. In general, this loss — between 0 and 0.5
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Table 7. Impact of different choices of5 on the Q total and partial columns retrieved with the OEM, IOA and TR, for the 2007 campaign
data at lle de La Bunion: mean daily relative STD and mean relative biases with respect to the retrievahwith

STD [%)] xa STD [%] 2xa Bias [%] 2va  STD [%] 1/2xa Bias [%] 1/2ca
Alt. range [km] OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR OEM/IOA/TR

0.05-100 0.32/0.35/0.32 0.30/0.35/0.29-0.23/-0.47/—-0.0099 0.33/0.34/0.33 0.12/0.16-0.12
0.05-9.4 0.90/0.98/0.89 0.93/0.94/0.86 -0.34/-0.53/-0.044 1.08/0.92/1.01 0.12/0.049/-0.14
9.4-21.4 115/1.35/1.12 1.42/1.46/1.30-0.33/-0.67/-0.090 1.01/0.49/1.27 0.15/0.11/0.0061

21.4-29.8 0.67/0.60/0.61 0.90/0.65/0.87 —0.086/—-0.31/0.065 0.50/0.36/0.59 0.076/0.0970.18
29.8-100 0.93/1.00/0.75 1.09/1.20/0.73 —-0.49/-0.67/-0.11 0.78/0.72/0.84 0.19/0.12-0.075

Table 8. Mean relative differences with corresponding standard deviations (between brackets) between retrieved and “input” total and partial
columns of @ from simulated spectra.

Alt. range [km]  Rel. diff. [%] OEM  Rel. diff. [%] IOA  Rel. diff. [%] TR

0.05-100 0.11 (0.087) 0.11 (0.092) 0.12 (0.064)
0.05-9.4 0.69 (0.56) 1.03 (0.86) 0.66 (0.51)
9.4-21.4 1.82 (0.62) 1.78 (0.60) 1.86 (0.50)
21.4-29.8 1.11 (0.57) 1.13 (0.47) 1.21 (0.37)
29.8-100 0.70 (0.60) 0.63 (0.51) 0.72 (0.37)
[~=—Aprioi | Figure 12 shows the time series of the total and partial col-
| —&a—OEM .
oA umn arqounts (|n_ molecules crf) of O;_g, N>O, CHy aqd _CO,
T Aponx2 respectively, during the FTIR campaign at St.-Denis in 2007,
oA retrieved with the OEM, IOA and TR. For{and CO each
T Apron/2 method gives about the same partial and total column values,
—loa i.e. without significant bias. For D the partial and total

columns are distributed in a slightly different way. The biases
between the OEM and IOA total columns are abe@t2 %
and the biases between the OEM and TR total columns are
about—0.15%. The biases between the OEM and IOA first
and second partial columns ared.8 and +0.8%, respec-
tively, whereas they are-0.5 and +0.5% between the re-
spective OEM and TR partial columns. For gHhere is a
002 04 06 08 1 12z 14 16 18 2 systematic bias of the order of +1.5 % between the OEM and
VMR (ppv) X0 |OA daily mean first partial and total columns, while the bias
between the OEM and TR column amounts is about +1 %.
So for the cases in which the IOA columns systematically
deviate from the OEM columns, the same is observed for the
TR columns, but with a smaller offset.

Altitude (km)

Fig. 15. O3 profile on 12 June 2007 at St.-Denis obtained with
the originalxa (squares), with 25 (circles) and with 1/2, (dia-

monds), retrieved with the OEM (blue), IOA (red) and TR (green),
respectively. The black profiles are the respective a priori profiles.

— does not affect the number of partial columns that can be3-2.4  Error budget evaluations

distinguished. For @ N>O and CO the mean daily relative

standard deviations on the VCA are alike for each methodgqy 3 detailed description of all error components quantify-
whereas for Chlit is obviously smaller for the IOA and TR.  jng the reliability of the retrieval results, we refer to Senten et
For CO the mean daily relative standard deviations on they) (2008). In particular, the following error contributions are
PCA are similar for each method. Fog@ey are largest for  caculated: the smoothing error, the forward model parame-
the 10A, for N2O they are smaller for the IOA, and for GH ey error, the measurement noise error, the errors due to the
they are smallest for TR. uncertainties in the temperature profile, in the solar zenith
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angle, in the interfering species’ profiles, and in the inten-total columns the total error is smallest for the IOA, while
sity and pressure broadening of the target spectral lines, afr the NbO and CO partial columns it is smallest for TR.
well as the errors due to the uncertainties in the instrumentor CH, the total error is smallest for the OEM.
line shape, i.e. the modulation amplitude and phase. As said
before, all error components for the IOA and TR retrievals o )
are calculated in the same way as for the OEM retrievals, us# Influence of a priori information
ing the appropriate averaging kernels and gain matrices. For . ) ]
the calculation of the smoothing error, we use the sgme One of the goals of implementing the I0A was to improve
matrices for each target species as in Senten et al. (2008§0€ robustness of the retrieval results. We therefore studied
The covariance matrix used for the calculation of the errorthe impact of the choice of a priori information on the OEM,
due to the temperature profile uncertainty is based on the diflOA and TR solutions. More specifically, we changed the
ferences between NCEP and ECMWF temperature profile§liagonal elements &, and looked at the VMR profiles ob-
at St.-Denis. The covariance matrices used for the ILS uni@ined, at the DOFS, at the daily relative standard deviations
certainty errors represent the degradation of the modulatioiPn the total and partial column amounts and at the mean rela-
efficiency and the evolution of the phase error. They are bott{ive biases with respect to the original column values. In each
calculated from the differences between the observed ILS@se, the off-diagonal elements®fare kept unchanged and
functions — calculated with Linefit8 (Hase et al., 1999) — overare determined by a Gaussian correlation function with an
a three months time period in 2007 at St.-Denis. The maxInter-layer correlation length of 4km. m
imum uncertainty in the SZA was estimated at 0.2 degrees, 1able 6 shows the mean daily relative standard deviations
The maximum uncertainties in the line intensity and pressurdin %) for the 2007 time series of thesQotal and partial
broadening of the spectral lines of the target molecule wergt0lumn amounts (CA), when using 10 %, 40 % and 80 % as
derived from HITRAN 2008. priori uncertainties on the diagonal &f, together with the
Table 5 gives an overview of the error budgets on the to-Méan relative biases (in %) with respect to the original re-
tal and partial columns of § N,O, CHy and CO, when us-  trieval using 10 %S, (CArer). These biases are calculated
ing the OEM, IOA and TR. More specifically, the smoothing @S 100 * D_;_1(CA — CAren/((CA + CAren/2)J/k, with k the
error, the total random error without the smoothing compo-number of measured spectra. Obviously, the mean relative
nent, the total random error, the total systematic error and’i@ses on the total and partial column values are smaller
the total error are shown. The individual contributions to the for the 10A retrievals than for the OEM and TR retrievals.
total random error are the forward model parameter errorHence, the net effect of more stable column amounts in the
the ILS errors, the temperature error, the measurement noiseSe of I0A prevails, especially when allowing greater a pri-
error, the SZA error, the interfering species errors, and theP'i uncertainties on the profiles. In agreement with this find-
smoothing error, whereas the total systematic error include&d. the mean daily relative standard deviations on the 10A

the line intensity error and pressure broadening error. The&0lumn amounts vary less with a changeSgthan those on
complete table of all these individual contributions can bethe OEM and TR column amounts. For the above mentioned

found in Appendix A. choices ofS; the mean DOFS for the OEM retrieval results
Although at first sight each retrieval method behaves sim-2'€ 4.6, 6.0 and 6.7, respectively, for the IOA results they are
ilarly regarding error budgets, we observe non-negligible3-9- 5.2 and 5.9, respectively, and for the TR retrievals they
differences. are 4.6, 6.0 and 6.5, respectively. Thus, for each method, the
For each species, except fop®, the smoothing error is informat.ion content varies _in the same way with respect to
smallest when applying the OEM, for the total as well as for the applied a priori uncertainty, as expected.
the partial columns. The fact that the smoothing error is gen- AS anillustration, Fig. 13 shows the OEM, IOAand TR O
erally largest when using the 10A, is in agreement with the Profile at St.-Denis on 12 June 2007, obtained when uSing
slightly smaller DOFS (see Table 3), or equivalently with the With on its diagonal 10 %, 40 % and 80 %, respectively. Note
small loss of information with respect to the other two meth- that for the TR retrievals, changirg corresponds to chang-
ods. For the @ and CH, total and partial columns the to- INg @. In particular, in our test case ofs@SNR = 150), the
tal random error without the smoothing component is small-mentioned diagonal values 10 %, 40 % and 80 % correspond
est for the I0A, whereas for the® and CO columns it 0« equal to 1, 0.05 and 0.02, respectively. Itis clear that
is smallest for TR. The same is observed for the total sys\When we apply a too large variability on the volume mix-
tematic error, except for thed® and CO total columns for N9 ratios, i.e. 40% or more in this example, the retrieved
which the I0A seems to be better than TR. Note that the reRrofile deviates strongly in the case of OEM and to a lesser
duced random error for the 10A and TR columns — depend-extent in the case of TR, whereas it stays reasonably good for
ing on the target gas — mainly comes from a decrease of théh_e I0A. This_difference becomes larger as we increase the a
forward model parameter error, the measurement noise errd?!lort uncertainty.
and the temperature error (see Appendix A). As a result, for
the O total and partial columns and for the;® and CO
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Figure 14 shows the OEM, I0A and TRs@rofiles from The results of these comparisons are shown in Table 8, as
all 2007 spectra at St.-Denis for 10%, 40% and 8@%  mean relative differences (in %), together with the standard
confirming the statements above. Thus, IOA retrievals aredeviations (between brackets). As for the total columns we
less sensitive to the choice of the a priori covariance ma-=see that the OEM and I0A slightly better reproduce the orig-
trix than OEM and TR retrievals. This can be understoodinal values than TR (i.e. mean relative differences of 0.11,
by the fact that the IOA extracts the real information out of 0.11 and 0.12 %, respectively), although with larger standard
the measurements and is therefore less affected by unrealistdeviations (i.e. 0.09, 0.09 and 0.06, respectively). For the
a priori choices. second and fourth column, the IOA reproduces the input val-

Next, we looked at the same characteristics of the OEM,ues best, whereas the first and third partial columns are better
IOA and TR retrievals, but when changiwg instead ofS,. reconstructed by the TR and OEM, respectively. The stan-
Table 7 shows the mean daily relative standard deviations (irdard deviations are smallest in the case of TR for each partial
%) on the 2007 time series ofzQotal and partial column  column. This test shows that the IOA is slightly better in re-
amounts, when using,, 2x; and 1/Z 5 as a priori profile,  producing the original input information, while TR produces
together with the mean relative biases (in %) with respectmore stable results.
to the original retrieval usings. The mean relative daily
standard deviations appear to be most steady in the case of ,

TR and, consistently, also the relative biases are smallest fo¢ conclusions
the TR retrievals.

By means of example, Fig. 15 shows the OEM, I0A and
TR Oz profile on 12 June 2007, obtained with the original
xa and with 25 and 1/, respectively. Clearly, the TR re-
trieval is less affected by the change of the a priori profile
than the OEM and IOA retrieval. This is logical, as the TR
vertical profile withL, as regularization matrix is by defi-

In this paper we have shown the application of the infor-
mation operator approach (I0A) to the retrieval of the ver-
tical distribution of atmospheric constituents from ground-
based high spectral resolution FTIR solar absorption mea-
surements. All our tests have been performed on spectra
taken at the southern hemisphere (sub)tropical site lle de La
. L . . Réunion in 2007. In addition, a theoretical study has been
nition mainly influenced by the shape of the a priori profile, .
rather than by its magnitude. Note that this second test tell made, b_ased on synthetic spectra. We have gompared the
’ ?OA retrieval results for @, N>O, CH; and CO with those

us something about the |mp_ortance of the choicarofor obtained when using the optimal estimation method (OEM)
the three methods, but nothing about the robustness of the ) o -
. . and Tikhonov regularization (TR). Our findings prove that
retrieved profile. S : :
. L the 10A allows the derivation of more stable vertical profiles
Finally, we have also tested the sensitivity of the OEM, :
. . . and total and partial column amounts than the OEM for the
IOA and TR retrieval results to the choice of the retrieval

grid, varying from a fine 44 layer grid to a coarse 7 layer gtmospherlc species investigated, without significant loss of

grid. We have found the effect on the retrieval results to bemformatlon. Moreover, the IOA is less sensitive to the choice

. o of the a priori covariance matrix. Regarding the error budgets
similar for each method. More specifically, we observed a :
) . on the total and partial columns we can conclude that the IOA
decreasing accuracy for a decreasing number of layers.

and TR generally perform better than the OEM.
Comparisons of the OEM and IOA retrieval results with
5 Theoretical study those obtained with TR have shown that the stability of the
TR column values is somewhat better than the OEM and IOA
To quantify the additional benefit of the IOA a theoretical test stability. The information content of the IOA retrievals is
has been done based on synthetic spectra. Hereto we creatslightly smaller than the information content of the OEM and
a large set of realistic vertical ozone profiles, and calculatedl'R retrievals, a quantity being about the same for the last
the corresponding spectra using our forward model. Then wéwo methods. So, the IOA performs well, i.e. similar to TR,
added Gaussian distributed random noise to these spectrand has some advantages with respect to the OEM, especially
based on realistic SNR values, in agreement with the SNRegarding profile stability and error budget evaluations.
values observed in ourérinion spectra. As such we gener-  Based on this study, we can conclude that the IOA applied
ated a realistic ensemble of virtual measurements. We thepnto the OEM is a valuable alternative for the retrieval of
performed OEM, IOA and TR retrievals of3drom these  vertical profile information of trace gases in the atmosphere
spectra with the same retrieval parameters as used befofeom ground-based FTIR solar absorption measurements. It
for the real observed spectra, and evaluated their respectivieehaves better than the OEM from several points of view, but
reconstructions of the initial vertical profiles. More specif- the significance of the improvements depends on the target
ically, each retrieved total and partial column amount hasspecies and on the chosen a priori information. The approach
been compared to the corresponding column value adoptedan easily be implemented in the existing retrieval codes that
in the forward model. are used in the Infrared Working Group of NDACC.
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Table A1. Summary of all individual error contributions (i.e. fit parameters, smoothing, measurement noise, temperature, intensity, pressure
broadening, SZA, empirical apodization, empirical phase, and interfering species error) for each target species retrieved with the OEM, I0A
and TR.

Molec. Alt. range Fit. SmoothMeas. Temp. Inten. Press. SZA  Emp. Emp. Total
[km] param. [%] noise [%)] [%] broad. [%] apod. phase in-
[%] [%] [%] %] %] terf.

(%]

OEM/ OEM/ OEM/ OEM/ OEM/ OEM/ OEM/ OEM/ OEM/ OEM/
I0A/ IOA/  IOA/  I0OA/ I0A/  I0A/  I0A/  I0A/ IOA/  I0A/
TR TR TR TR TR TR TR TR TR

0.05-100 0.0070/0.44/ 0.19/ 0.60/ 253/ 0.22/ 0.44/ 0.00012/ O/ 0.23/
0.0017/ 0.54/ 0.14/ 0.46/ 1.70/ 0.19/ 0.39/ 0.012/ 0/ 0.10/

0.0077 051 020 060 283 022 0.44 0.00014 O 0.26

0.05-9.4 0.0046/6.70/ 1.25/ 0.23/ 14.14/ 2.27/ 0.44/ 0.00010/ 0/ 0.91/
0.0034/ 9.06/ 1.13/ 0.21/ 12.34/ 1.89/ 0.56/ 0.094/ 0/ 0.53/

0.0058 7.14 119 0.22 14.00 223 044 0.00011 O 0.86

O3 9.4-21.4 0.071/ 9.05/ 1.89/ 243/ 27.08/ 2.62/ 0.44/ 0.0014/ 0/ 1.23/
0.00036/10.71/ 1.40/ 1.37/ 13.69/ 1.36/ 0.32/ 0.21/ o/ 1.06/

0.064 1031 1.64 219 23.66 226 044 0.0012 O 0.90

21.4-29.8 0.077/ 556/ 147/ 220/ 2181/ 1.85/ 0.43/ 0.0015/ 0/ 1.60/
0.00023/7.58/ 0.87/ 1.25/ 7.81/ 0.73/ 0.49/ 0.13/ o/ 0.70/

0.064 6.70 118 186 17.34 150 043 0.0013 O 1.14

29.8-100 0.062/ 5.03/ 1.37/ 1.89/ 13.78/ 1.16/ 0.46/ 0.0013/ 0O/ 0.69/
0.0088/ 6.57/ 1.09/ 1.29/ 7.71/ 0.76/ 0.18/ 0.058/ 0/ 1.10/

0.041 634 110 163 972 084 0.44 0.00087 O 0.093

0.05-100 0.32/ 0.10/ 0.072/ 0.19/ 2.34/ 0.85/ 0.31/ 0.00053/ 0.0027/0.041/
0.12/  0.27/ 0.060/ 0.054/ 2.57/ 0.60/ 0.32/ 0.00050/ 0.0072/0.028/

0.011 0.073 0.055 0.082 262 057 0.31 0.00023 0.0029 0.020

0.05-5.8 0.73/ 0.55/ 0.28/ 0.59/ 4.22/ 3.38/ 0.31/ 0.00087/ 0.0055/0.19/
0.19/ 136/ 0.25/ 0.39/ 352/ 322/ 0.35 0.0017/ 0.029/ 0.18/

0.040 039 020 050 355 3.05 0.32 0.00035 0.0072 0.13

N2O  58-154 1.19/ 0.72/ 0.34/ 0.28/ 2.15/ 4.80/ 0.32/ 0.0017/ 0.012/ 0.23/
0.30/ 2.18/ 0.32/ 0.14/ 252/ 4.45/ 0.24/ 0.0038/ 0.057/ 0.21/

0.11 065 022 023 258 437 031 0.0018 0.025 0.16

15.4-100 2.76/ 1.39/ 055/ 0.15/ 9.31/ 851/ 0.26/ 0.0034/ 0.012/ 0.29/
0.70/  4.84/ 058 1.09/ 3.23/ 453/ 046/ 0.012/ 0.16/ 0.17/

0.34 147 035 089 229 334 031 0.0080 0.098 0.075

0.05-100 0.11/ 0.22/ 0.29/ 0.80/ 4.69/ 1.15/ 0.36/ 0.000074/0/ 0.21/
0.095/ 1.09/ 0.25/ 0.80/ 6.22/ 3.79/ 0.47/ 0.000086/0/ 0.12/

0.062 031 026 080 492 171 0.37 0.00025 O 0.13

0.05-9.4 0.17/ 0.41/ 0.62/ 0.64/ 7.12/ 250/ 0.37/ 0.0013/ 0/ 0.46/

CHq 0.11/ 2.29/ 0.24/ 0.75/ 6.27/ 4.08/ 0.48/ 0.00076/ 0/ 0.11/
0.17 064 053 064 721 275 037 0.00072 0 0.29

9.4-100 0.59/ 0.60/ 0.58/ 1.15/ 5.62/ 5.47/ 0.33/ 0.0031/ O/ 0.34/
0.15/ 291/ 035 091/ 6.10/ 3.16/ 0.44/ 0.0021/ 0/ 0.18/
0.58 061 051 116 6.02 551 037 0.0024 O 0.27

0.05-100 0.076/ 0.15/ 0.19/ 1.22/ 3.44/ 0.75/ 0.31/ 0.00069/ Of 0.23/
0.017/ 0.15/ 0.17/ 1.16/ 2.83/ 0.53/ 0.32/ 0.00050/ 0/ 0.14/

0.013 037 014 110 291 034 0.32 0.00025 O 0.10

0.05-2.6 0.34/ 192/ 1.68/ 3.36/ 28.82/ 8.89/ 0.29/ 0.0026/ 0/ 2.19/
0.12/ 2.45/ 1.46/ 258/ 22.89/ 7.68/ 0.28/ 0.0017/ 0/ 2.30/

CcO 0.062 394 104 263 1544 6.06 0.27 0.00032 O 1.83
2.6-94 0.20/ 2.22/ 1.61/ 0.50/ 35.00/ 8.05/ 0.33/ 0.0012/ o0/ 1.36/
0.13/ 2.67/ 1.38/ 0.77/ 26.64/ 6.04/ 0.30/ 0.0024/ 0/ 1.42/

0.051 416 069 0.67 1553 3.38 0.32 0.00057 O 0.71

9.4-100 0.34/ 2.18/ 156/ 1.17/ 33.16/ 7.44/ 0.30/ 0.0030/ O/ 111/
0.16/ 2.47/ 1.49/ 0.79/ 22.26/ 5.04/ 0.37/ 0.0039/ 0/ 1.13/

0.098 494 090 055 963 250 035 0.0016 O 0.89
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