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SUMMARY

A. Context

AGACC-II supports the development and improvement of various ground-based
remote-sensing techniques for the monitoring of the atmospheric composition. Such
research is required in the context of the international monitoring networks to which
the partners contribute, like the Network for the Detection of Atmospheric
Composition Change (NDACC) and the Total Carbon Column Observing Network
(TCCON), and in the context of the Copernicus Atmospheric Monitoring Service
(CAMS): CAMS requires independent data for validation of the products delivered to
the society that are generated through numerical modeling and satellite and in-situ
surface data assimilation. AGACC-II includes the essential laboratory spectroscopic
research to provide improved reference spectroscopic data: these are indispensable
ingredients in the analysis of the remote-sensing data.

B. Objectives

1 To improve or expand the measurement capabilities for greenhouse gases
(CO,, CH4 and N0, as well as CF, and CCly) with FTIR spectrometers at
Jungfraujoch and lle de La Réunion; to make lle de La Réunion a site affiliated
to the Total Carbon Column Observing Network (TCCON), and to deliver long-
term trends of the major greenhouse gases at the Jungfraujoch back to 1976.

2 To extend the measurement capabilities of ground-based FTIR spectrometry
to various volatile organic compounds (CH3sCI, CH3OH, PAN, acetone) and to
some CFC-substitutes, and consequently, using also the results for CCl, and
CF4 mentioned above, to establish representative CCly, and CF, budgets at the
Jungfraujoch, including the contributions from the new AGACC-II halocarbons
and of the standard FTIR products (CFC-11 and -12, HCFC-22). It is also
planned to revise the time series for C,;H;, C,Hg, HCHO based on better
laboratory data, at Jungfraujoch and lle de La Réunion.

3 To provide improved laboratory spectroscopic data in support of the above
objectives 1 and 2.

4 To advance our understanding of aerosol characteristics above Ukkel and to
estimate the aerosol direct radiative forcing above Ukkel. Therefore the
underlying objectives are

a. to retrieve more information regarding aerosol properties from remote
sensing measurements with Brewer and MAXDOAS spectrometers;

b. to deploy a lidar ceilometer at Ukkel,

c. to combine the information from all instruments including those from the
CIMEL sun photometer, for a more comprehensive evaluation of the
aerosol properties at Ukkel;

d. to derive information about the aerosol sources by modeling with
CHIMERE and backtrajectory studies;

5 To implement MAXDOAS measurements in Bujumbura (Burundi, Africa) for
the measurement of aerosol and ozone precursors (NO,, glyoxal, HCHO, ¢é)
and to study the export of African emissions to the Indian Ocean (lle de La
Réunion).

SSDScience for a Sustainable DevelopmentClimate 5
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6 To make sure that the results of the project are disseminated appropriately
and that they are integrated in national and international environmental
assessments in support of policy makers.

C. Conclusions
All objectives of the project have been met.

1 The Reunion site has been accepted as a TCCONI compliant operational site
in 2012. The absolute calibration of the TCCON data will be performed in the
frame of the BRAIN pioneering project UAV_Reunion. The TCCON data are
also affiliated to ICOS. Time series of XCO,, XCH,4, XN,O, XCO are available
starting Sept. 2011 (X stands for the column-averaged dry-air volume mixing
ratio).

Homogenized long-term time series of methane and nitrous oxide
concentrations back to 1977 have been generated at the Jungfraujoch,
including historical grating spectrometer data. They have enabled the
evaluation of almost 40-years trends, showing slightly varying increase rates
throughout the period.

For CO,, it has turned out that the historical spectra cannot be exploited, and
therefore the timeseries cannot be extended before 1985, i.e., not before the
time when regular FTS observations have started.

Other important halogenated greenhouse gases are CCl; and CFy4 they
contribute significantly to climate forcing and to the organic chlorine and
fluorine budgets in the atmosphere. At the Jungfraujch, retrieval strategies for
both species have been developed successfully and long-term time series
have been derived. CCl,; has been decreasing over the period 1999-2014, in
line with in-situ observations, whereas CF, is still increasing, even if the
increase rate has slightly slowed down since 1998 as compared to the period
1989-1997.

2 In the course of AGACC-II, it has been demonstrated that several volatile
organic species (VOC) can be detected and retrieved at Reunion Island and at
the Jungfraujoch. Retrieval strategies have been developed and/or optimized
at both sites, taking into account the local conditions of site altitude, humidity
and VOC concentrations.

Species that have been retrieved and studied, and in several cases compared
to model simulations and/or satellite and in-situ surface data, are carbon
monoxide (CO), methanol (CH3OH), formic acid (HCOOH), formaldehyde
(HCHO), ethylene (C;H,4), and ethane (C;Hg). For several species, diurnal and
seasonal variations as well as their interannual variability (e.g., at Reunion
Island linked to biomass burning), have been evaluated.

At Reunion, it has appeared clearly that the move from the Bruker 120M to the
Bruker 125HR spectrometer, and then from St. Denis to Maido has improved
significantly the signal-to-noise ratio of the spectra and therefore the feasibility
of studying the variabilities of geophysical nature.

The FTIR data have supported the identification of a missing source of
HCOOH in the atmosphere. Methanol at the Jungfraujoch has shown a stable
abundance over the last 17 years; some discrepancies with IMAGESv2 model
simulations have been identified. The use of the new linelist for CyH4

SSDScience for a Sustainable DevelopmentClimate 6
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generated in the laboratory by the ULB partner has improved the retrieval of
this species. Also for C,Hg, new pseudolines based on Xsections published in
2010 and optimized choices of the retrieval microwindows have improved the
retrieval quality. Time-series of formaldehyde at the Jungfraujoch covering the
1995-2013 period show a negative trend; the cause of this decrease is still
under investigation. An important task has been the comparison between
MAXDOAS and FTIR formaldehyde columns at the Jungfraujoch: comparisons

(@}

with satellite and model data and the investigation of both techni qu e s

sensitivities have confirmed that both datasets are complementary and do not
contradict each other.

At both sites, methylchloride (CH3Cl) has also been studied. At Reunion
Island, it turns out that more reliable results are obtained at Maido, and that we
need some more years to confirm the seasonal variation. At Jungfraujoch,
thanks to recent spectroscopic improvements, CH3Cl has been retrieved with
good quality and a time series spanning the 2000-2014 period has been
derived, showing a good agreement with in situ data, year-to-year variations
and a small positive trend.

Attempts to retrieve PAN (peroxyacetilenitrate) and acetone have not been
successful for acetone, because of the lack of appropriate spectroscopic data;
they have also not been successful for PAN at the Jungfraujoch; at Reunion
Island, some results have been obtained but improvements are certainly
required to generate more reliable data.

At Jungfraujoch, it has been demonstrated that retrievals of HCFC-142b are
possible, and a time series covering the 2000-2012 period has been
generated, confirming the strong increase rate also observed by the AGAGE
in-situ network.

Thanks to the derivation of CCl;, CF4, and HCFC-142b concentrations, the
total budgets of organic chlorine and fluorine have been updated: CCly is
found to decrease over the period 2000-2014 by 0.23%l/yr, whereas CFy is
found to still increase at a rate of 0.6%/yr over the same time period.

3 New spectroscopic data for line intensities and self-broadening coefficients for
the u; band observed in the 10 nm region of the ethylene spectrum have been
acquired and an update to the corresponding data in HITRAN 2012 was
generated. Use of these update data in the inversion of atmospheric solar
absorption spectra recorded at the Jungfraujoch and at lle de La Reunion
have led to a systematic reduction of the C,H,4 columns by (4.1 ° 0.1) % and
(4.6 °4.2) %, resp. This same spectral region also includes weaker absorption
bands coupled to u;: a combined frequency and intensity analysis of these
bands has been performed. A HITRAN-formatted list of parameters for 65420
lines of the uip / U7 / us / u, bands has been built. It provides a consistent
description of the 620 i 1525 cm'?® spectral region of the *2C,H, spectrum and
constitutes an improvement over the information currently available in the
HITRAN and GEISA databases.

Experimental determination of line intensities for formaldehyde near 3.4 nm
(2600 i 3100 cm'’ region) can be affected by the easy polymerization of the
molecule. Therefore a special set-up was conceived, involving simultaneous
measurements in specific ranges of the target IR region using a tunable diode

SSDScience for a Sustainable DevelopmentClimate 7
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laser (TDL) and of pure rotational lines in the far-infrared (FIR; 0 i 400 cm'?!
range) using a high resolution Fourier transform spectrometer. Because of the
limited quality of the recorded TDL spectra, only a confirmation of the
uncertainty of 51 10% estimated for the intensities of strong lines provided in
HITRAN could be obtained.

Ethane remote-sensing measurements in the earth atmosphere use the 3.3
mm spectral region. The plan was to improve the reference line positions and
intensities. Laboratory spectra have been taken and a theoretical model of the
vibration-rotation structure was used to analyse them. At present, the results
are unsatisfactory. Another rotational analysis, without relying on a model, was
therefore initiated. Although the results are limited up to now, this work is an
important step in the understanding of the very complicated spectrum of
ethane.

4 Various types of aerosol measurements have been performed at Ukkel:
Brewer and sunphotometer measurements of total Aerosol Optical Depth
(AOD), MAXDOAS and ceilometer measurements in the lower troposphere of
the AOD and aerosol extinction profile, and backscatter profile, resp., as well
as aethalometer and nephelometer in-situ data at ground-level.

All these datasets have been optimized and exploited together and in
combination with modeling tools (backtrajectories and Chimere).

For the Brewer spectrometer, the cloud screening method has been improved,
resulting in a more automatic procedure for deriving the AOD at 340 nm from
Brewer sun scan measurements. This new cloud screening method has also
been applied to Brewer direct sun measurements in the UV. In parallel, a new
inversion method has been developed to extract the aerosol single scattering
albedo from Brewer UV measurements. However, this method requires further
improvements before delivering reliable results. The AOD and/or SSA
measurements from the Brewer will be implemented in the UV-index forecast
model in the future.

Also for the MAXDOAS measurements, cloud-screening has proven to be very
important to obtain reliable aerosol extinction profiles: a new method based on
the colour index has been developed. The method has been validated by
comparing the MAXDOAS data with correlative and complementary data from
the sunphotometer and an infrared pyranometer available at Ukkel. Ceilometer
data about the aerosol backscatter profiles are obtained through an iterative
inversion approach constrained by the sunphotometer data. The ceilometer
data also deliver the mixing layer height (with a retrieval procedure developed
at KMI-IRM), and these measurements have been validated against the values
computed by ECMWF and ALARO7, and against radio-soundings data. The
agreement was shown to be good except under specific conditions; therefore
a quality flagging method has been developed to automatically detect the
failure of the retrieval.

The success of the ceilometer developments has led to the installation of three
more ceilometers in Belgium, with near-real-time delivery of data on a
dedicated Website.

The chemical transport model CHIMERE has been used together with the
OPAC software package to model the optical properties of aerosols based on

SSDScience for a Sustainable DevelopmentClimate 8
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their chemical composition. One of the uncertainties in this study comes from
the fact that CHIMERE chemical aerosol categories do not correspond directly
to the aerosol categories present in OPAC which is used to convert the
chemical properties of the aerosol in the output of CHIMERE into optical
properties that are comparable then to the remote-sensing and in-situ
observational data. At present, the agreements between direct observations
and modeled observations of AOD (via CHIMERE and OPAC) are rather poor
and more research is needed.

Another study looks for the source regions using the APTRA parcel
trajectories model available at ECMWF, and meteorological parameters like
wind direction and speed, and humidity. The current results indicate that it is
not possible to develop a model based on meteorological parameters only, to
forecast AOD.

Simultaneous measurements of the erythemal UV dose, global solar radiation,
total ozone column and AOD at 320.1 nm are now available for a period of 23
years (1991-2013): they have been used to determine the mutual relationships
between the four parameters. Linear trends have been determined, a change
point analysis has been carried out, and a multiple linear regression method
has been used to explore the correlations on a daily and seasonal scale. The
conclusions of these analyses are multiple and have been published in De
Bock et al. (2014). Among the conclusions is the fact that the UV irradiance
changes are impacted by changes in aerosol and cloud properties, and that
the latter have changed over the past 23 years.

5 A MAXDOAS and sunphotometer instrument have been installed in

Bujumbura in November 2013: both instruments are operational since then
and are maintained by E. Nzendako from the University of Burundi, who was
trained in Brussels during late 2012 up to end of February 2013.
The data analysed up to now (AOD, NO, and HCHO vertical profiles and
columns) have been used for the validation of the GOME-2A, GOME-2B and
OMI satellite data. It is found that the use of the MAXDOAS measured vertical
profiles as a priori in the satellite retrievals has a significant effect on the
resulting columns and improves the agreement between both datasets.
Diurnal cycles are being investigated. Also the retrieval of glyoxal (CHOCHO)
has been improved, leading to agreements with satellite data within the error
bars.

D. Contribution of the project in a context of scientific support to a
sustainable development policy

The project contributes to a better knowledge of the atmospheric composition and its
variability, in particular its long-term evolution. This information is important to support

policy makers with sound and objective scientific information when they have to
design regulations for progressing towards a sustainable socio-economic model.

SSDScience for a Sustainable DevelopmentClimate 9
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1. INTRODUCTION

Knowledge about the atmospheric composition (gases and aerosol) and about its
long-term evolution is of major importance in the investigation of current
environmental issues such as climate change and air quality. This knowledge must
come from observations, preferably long-term and of high quality and consistency,
theoretical and numerical modelling studies, and laboratory experiments. Remote
sensing of the atmospheric composition is one of the available observation
techniques, in which the AGACC-II partners have a strong, internationally recognized
expertise; it is used from airborne, ground- and space-based platforms.

Advances in our knowledge continuously raise new questions, and to answer these,
the observations must be improved as to precision, accuracy, and detection
capabilities, and the available time series must be extended in time and space, and
possibly be updated and homogenized to match the current state-of-the-art. These
are the essential goals of AGACC-II.

A first specific objective has been to improve or expand the measurement capabilities
for greenhouse gases (CO,, CH4 and N;O, as well as CF, and CCl;) with FTIR
spectrometers at Jungfraujoch and Reunion Island, and to deliver long-term trends of
the major greenhouse gases at the Jungfraujoch back to 1976.

The second aim has been extending the measurement capabilities of ground-based
FTIR spectrometry to various volatile organic compounds (CH3Cl, CH3OH, PAN,
acetone) and to some CFC-substitutes, and consequently, using also the results for
CCl, and CF4 mentioned above, to establish representative CCly and CF, budgets at
the Jungfraujoch, including the contributions from the new AGACC-II halocarbons
and of the standard FTIR products (CFC-11 and -12, HCFC-22). It was also planned
to revise the time series for C,H4, C2Hg, HCHO based on better laboratory data, at
Jungfraujoch and Reunion Island.

A third major objective has been to improve the capabilities for aerosol detection and
characterization, and to use various observational techniques supported by model
studies (backtrajectory studies and regional chemistry-transport modeling) to
advance our understanding of the aerosol occurrences above Ukkel.

The fourth specific objective has been to start new ground-based remote sensing
atmospheric measurements in Africa, namely in Bujumbura in Burundi, with a focus
on air quality. They are also extremely wanted for satellite validation.

The optical remote sensing measurements performed in AGACC-II are of spectrometric
nature. As such, they entirely depend on the availability of reference spectroscopic
information for the target species, measured in the laboratory. This information is of
utmost importance: be it absent, optical remote sensing measurements can not be
made. Although such an information exists, its completeness and accuracy for instance
do not necessarily meet the requirements of current atmospheric research and may
introduce biases in the results obtained and conclusions drawn. Reference
spectroscopic information is bound to evolve because it can be very difficult to measure
accurately in the laboratory and such activities are intimately linked with technological
progress and financial support. Therefore, in parallel with its main objectives, AGACC-
Il aimed to improve reference spectroscopic information for a number of minor or

SSDScience for a Sustainable DevelopmentClimate 11
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trace gaseous constituents of the atmosphere, in spectral regions actually used to
probe them using optical remote sensing techniques. Specific regions of the infrared
spectrum of three species, namely formaldehyde (HCHO), ethylene (C,H;) and
ethane (C;Hg), were identified as targets. These choices were guided by the quality
of the reference spectroscopic information available, either possibly biased (ethylene
and formaldehyde) or providing a too approximate description of the spectrum of the
target molecule (ethane).

In addition, we measured improved reference spectroscopic information for carbon
dioxide (CO,) and contributed to the improvement of a spectroscopic model for that
species aiming to reach the needs to quantify and map the sources and sinks of CO,
(Crisp et al., 2004; Crisp et al., 2009).

The AGACC-II partners contribute to international global observation networks and to
the spectroscopy community and submit their data to the associated international
databases (NDACC, TCCON, WOUDC, HI TRAN,
Therefore the achievements realized in AGACC-II must be considered in this
international context in which expertise and data are exchanged for the benefit of all.
The partners are also involved with satellite observations and have direct links to
modeling teams, strengthening the dissemination and exploitation of the results.

In addition, they contribute regularly to the scientific literature and symposia for
communication of the outcomes of the project.

Their results are also picked up in policy-oriented environmental assessments such
as the MIRA-T reports at the Belgian/regional level and the WMO Assessment of
Ozone Depletion at the international level.

SSDScience for a Sustainable DevelopmentClimate 12
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2. METHODOLOGY AND RESULTS

WP1:. Exploitation of FTIR spectra to derive useful geophysical
information for a suite of GHGs (CO2, CH4, N20, CF, CCh)

Task 1.1. Produce time series for the major GHGs CO2, CH4 and N20
Task 1.1.1 Analyse historical grating spectra at the Jungfraujoch between 1976 and

1989, merge them with more recent data and derive long-term trends of the major
greenhouse gases CO2, CH4 and N20O above the Jungfraujoch.

METHODOLOGY

Historical solar spectra recorded at the Jungfraujoch with a high-resolution grating
spectrometer have been re-analyzed to derive total columns of a series of
atmospheric gases. This instrument was used in the sixties and seventies to record
two solar spectrum atlases extending from the near-ultraviolet to the near-infrared
(from ~300 to ~1200 nm). From 1977 to 1989, it was also regularly and intentionally
used to record narrow spectral intervals in the mid-infrared, encompassing absorption
lines of gases of atmospheric interest, e.g. CH,4, HF, HCI. More than ten thousand
spectra were recorded during this period.

In the past, the plotted grating spectra were analyzed by manually measuring the
equivalent width (integrated surface of an absorption line) of the target gas lines with
a high-precision Coradi planimeter. They were never analyzed with fitting programs,
which did not exist at that time. In AGACC-II, a first significant effort consisted in their
transfer from tapes to accessible modern supports, to the cautious and thorough
inventory of all available observations, to the identification and solving of internal
inconsistencies (e.g. mismatch between the hour and geometry of observation), to
the calibration of the spectra in cm™, to the generation of a dedicated database and
to the modification of our fitting chain to accept these early observations. It was then
possible to cautiously and consistently re-analyze and valorize these pioneering
observations with modern spectral fitting tools, in particular SFIT-2 which is the
standard retrieval code in the NDACC Infrared Working Group.

Then, all available observational subsets (various diffraction orders and slit widths
were used, resulting in spectral resolution from about 7 to 13 mK) have been
investigated to identify suitable lines allowing total column determination of CH,4, N,O
or COas.

Strategies were set up for the retrieval of CH4 and N,O, for all available observational
subsets. Details on the strategies used to retrieve CH, total columns from the grating
spectra can be found in Bader et al. (2011a) and in Bader (2011b). As to nitrous
oxide investigations, several N,O lines located in the 2481 i 2483 and 2537 i 2540
cm™ spectral intervals were used. These subsets were then harmonized among
them.N,O intercomparisons between columns derived from coincident homemade
FTS and grating observations, as well as between grating spectra, showed very good
agreement, with ratios of (1.00+£0.01) and (1.00£0.02), respectively, allowing to
directly combine all ensembles.

SSDScience for a Sustainable DevelopmentClimate 13
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For CHy,4, the total columns derived from the grating spectra have been combined i
after careful intercalibration using common observation daysi with the FTIR columns
derived at the Jungfraujoch since the mid-1980s, in order to produce consistent
datasets and to derive the temporal evolution of methane since 1977.

Table | lists the intervals which include at least an exploitable CO; line for its total
column retrieval from the grating spectra. It immediately appears that the earlier
relevant observation was recorded in November 1983, but this interval spans a weak
CO; line, preventing reliable retrieval of this GHG in early spectra. All other windows
have been systematically recorded from 1985 onwards, i.e. after the start of regular
operation of the homemade FTS. Therefore and unfortunately, their exploitation does
not allow extending the Jungfraujoch CO, total column time series back in time.

Table I: Available spectral ranges and time periods for the retrieval of CO, from grating
observations at Jungfraujoch.

Spectral range (cm™) | Time period # days (spectra) | Comment
2481.3-2484.9 11/1983 1 07/1985 24 (61) Weak feature
2437.2-2442.1 08/19851 10/1989 119 (789)

2416.0-2419.9 10/19851 09/1989 93 (1016)

2386.8-2394.3 10/1985 1 09/1989 74 (412)

RESULTS

Long-term time series for CH, and N;O above Jungfraujoch, combining in a
consistent way the data from three successive instruments, have been obtained.

For CH,, the trend analysis indicates four consecutive regimes, with relative yearly
increase rates close to 0.8% over 1983-1992, 0.4% over 1993-1999, 0% over 2000-
2004 and 0.4% over 2005-2010. This is in good agreement with CHASER model
results, except over the last years. This latter disagreement points to the need for the
model to include updated emissions for that period, e.g. the anomalous emission of
methane from wetlands in 2007. Very good agreement is also observed when
comparing with in situ trends from the AGAGE station of Mace Head in Ireland (see
Bader, 2011b).

A recent study has focused on the methane trend after the 2000-2004 plateau, using
observations from 10 NDACC sites as well as a tagged model simulation by the
GEOS-Chem model, informing on the contribution of the various emission sources

(coal , bi omass burning, ri ce cul oxdatiensteé ) and
the methane budget. The NDACC time series indicate an average trend of

0.30%0.05 %/yr over 2005-2012 (using the 2005.0 columns as reference), with all

sites showing a significant increas-€@emt the
simulation is able to reproduce the observed trends, identifying the anthropogenic

emissions from coal, oil and gas as the main drivers for the renewed increase of CH,4

(Bader et al., 2015).

For N,O, a more regular accumulation is revealed by our three-decadal time series.
Nevertheless, we can distinguish between two regimes, with yearly increase rates of
(0.39+0.02)% for 1983-1995 and (0.24+0.01)% for 1996-2011 (2-G ) , indicatin
significant slowing down of the N,O build up over the last fifteen years (Demoulin et
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al., 2011). The latter value is confirmed when including the most recent
measurements, with a trend over the 1996-2014 time period of (0.23£0.01)%/yr.

Task 1.1.2 Implement TCCON-compliant measurements at lle de La Reunion for
the measurement of CO,, CH4 and N,O.

TCCON (Total Carbon Column Observing Network) compliant measurements of CO»,
CHg4, N20O and CO in St. Denis on Reunion Island started in September 2011. In 2012
the site was recognised as an official station of the TCCON. The data are submitted
on a regular basis to the TCCON database at Caltech. The data are publicly available
three months after acquisition.

In 2014, a new version of the GFIT retrieval software has been delivered (GFIT14)
and the whole timeseries has been re-analysed and submitted in netCDF format to
the TCCON archive which has been relocated to CDIAC (http://tccon.ornl.gov/). The
data are accompanied by the required documentation.

The TCCON data are a primary validation source for GOSAT, OCO-2, SCIAMACHY,
and the future Carbonsat satellite data.

Since the launch of OCO-2 in July 2014, the Reunion site is targeted on a regular
basis by the OCO-2 instrument. We then perform coincident TCCON measurements
when weather and instrument conditions allow so. These TCCON data are then
uploaded to Caltech within 6 weeks after acquisition.
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Figure 1. Timeseries of (from top to bottom) XCO,, XCH,; and XCO individual
observations at Reunion-St Denis since the start of the TCCON measurements (Sept
2011) up to now (Feb. 2015).

XCO, [ppm]
w W Ey
O o

w o

SSDScience for a Sustainable DevelopmentClimate 15


http://tccon.ornl.gov/

Project SD/CS/07A- AGACCHI: Advanced exploitation of Groundbased measurements for
Atmospheric Chemistryand Climate applications- I

Figure 1 shows the whole time series of XCO;,, XCH, and XCO measurements at
Reunion Island; X points to the column-averaged dry-air column of the gas. Gaps in
the time series occur when we met instrumental problems.

We achieve a precision (1 sigma) of 0.1% for XCO,, 0.1%: for XCH,, 0.5% for XN,O,
and 2% for XCO, compliant with the TCCON requirements.

One aspect in which we are not yet fully compliant with TCCON is the absolute
calibration of the data. This is done usually by taking above the site an in-situ aircraft
profile calibrated to the WMO standard, and comparing the integrated profile with the
TCCON column. It is hardly possible to do that at Reunion Island. Therefore, we are
developing a technique with a balloon-borne aircore and a gliding wing or parafoil
that brings the aircore back to a pre-determined location on the Island i for analysis
with an in-situ gas analyzer (PICARRO instrument); this is one of the objectives of
theongoingBRAI N pi oneer pr o] ThehopedsttbAgst thtechmqueo n 6 .
validated in autumn 2015, during a campaign in Sodankyla, and then to perform a
calibration flight at Reunion Island in the first or second quarter of 2016.

The Reunion TCCON site is also included in the EU ICOS_Inwire project (www.icos-
inwire.lsce.ipsl.fr) which required the following developments:

(1) High-speed data delivery, not only of in-situ surface concentrations, but also of
total columns as measured in TCCON

(2) Development of integrated data products (integration of surface and column
measurements) to support validation of satellite data

The first objective has been achieved: an automatic procedure has been developed
that enables us to deliver the TCCON data within 3 weeks after data acquisition. The
automated TCCON data uploads to ICOS-INWIRE started in November 2014. Figure
2 below shows the data analysis and upload time schedule.

Analyze data collected Upload the analyzed data
during Week 1 from Week 1 to server

v \

Figure 2: Data analysis and upload time schedule

Work is ongoing regarding the second obijective.
The BIRA-IASB PICARRO instrument has been installed at Maido in January 2015
and is operational since then.

As such, Reunion Island is now ready to deliver both in-situ and remote sensing
greenhouse gas data also to the ICOS Thematic Data Center.
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Task 1.1.3 CH, in the near infrared (NIR) versus mid-infrared (MIR) region.

This task comprises the comparison of the retrievals in the near- and mid-infrared.
Figure 3 shows the Xgas results of the CH, retrievals from the TCCON (near-infrared)
and NDACC (mid-infrared) measurements at St. Denis. Each datapoint in the plot
represents the mean value of the measurements during a 6-hour interval.

xCH4 values at Stdenis, La Reunion
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Figure 3: A comparison of the retrievals of XCH, in the NIR (TCCON) and MIR
(NDACC).

Although the same events are captured in the timeseries of the NIR and MIR
measurements, there is a bias of 1.3% between the results from the different spectral
domains. It should be noted that this bias depends on the NDACC strategy that is
used. There are different strategies for CH, retrievals in the NDACC, these differ in
their choice of microwindows, spectroscopy, modelling of the instrument response
and retrieval method. It is principally the choice of microwindows and spectroscopy
which has an influence on the results of the retrievals. In Figure 3, a strategy
proposed by Frank Hase (based on the strategy proposed in the discussion of
Sussmann et al., 2011) is used for the retrieval, when another strategy is used
(proposed by Sussmann et al., 2011), the bias changes to 1.6%.

The choice of microwindows and the spectroscopy of the absorption lines has a clear
influence on the bias.
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Dedicated laboratory work on the spectroscopy of methane has been performed by
Darko Dubravica et al., and will be released in 2015. As soon as this updated
spectroscopy is available, which possibly is in June 2015, the comparison exercise
will be repeated using the latest version of the retrieval software, SFIT4, and this
spectroscopy.

Task 1.2 Investigate additional GHGs: CCl, and CF,

Carbon tetrachloride (CCla)

METHODOLOGY

The carbon tetrachloride (CCls) molecule is a key component of the stratospheric
chlorine budget as well as a potent greenhouse gas, with a global warming potential
relative to CO, of 1400 on a 100-year horizon. Its atmospheric monitoring is therefore
of relevance to both the Kyoto and the Montreal Protocols.

The most appropriate feature for the retrieval of CCl,; from ground-based FTIR
spectra is the strong nz band near 12.7um. However, such retrievals have been
hampered by a nearby CO, Q-branch affected by spectroscopic line-mixing.
Neglecting this effect resulted in large systematic residuals (see frame B of Figure 4),
with negative influence on the retrieval of CCls and on its error budget.

We have therefore implemented in the SFIT-2 algorithm a routine of J.-M. Hartmann
(LISA, IPSL, Paris) to account for line-mixing effects in the CO, Q branch at
792 cm . Improvement in the residuals is obvious when comparing frame A and B of
Figure 4.

A retrieval strategy further accounting for interferences by water vapor and ozone has
been set up, with the fitted microwindow extending from 785 to 807 cm™. Careful
error budget evaluations have indicated for a single fit a total random error of less
than 7%, a total systematic error of less than 11%, the latter being essentially
influenced by the uncertainty on the CCl, spectroscopic line parameters.
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Figure 4. Sample fits to a 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).

RESULTS

The study of CCl, has been finalized and published (Rinsland et al., 2012). The main
findings are: (i) neglecting line-mixing in a strong CO, Q-branch interference results
in CCl, columns biased high by (15+2) %, (ii) the CCl, abundance decreases at i
(1.1+£0.1)%/yr over 1999-2012, in good agreement with in situ observations, as a
consequence of measures adopted by the Montreal Protocol, (iii) CCl; remains a
significant contributor to the organic and inorganic chlorine budgets.

Since then, the time series have been extended to cover the January 1999 to
December 2014 time period. A fit to the CCl, daily mean total column data set shows
a statistically-significant long-term trend of (-1.49 + 0.06 x 10" molec./cm?)/yr at the
95 % confidence level. This corresponds to an annual decrease of (-1.31 + 0.06) pptv
for the mean free tropospheric volume mixing ratio, still at the 95 % statistical
confidence level. These values are in excellent agreement with trends derived from in
situ samplings in the Northern hemisphere (WM0O2014, Table 1-2). 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. However, it is clear that significant unidentified emissions are at play
(Liang et al., 2014), leading to a CCl, decrease not as rapid as expected. Efforts are
ongoing at the international level (as a SPARC activity) to solve this issue, and the
CCl, strategy developed for the Jungfraujoch is currently being implemented by other
FTIR groups (Hannigan et al., 2015) to provide additional time series which, together
with ACE-FTS data (Mahieu et al., 2015), will help to complete the picture.

SSDScience for a Sustainable DevelopmentClimate 19



Project SD/CS/07A- AGACCHI: Advanced exploitation of Groundbased measurements for
Atmospheric Chemistryand Climate applications- Il

Carbon tetrafluoride (CF4)

METHODOLOGY

Carbon tetrafluoride (CF,) is a very long-lived GHG targeted by the Kyoto Protocol,
with a lifetime estimated to exceed 50000 years. Combined with a high global
warming potential of at least 7390 on a 100-yr time horizon, this compound is a
strong greenhouse gas whose anthropogenic emissions are deservedly targeted for
regulation under the Kyoto Protocol. A retrieval strategy using ground-based FTIR
spectra has been set up for the first time. It is based on an interval spanning 6 CF4
features of the strong nz band around 1282 cm™. Numerous interferences have to be
accounted for, among which several isotopologues of H,O, N,O, *CO,, CIONO,,
HNO3; and H,O,. In particular, H,®0O and HDO interferences strongly reduce the
fitting quality during wet days. Consequently, we had to discard the wettest
observations from our data base. Following this approach, a two-decade time series
has been produced and analyzed and the results were compared to other CF, data
sets derived from in situ sampling and from solar observations performed from
balloon or space platforms.

RESULTS

CF4 emissions have significantly increased during the last decades of the previous
century. The main anthropogenic source is the primary production of aluminum while
the only identified natural sources are lithospheric emissions.

All relevant Jungfraujoch spectra available from 1989 onwards have been analyzed.
The resulting daily mean time series has allowed deriving the CF4 trend and
corresponding emissions. Our data set reveals a mean linear increase of (1.14+0.04)
x 10" molec./cm?/yr (2-sigma), or (13.2+0.4) Gglyr between 1989 and 2012. When
looking into more details, two successive regimes are identified, with emissions of
(15.8+1.3) Gg/yr and (11.1+0.2) Ggl/yr, for 1989-1997 and 1998-2012, respectively
(Mahieu et al., 2014). Comparisons with results obtained in situ by the AGAGE
network (including at the Jungfraujoch station), or from balloon- or space- platforms
have shown a very consistent picture for the CF, atmospheric build up over the last
30 years, when accounting for the uncertainties associated to the various techniques
involved. All data sets and techniques involved therefore confirm the slowing down in
the accumulation of CF,4 in the atmosphere, attributed to efforts undertaken by the
aluminum industry to limit its emissions despite increasing Al production.
Nevertheless, CF;, is still on the rise at a rate of ~1%/yr and this is a serious issue in
the context of the Earthods gl obal war mi ng c
global warming potential.

Task 1.3 laboratory spectroscopic data for CO,

We measured improved reference spectroscopic information for carbon dioxide and
contributed to the evaluation of improvements made to an accurate modelling of the
absorption coefficient of that species in air at atmospheric pressures. These two
activities are described here after.
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In the frame of an experimental and theoretical study of self collisional effects on the
spectrum of the n;+3n,"* band of carbon dioxide observed near 3340 cm'* (Daneshvar
et al., 2014), we recorded 10 spectra of pure CO, at pressures from 3 to 903 hPa
(with 55 meters absorption path and at 293 K) using a Bruker IFS 120 to 125 HR
upgraded Fourier transform spectrometer. Least squares fitting the 10 spectra
simultaneously, we measured the intensities, self broadening and shift parameters, and
first-order line-mixing coefficients for R-, P- and Q-branch lines of the ni+3n,* band,
using 3 line shape models. Comparison of our measurements with data available in
HITRAN 2012 (Rothman et al., 2013) put forward some discrepancies. For example, if
P-branch line intensities available in HITRAN 2012 agree with our measurements, they
are about 7% higher in the R- branch, and while the self broadening coefficients agree
within 2.5%, self shift coefficients exhibit discrepancies ranging from 5-10% in the R-
branch and 20-30% for the P-branch. The discrepancies observed for the line
intensities are within the (large) uncertainties reported in HITRAN 2012 (20% or more),
and in line with the uncertainties stated for the self shift coefficients. These results seem
to indicate that the spectroscopy of carbon dioxide still deserves improvements,
especially for weaker bands.

A model (consisting of a database and corresponding software) for the calculation of
CO.-air absorption coefficients taking line-mixing into account has been developed
for many years [see (Lamouroux et al., 2014) and references therein]. To test the
guality of predictions generated in the 4.3 mm spectral region by the most recent
update of this model (Lamouroux et al., 2014), these predictions were compared with
Fourier transform spectra of mixtures of 0.25, 0.5 and 1 % of CO, in air, for a total
pressure of 1 atm, that we recorded at 295 and 223 K in the frame of AGACC-II.
These comparisons show that the update is an improvement at 4.3 nm for room
temperature conditions, but that residuals on the order of £0.5% [i.e. larger than the
requirements of satellite-based remote sensing of atmospheric CO, (Crisp et al.,
2004; Crisp et al., 2009)] remain at low temperature (Lamouroux et al., 2014).

WP 2: Volatile Organic Compounds (VOC) and CFGsubstitutes in the
troposphere

Task 2.1 Methanol (CH3;0OH) and methylchloride (CH3Cl) at Jungfraujoch
and La Réunion

2.1.1 Methanol

Methanol was first retrieved from ground-based spectra by Rinsland et al. (JGR, 114,
2009), using a single window spanning the 992-998.7 cm™ interval. This range proved
to be unsuccessful for the retrieval of this species from Reunion Island. As a
consequence, Vigouroux et al. (2012) developed and used an alternative approach
(1029-1037 cm™). These informations were useful when developing an optimum
strategy for the Jungfraujoch, and it turned out that combining both windows (after
extension of the first one to 992-1000.3 cm™) allowed maximizing the information
content for this dry site, providing vertical information with a typical DOFS of 1.8.
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a) Methanol at Reunion Island (and other VOCs and biomass burning
products)

The retrieval strategies of methanol (CH3OH), and other VOCs and biomass burning
products (hydrogen cyanide (HCN), ethane (C.;Hs), acetylene (C,H), and formic acid
(HCOOH)) have been optimized at Reunion Island and published in Vigouroux et al.,
(2012), including the uncertainty budget (e.g. for methanol the mean random
uncertainty is 10%). The main difficulties were the weak spectral absorption signatures
of the target species and the strong interferences with the water vapor signatures at this
humid site. In Vigouroux et al., (2012), we also performed comparisons with the models
GEOS-Chem and IMAGESv2. The HCN and CO FTIR total columns have been
compared to the chemistry-transport model (CTM) GEOS-Chem, in collaboration with
D. Jones and C. Whaley from University of Toronto. The CO, C,Hg, CoH,, CH30OH and
HCOOH total columns have been compared to the CTM IMAGESV2 in collaboration
with J. Stavrakou and J.-F. Muller (BIRA-IASB). These comparisons combined with
sensitivity tests with both models, have led to improvements of our knowledge about the
target species emission budgets.

The FTIR methanol and formic acid time-series at La Réunion were used in emission
studies by Stavrakou et al. (2011 and 2012, respectively). The formic acid FTIR total
columns were also used in Paulot et al. (2011). Furthermore, the HCN and C,H, FTIR
data were used for the validation of IASI products in Duflot et al. (2013, 2015).

The main results of the comparisons with the models discussed in Vigouroux et al.
(2012) are the following. First, the fire emission database used in IMAGEsv2 (GFEDS;
van der Werf et al.,, 2010) seems to underestimate the pyrogenic emissions,
especially in the late September-October period in south-eastern Africa - Madagascar
region.

Second, the excellent correlation of CHz;OH and HCOOH with CO between August
and November suggests that, despite the dominance of the biogenic source of these
compounds on the global scale, biomass burning is their major source at Reunion
Island during this period. This was expected for other species such as HCN, C,Hg
and C;H,, but less so for methanol and formic acid given the low contribution of fires
to their global budget (2% and 14%, respectively). We show in Figure 5, the FTIR
and IMAGESvV2 simulations of methanol and formic acid. The optimized IMAGESv2
simulations, using IASI data, are shown in green in Figure 5. We observe that the
CH3OH IASI derived emissions remain too low during the fire season, suggesting that
IASI may underestimate CH3OH in this period in the southeastern Africa-Madagascar
region.
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Figure 5: Time-series of daily mean total columns at Reunion Island: CH3;OH (left
panel) and HCOOH (right panel). The FTIR data are represented by the blue filled
circles, the IMAGESv2 model simulations by the colored lines (magenta for the
standard runs; green for the optimized simulations using IASI data), and the model
data smoothed with the FTIR averaging kernels with the open circles. The model
simulations obtained when the biomass burning (BB) contribution is removed are
shown in black for the standard run, and in red for the inversion using IASI data.

From Figure 5, we see that, although the IMAGESV2 optimization of HCOOH sources
using IASI data greatly improves the agreement with FTIR data during the fire season
(Figure 5, right panel, green curve), the contribution of biomass burning given by
IMAGESV2 is only minor (red curve compared to green curve). This specific result at
Reunion Island seems to disagree with the conclusion based on FTIR measurements
that biomass burning is a dominant source of HCOOH at Reunion Island during the
August-November period. On the other hand, the FTIR finding is consistent with the
study of Paulot et al. (2011). Indeed, they have shown that a good agreement
between the HCOOH columns modeled by GEOS-Chem and the FTIR
measurements at Reunion Island can be achieved by assuming that organic aerosol
(OA) oxidation generates a diffuse source of formic acid, knowing that the dominant
source of OA in the Southern Hemisphere is biomass burning. The different findings
from different models highlight the need for ground-based data as provided in
AGACC-IL.

From Figure 5, we can see that the model IMAGES still underestimates methanol at
Reunion Island during the biomass burning season after the optimization using IASI
data. Therefore, our ground-based data points out that, even if the satellite data
improved the emission budget, there is still a need for model improvement of
methanol emissions.

b) Methanol at the Jungfraujoch

The first aim was to select the most suitable microwindow for the Jungfraujoch
retrievals among those used this far in the literature. Our tests showed that all lead to
very consistent results and that combining them allows to significantly improve the
information content. A strategy involving two large windows (992-1008.3 & 1029-
1037 cm™) has been carefully set up and characterized, providing unprecedented
information content (note that at Reunion Island, only the second spectral
microwindow near 1030 cm™ is used for CH3OH retrievals). The typical DOFS is equal
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to 1.8, with vertical sensitivity spanning the 3.6-15 km altitude range. A complete
uncertainty budget has been carefully evaluated, including systematic and random
contributions. We found e.g. that typical random errors amount to less than 5% for the
total columns, to less than 20% for the tropospheric columns. A final data set has been
produced and analyzed for the 1995-2012 time period.

Methanol has been systematically retrieved from all available Bruker spectra with
solar zenith angles in the 65-80° range, from 1995 onwards. We evaluated the trend
of CH3OH over these 17 years to (-1.3+2.7) x 10" molec./cm?, or (-0.2+0.4) %lyr, i.e.
a non-significant value at the 2-0 level of confidence. CHsOH presents a strong
seasonal modulation, with minimum total columns and variability in winter
(December-February), maximum values in summer (June-August), as a result of
important emissions associated with plant growth. The peak-to-peak amplitude
amounts to ~130 % of the CH3;OH yearly mean column. The total and lower
tropospheric columns have also been compared with IMAGESv2 model simulations
provided by BIRA-IASB. There is no systematic bias between the observations and
IMAGESvV2 but the model underestimates the peak-to-peak amplitude of the
seasonal modulations. The diurnal cycle has also been analyzed, showing significant
variations characterized by maximum columns at noontime from fall to spring, in
contrast with summer (no clear signal during the day), when the CH3;OH variability
and columns are by far the largest. Finally, in situ campaign-type measurements
performed at the Jungfraujoch in 2005 have been compared with our lower-
tropospheric data. These investigations suggest a reasonable agreement, with similar
seasonal pattern and data variability for both subsets. It is also clear that significantly
higher concentrations are associated to air masses originating from the south, where
substantial emissions from biogenic sources occur. More details can be found in
Bader et al. (2014).

2.1.2 Methyl Chloride

Methyl chloride is one of the most abundant chlorine-b e ar i ng gases
atmosphere and a significant contributor to the organic chlorine budget, with mean
volume mixing ratio of 550 pptv. Several natural sources have been identified (e.qg.
dead leaves in tropical regions, biomass burning) while the largest sink is oxidation
by OH. Although balanced, its atmospheric budget is still affected by significant
uncertainties.

There are numerous but weak features of CH3Cl near 3um. Until very recently,
attempts to retrieve this species from ground-based FTIR spectra proved
unsuccessful because many CH3Cl features were missing in HITRAN. This was also
true for ethane, a species presenting numerous interfering features in this spectral
region. Fortunately, pseudoline parameters for ethane have been produced on the
basis of Harrison et al. (2010) cross section measurements. Mahieu et al. (2011)
have shown that these new parameters allow to significantly improve the quality of
the fits in the 2965.7 to 2967.5 cm™ interval, with residuals nearly divided by three in
the selected window. Despite this improvement, the retrieval of CH3Cl from ground-
based FTIR spectra was still unsatisfactory at that time: retrieved columns were on
average about 50% larger than anticipated. It is only very recently that it was possible
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to retrieve sensible total columns of CH3Cl, using in combination the Harrison
parameters for CoHg and the HITRAN 2012 compilation which includes new line
parameters for CH3Cl from Bray et al. (2011).

This approach and settings have been used recently to retrieve CH3Cl from Reunion
and the Jungfraujoch.

a) Methylchloride at Reunion Island

We have performed tests in order to optimize a retrieval strategy for CH3Cl at
Reunion Island. We use the micro-window around 2967 cm™ [Mahieu et al.
(EGU2010), also used for ACE satellite retrieval (Rinsland et al., 2007)], where the
main interferences are CH,, H,O and isotopologues of H,O. In case of Reunion
Island a smaller micro-window is used (2966.87-2967.8 cm™), to avoid an
interference with a water vapor line at 2966.8 cm™.The spectroscopic signature of
CH3Cl is very weak, so the random error budget due to the signal to noise ratio
(SNR) is expected to be very large. Indeed, a very large scatter is seen in the
retrieved total columns (see Figure 6, Left). This scatter observed at St-Denis is
nicely reduced when the instrumentation has been changed from Bruker 120M
(2009-2011) to Bruker 125HR (2012-2013), due to the better quality of the new
spectra; the scatter reduced especially since April-May 2013 after optimization of the
operational settings (6 scans are co-added per spectrum instead of 4, leading to a
higher SNR). At the Maido observatory, the scatter is even smaller because the
interference with water vapor is smaller thanks to the higher altitude of the site (2200
masl).
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Figure 6: Left: CHsCl daily means total columns at St-Denis (blue for Bruker 120M data,
red for Bruker 125HR data) and at Maido (magenta). The black symbols indicate the a
priori values for St-Denis (circles) and Maido (square). Right: CHsCl seasonal cycle at
St-Denis (only data with RMS residual <0.4 are kept, which represents 70% of the data)
and Maido. The error bars represent 2 x standard deviation / sqrt(N).

The lifetime of CH3ClI in the troposphere is more than 1 year, therefore the observed
large scatter is not due to natural variability, but to the large random noise. In Figure
6 (right), we show the seasonal cycle derived from our measurements: maximum in
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spring for both stations; 2nd maximum in September for St-Denis, and November for
Maido. These 2nd maxima could be linked to the biomass burning season as found
for other species (Vigouroux et al.,, 2012). The total columns at Maido should be
lower than at St-Denis, due to the higher altitude of Maido (2.2 km), which is not the
case for some months. Considering the large scatter in St-Denis total columns and
the difference in the seasonal cycles at both stations, it might be safer to only exploit
the Maido CH;Cl data in the future. However, future NDACC data at St-Denis might
be exploitable if a similar SNR as in Apr-Nov 2013 is achieved.

The seasonal cycle at Maido (Figure 6, right) is roughly in phase with the one
obtained from AURA satellite measurements at 150hPa altitude in the 15°S-30°S
region which show a maximum in December-January and a minimum in September,
with an amplitude of about 30% (Santee et al., 2013). It would be interesting to check
the seasonal cycle at Reunion Island from a chemistry-transport model, but neither
IMAGES nor the standard GEOS-chem runs provide CH3CI.

b) Methyl chloride at Jungfraujoch

A CH3ClI time series spanning the 2000-2014 time period has been retrieved for
Jungfraujoch using the Hitran2012 parameters, combined with the pseudolines for
C,Hs. (see grey symbols in Figure 18). A mean column close to 7.7 E+15 is
determined, corresponding to an average mixing ratio of 550 ppt, in good agreement
with in situ measurement for the northern hemisphere. Year-to-year changes are
obvious, consistent with those identified by the AGAGE in situ network (see figure 1-1
in WMO02014) and a small positive trend is derived over the last 15 years (0.23 £ 0.03
%lyr).

Task 2.2 Re-analysis of C,H4, C,Hg and HCHO data at Jungfraujoch and
La Réunion with improved spectroscopic data

Task 2.2.1 provide improved laboratory spectroscopic data for 2CyHy,?CoHs_and
H,*C*0

On parallel with its main activities, AGACC-Il aimed to improve reference
spectroscopic information for a number of minor or trace gaseous constituents of the
atmosphere, in spectral regions used to probe them using optical remote sensing
techniques. The activities carried out in this context are described here.

Ethylene (**C3Ha,)

Optical remote sensing of ethylene relies on the 10 mm spectral region, dominated by
the strong n; band. The reference intensity information available in databases such
as HITRAN (Rothman et al., 2013) and GEISA (Jacquinet-Husson et al., 2011) was
generated by matching relative line intensities, calculated for the whole band using
appropriate modelling of the vibration-rotation motion of the molecule (Rusinek et al.,
1998), to the intensities of 13 lines located between 942 and 970 cm'? (i.e. the
central region of the band), measured using tunable diode laser spectroscopy (Blass
et al., 2001). So, apart from these 13 lines and 4 other lines observed in the same
spectral range (Reuter and Sirota, 1993; Brannon and Varanasi, 1992), line
intensities were actually never measured in the 10 mm spectral region of the ethylene
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spectrum. The aim of the work completed within AGACC-II was to check the line
intensities existing in databases against actually measured information.

We recorded 6 high-r es ol uti on Fourier transform
region of ethylene, at pressures from 1.5 to 101 hPa. These 6 FTS spectra were
simultaneously least squares fitted to measure the intensities of 1221 n; band lines of
12C,H,. This is the first time that such an extensive intensity information was
measured for that band. As Figure 7 shows, line intensities measured in this work
exhibit systematic discrepancies with the line intensities available in HITRAN 2012
(Rothman et al., 2013). Note that these discrepancies are within the stated
uncertainty of the line intensities in HITRAN (51 10%). We believe that they come
from an incomplete modelling of the rotational dependence of the line intensities in
HITRAN, provided by the model used at the time to generate them (Rusinek et al.,
1998). Relying on the comparison shown in Figure 7, the line intensities for the ny
band of *2C,H,4 available in HITRAN 2012 were corrected. We estimated that the
uncertainties on these corrected line intensities are in the 2i 5% range. The impact of
these improved line intensities on retrievals of atmospheric ethylene in the 949 i 952
cm'! spectral range was evaluated by the ULg AGACC-II partner using a subset of
ground-based high-resolution Fourier transform infrared solar spectra recorded at the
Jungfraujoch station. The use of HITRAN 2012 with line intensities modified to match
the present measurements led to a systematic reduction of the measured total
columns of ethylene by 1 4.1 £ 0.1% (Vander Auwera et al., 2014).
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Figure 7: Ratio of line intensities measured in this work and in the literature for the n;
band of '?C,H, with those available in HITRAN 2012 (Rothman et al., 2013). K, is a
rotational quantum number. Note that the line intensities in HITRAN were generated by
scaling calculated relative intensities (Rusinek et al., 1998) with some average of the
intensities reported in (Blass et al., 2001).
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Line intensities are correlated with the line broadening coefficients. Accurate
measurements of line intensities therefore require that self-broadening coefficients
are known. Such information was limited for **C,H, and only default values are
available in HITRAN (Rothman et al., 2013). Among the 6 spectra included in the
present analysis of the line intensities were 3 FTS spectra of pure ethylene at
pressures of 25, 51 and 101 hPa. Such higher pressure spectra allowed precise
measurements of self-broadening coefficients of 1221 *2C,H, lines to be made,
simultaneously with their intensities. Although not of direct interest for atmospheric
measurements, the self-broadening coefficients of all the ethylene lines available in
HITRAN were also updated with information calculated using expressions determined
with the 1221 self-broadening coefficients measured (Vander Auwera et al., 2014).

The work carried out for ethylene in the frame of AGACC-II therefore resulted in a list
of improved line parameters. This list is the information available for ethylene in
HITRAN 2012 (Rothman et al., 2013), with the line intensities of the n; band and self
broadening coefficients of all the lines modified to match the present measurements
(Vander Auwera et al., 2014).

Additionally, AGACC-II initiated an in-depth study of the 10 nm spectral range of
ethylene, of more fundamental nature. Although dominated by the n; band, this
spectral range also involves weaker bands, coupled to n;, namely the nio, ns and ny
bands observed near 826, 1026 and 1442 cm'?', respectively. Relying on 11 FTS
spectra of ethylene and a collaboration with two French research teams [at the
Université de Reims Champagne Ardenne (Prof. M. Rotger, Reims) and at the
Université de Bourgogne (Dr V. Boudon, Dijon)] who developed a theoretical model
describing the vibration-rotation motion of the ethylene molecule (Wenger et al.,
2005), a combined frequency and intensity analysis of the nio / n7 / ns / n2 band
system has beenperformed (Alkadrou et al., 2015). Parameters of the theoretical
model have been determined through fitting of 10737 line positions and 1870 line
intensities measured in the 4 bands. These parameters and model were then used to
generate the positions and intensities of 65420 lines in the 620 i 1525 cm'’ spectral
region. Self broadening coefficients from our other contribution (Vander Auwera et
al., 2014) and information from the literature (air broadening coefficients and their
temperature dependence exponent, and air-shift coefficients) were added to provide
a linelist in HITRAN format. Figure 8 shows an example of the improved modelling of
the lower energy range of the 10 mm ethylene spectrum provided by this linelist. A
similar work is in progress for the 3 nm spectral region of ethylene (the main bands
are ng and ny; near 3105 and 3012 cm'?, respectively). Although not of direct interest
in the context of the atmosphere of the Earth but rather for other planets such as
Mars, it will also lead to an improvement of spectroscopic parameters for ethylene.
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Figure 8. Comparison of an observed spectrum (blue in the upper panel) of the P
branch of the n,, band of ethylene with spectra calculated for **C,H, using results of
the present work (red in the upper panel) and the HITRAN (Rothman et al., 2013) or
GEISA (Jacquinet-Husson et al., 2011) databases. The corresponding residuals
between the observed and calculated spectra are presented in the middle and lower
panels, respectively.

Ethane (**C,He)

Optical remote sensing measurements of ethane in the atmosphere can rely on the
3.3 nm spectral region (Rinsland et al., 2000). This part of the ethane spectrum
indeed provides increased sensitivity because of the presence of prominent Q
branches of the n; band (Harrison et al., 2010). However, apart from the PQz and 'Qq
branches that have been studied at sub-Doppler resolution (Pine and Stone, 1996),
the reference spectroscopic information available for ethane (Rothman et al., 2013)
provides a rather poor modelling of this spectral range. Within AGACC-II, we
proposed the difficult task to try and improve the reference line positions and
intensities to more accurately and consistently model the 3.3 mm spectral region of
ethane.

We recorded 4 high-resolution Fourier transform absorption spectra of that spectral
range and relied on a theoretical model developed in the group of C. di Lauro
(Universita di Napoli Federico Il, Naples) to analyse them. This model attempts to
describe the network of vibration-r ot ati on | evel s predict
taking into account the effects of the internal rotation of the CH3; groups. However,
because of the complexity of the problem, only 572 line positions belonging to the ny
band and to two other, weaker bands could be fitted with a quite large standard
deviation of 0.018 cm'! (Lattanzi et al., 2011). A list of positions and relative
intensities was nevertheless generated for 4969 lines in the range 29007 3071 cm'™.
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Yet, as could be expected from the rather poor fit, spectra predicted using these line
parameters exhibit large discrepancies with observed spectra.

In view of these unsatisfactory results, we tried to carry out another rotational
analysis, focused on the n; band and not relying on a modelling of the vibration-
rotation structure of the molecule to avoid biasing the results with an inaccurate
model. We only relied on the positions of R and P branch lines (and Q branch lines
when resolved) observed in the recorded spectra and from the literature, and
assigned them using information from previous work. These assignments were then
checked using ground state combination differences. With such a procedure, we
were able to extend the rotational assignments in the n; band. However, a lot of work
remains to be done before the spectroscopic information gathered so far, still
resulting in significant discrepancies with observed spectra for the cold band and
completely missing the hot bands, would provide a satisfactory description of the 3.3
mm spectral region of ethane.

Although limited, the results that we obtained during the work carried out in the frame
of AGACC-II is another step toward the understanding of this very complicated
spectrum. Currently, the best approach to modelling this spectral region is still to use
absorption cross sections (Harrisson et al., 2010).

Formaldehyde

As formaldehyde easily polymerizes or degrades, the main difficulty faced in the
laboratory to measure reference line intensities for this species is the determination
of its particle density in the vapour phase. Indeed, this latter information being
commonly obtained from measurements of the total pressure in the cell, it can be
affected by non-monomeric formaldehyde or decomposition products possibly
present in unknown quantities in the gas phase. Within AGACC-Il, we aimed to
evaluate the importance of such an effect on infrared (IR) line intensities available in
HITRAN, determined using the measured total pressure in the cell (Perrin et al.,
2009). For that purpose, we aimed to compare HITRAN line intensities with the same
information derived relying on the particle density of formaldehyde measured using
intensities of far infrared (FIR) pure rotation lines and the accurately known electric
dipole moment of the molecule (Fabricant et al., 1977). Such a comparison would in
particular involve IR spectral ranges used for remote sensing measurements of
formaldehyde (Vigouroux et al., 2009). To be able to use the particle density
determined in the far infrared to obtain line intensities in the infrared region, the IR
and FIR spectra had to be recorded simultaneously.

Spectra of formaldehyde were recorded at ULB simultaneously in the FIR range (Of
400 cm''), using a Bruker IFS 120 to 125 HR upgraded Fourier transform
spectrometer (FTS), and in the IR region (near 3.4 nm), using a tunable diode laser
(TDL) spectrometer available in the group of Prof. M. Lepére (Université de Namur)
and installed at ULB. Figure 9 shows the arrangement of the two spectrometers
during the measurements. The formaldehyde sample (about 0.15 Torr diluted in
about 10 Torr of N,) was contained in a cross-shaped stainless-steel cell (shown in
the inset in Figure 9) located inside the evacuated FTS. A total of six experiments
were conducted at 296 K with six different formaldehyde samples. Each experiment
lasted about 8 hours, which was the time needed to record one high-resolution FIR
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spectrum in the range 07400 cm'l. In the meantime, about 30 IR spectra were
recorded around 3.4 mm using the TDL spectrometer, each requiring about 1 minute
to be obtained. The recording of the FIR spectrum was then extended overnight, to
yield a high-resolution spectrum with improved signal-to-noise ratio. Figure 10
presents a portion of the pure rotation spectrum of formaldehyde, recorded during
one of the experiments.

Figure 9: View of the laboratory at ULB during the simultaneous recording of FIR and
IR spectra of the same sample of formaldehyde using a Bruker IFS125HR FTS and a
TDL spectrometer, respectively. The cross-shaped stainless steel cell containing the
sample and located inside the evacuated FTS is shown in the inset. The FIR and IR
beams are represented by cyan and orange arrows (the latter double passing in the
cell), respectively.

The analysis of the FIR spectra recorded simultaneously with the TDL-IR
measurements to determine the particle density of formaldehyde was relatively
straightforward. It was carried out in the 29155 cm'! range, corresponding to the
R(11) to R(21) pure rotation transitions of formaldehyde. The particle density of
formaldehyde was determined from the ratio of the integrated absorption coefficients
of these pure rotation lines, measured by least squares fitting the observed line
shapes to a Voigt function, and their integrated absorption cross sections, calculated
using the accurately known electric dipole moment of HCHO (Fabricant et al., 1977).
Note that we investigated the possible existence of a Herman-Wallis dependence of
the pure rotation line intensities of HCHO using the high-resolution FIR spectra
recorded overnight. Such dependence would indeed affect the particle density of the
species inferred from the pure rotation line intensities. None could be observed.
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Figure 10: Part of the high-resolution pure rotation spectrum of formaldehyde (about
0.17 Torr in about 9 Torr N,) recorded simultaneously with the IR tunable diode laser
spectra (red) and extended overnight (blue). Most of the observed lines belong to
formaldehyde and correspond to R(16) to R(19). A few lines due to water vapour are
also observed.

The analysis of the TDL spectra proved to be a much more involved process. The six
sets of IR spectra probe five different, ~0.6 cm'* wide regions of the HCHO spectrum.
To linearize these TDL spectra (i.e. determine the exact spectral range probed in
these spectra and associate a wavenumber scale to them), we had to record high-
resolution FTS spectra of the same region (actually of the whole n; / ns band system,
between 2500 and 3200 cm'?). It then turned out that most of the TDL spectra were
affected by what could be interpreted as a non-linear response of the HgCdTe
detector or amplifier(s) used. We modelled that non linear response with functions
involving one or two parameter(s), the value(s) of which being determined by
matching relative intensities of weaker and stronger HCHO lines measured in the
corrected TDL spectra and in the high-resolution FTS spectra of the whole n; / ns
band system. With this method, we managed to correct two sets of TDL spectra
probing the same spectral range (2911.40 i 2912.25 cm'%). Indeed, the HCHO lines
observed in that spectral region were the only ones to have intensities sufficiently
different to allow measuring their integrated absorption coefficients with some
confidence. Comparison of the line intensities thus determined in this limited range
with HITRAN showed an agreement in line with the estimated uncertainty of 57 10%
provided in HITRAN. A similar agreement was obtained when comparing the
intensities of strong lines measured in the high-resolution FTS spectra of the whole n;
/ ns band system with the line intensities provided in HITRAN.
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Task 2.2.2. Re-analyze the data for C,Ha, Co,He and HCHO with new spectroscopic
data at Jungfraujoch and Reunion Island.

The idea behind this task was to verify new, improved spectroscopic data as they
became available in the course of the project.

As seen above, the work on the spectroscopy of formaldehyde has encountered
several unforeseen difficulties and has therefore not yet been finalized. So the
retrievals have been optimized with currently available HITRAN2008 data.

As to ethane, it was in the past impossible to combine the three main features (i.e. the
PQs, "Q: and RQ, branches near 2976, 2983 and 2986 cm™, respectively, due to
spectroscopic inconsistencies for the C,Hg parameters. Bader et al. (EGU2012) showed
that pseudoline parameters derived by G.C. Toon (NASA-JPL) from Harrison et al.
(JQSRT, 2010) laboratory spectra helped solving that issue, with a significant
improvement of the information content. The 3-window strategy was then successfully
applied to Eureka spectra (Viatte et al., 2014) and Jungfraujoch spectra (Franco et al.,
2015), while for Reunion, the strategy had to be limited to a 2-window approach,
because of important interferences by water vapor in the 2986 cm™ interval (Vigouroux
etal., 2012).

For ethylene, the new spectroscopic linelist generated in the project (see above) has
been used.

HCHO at Reunion Island

The retrieval strategy for HCHO was optimized and published prior to the AGACC-II
project, in Vigouroux et al. (2009). In this study, comparisons were made with
MAXDOAS measurements at Reunion Island in 2004, showing a good agreement
between both techniques. Small changes in the retrieval strategy have been made
since then: the micro-windows for the preliminary retrievals of the interfering gas H,O
and HDO have been changed. The micro-window for HDO being now the 2855.65-
2856.4 cm™, it has been removed from the previous set of HCHO micro-windows
used in Vigouroux et al. (2009). We give in Figure 11 the new HCHO time-series at
Reunion Island, Saint-Denis, and the comparisons with the IMAGES model.
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Figure 11: Daily mean total columns of HCHO at Reunion Island, Saint-Denis. Blue:
FTIR; Magenta line: IMAGES model; Magenta circle: IMAGES model smoothed by the
FTIR averaging kernels.

The HCHO diurnal cycle obtained from these time series has been used in recent
satellite (De Smedt et al. 2015) and model (Stavrakou et al., 2015) studies. Indeed,
the diurnal cycle is not available from current satellite measurements (GOME-2
measures only at about 9:30 local time, and OMI at 13:30). A positive bias is
observed between OMI and GOME-2 HCHO total columns above Reunion Island (De
Smedt et al., 2015), and ground-based observations were crucial to conclude that the
bias is due to the diurnal cycle and not to the uncertainties on the satellites data.

HCHO at Jungfraujoch

Two HCHO retrieval strategies have been tested for the Jungfraujoch station, where
the HCHO absorption generally does not exceed 1%. The first one focuses on one
microwindow (2833.07 i 2833.35 cm™) only, which is covered by a tunable bandpass
optical filter since December 2005. Using a larger diaphragm aperture (1.45 mm) on
a narrow spectral range (2810 i 2850 cm™), it provides solar spectra with very high
signal-to-noise ratio helping for the HCHO fitting. The second HCHO retrieval
strategy corresponds to a modified version of the method implemented by Vigouroux
et al. (2009) for Réunion Island (see previous section), fitting simultaneously 4 of the
6 microwindows in the 2760 i 2860 cm™ spectral domain, not covered by the tunable
optical filter.

The 4-microwindows retrieval strategy described in Franco et al. (AMT, 2015) has
been selected to produce a HCHO long-term time series covering the 1988 i 2014
(Figure 12), showing strong intra-annual variations characterized by the largest
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columns and variability during summertime and by regular minimum and compact
columns in winter. This multidecadal data set allows identifying three consecutive
periods characterized by statistically different trends (see insert in Fig. 11). GEOS-
Chem multi-year sensitivity simulations indicate that the long-term evolution of HCHO
above Jungfraujoch is mainly driven by the CH, oxidation, with a maximum
contribution of 25% from anthropogenic NMVOCs during wintertime (see Franco et
al., ACPD, 2015).
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Figure 12: Long-term FTIR time series of formaldehyde above Jungfraujoch (Franco et
al., ACPD, 2015).

C,Hg at Reunion Island

The retrieval strategy for C,Hg has been optimized for Reunion Island during
AGACC-II. The spectral micro-windows are 2976.66-2976.95 cm™ and 2983.20-
2983.55 cm™. Due to the strong interference with water vapor line, the third micro-
window around 2986 cm™ is not recommended at Reunion Island. We show in Figure
13 and Figure 14 the C,Hg time series (2004-2010) published in Vigouroux et al.
(2012), and the updated time series with new measurements at both stations St-
Denis and Maido, respectively.
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Figure 13: Daily mean total columns of C,Hgs at Reunion Island, Saint-Denis used in
Vigouroux et al. (2012). Blue: FTIR; Magenta line: IMAGES model; Magenta circle:
IMAGES model smoothed by the FTIR averaging kernels. Green and red: sensitivity
tests performed in IMAGES to study the impact of different emission sources (Green:
the biomass burning emission factors are multiplied by a factor 2 in IMAGES; Red: the
anthropogenic source is multiplied by a factor 2).
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Figure 14: Updated time series of daily mean total columns of C,Hg at Reunion Island.
Blue: measurements at St-Denis with the Bruker 120M in 2011; Red: measurements at
St-Denis with the Bruker 125HR; Magenta: measurements at Maido observatory.
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C,Hg at Jungfraujoch

The retrieval strategy for ethane has been completely revisited, after implementation
of very recent C,Hg line parameters (Harrison et al., JQSRT, 2010) and for CH3ClI
(Bray et al., JQSRT, 2011). Our investigations showed that combining three windows
around 2976, 2983 and 2986 cm™ is now possible and that the new parameters help
to significantly reduce the fitting residuals. The DOFS is also strongly improved, from
1.4 with the previous approach to more than 2 with the new one.

Using the optimized 3-window retrieval strategy, we have produced a 20-year long-
term time series of C,Hg abundance above Jungfraujoch from 1994 onwards. After a
1994 7 2008 decrease of the C,Hg amounts, which is very consistent with prior major
studies and with our understanding of global C,Hg emissions, trend analysis using a
bootstrap resampling tool reveals a C,Hg upturn and statistically-significant sharp
burden increase from 2009 onwards. We hypothesize that this observed recent
increase in C;Hg could affect the whole Northern Hemisphere and may be related to
the recent massive growth in the exploitation of shale gas and tight oil reservoirs.
This hypothesis is supported by measurements derived from solar occultation
observations performed since 2004 by the Atmospheric Chemistry Experiment i
Fourier Transform Spectrometer (ACE-FTS) instrument. Indeed, the recent trend
characterizing the ACE-FTS version 3.5 partial columns above North America is
consistent in magnitude and sign with the one derived from the FTIR measurements
at Jungfraujoch. Investigating both the cause and impact on air quality of the C,Hg
upturn should be a high priority for the atmospheric chemistry community (Franco et
al., 2015) . Follow-up investigations involve FTIR observations from North America,
and Canada in order to quantify 1 with support from dedicated model simulationsi the
emissions responsible for the ethane increase after 2009 (Franco et al., EGU2015)
and its possible impact on air quality degradation.

C,H, at Reunion Island

The spectroscopic signatures of C,H4 are very weak and close to the detection limit.
The main C,H,4 signature is at the edge of a strong CO, line (around 949.5 cm™).
Therefore, as for CH3Cl, a large scatter is observed in the total columns, due to the
large random noise error. This scatter is improved at the Maido observatory (Figure
15, Left), due to the better instrumentation (Bruker 125HR) and to the lower
interferences with other molecules. The data shown in Figure 15 have been filtered
with RMS<0.45, however there are still negative columns.

The use of the new spectroscopy from ULB has an impact of -4.6+/-4.2% on total
columns at Maido when only positive columns are taken into account. The spectral
signatures are so weak that a possible impact of the new spectroscopy on the RMS
is not observed. The RMS is dominated by the SNR and the interfering species fit.
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Figure 15: Only data with RMS<0.45 are shown. Left: C,H, daily means total columns
at St-Denis (blue) and at Maido (magenta). Right: C,H, seasonal cycle at St-Denis
(blue) and Maido (magenta);. The error bars are 2* standard deviation / sqrt(n). The
IMAGES seasonal cycles from new (red) and old (cyan) inventories are also shown.

We compare in Figure 15 (right), the seasonal cycles obtained at St-Denis and
Maido, and with the model IMAGES. There is a reasonable agreement between St-
Denis and Maido in Oct-Apr. The too low monthly values at St-Denis in May-July (St-
Denis columns should be larger than the Maido ones due to the lower altitude of St-
Denis) are due to the negative values in 2009. The columns at Maido are minimum in
Aug-Sept, which is not seen at St-Denis and by the model. This needs to be studied,
and more years of data can help to determine if this is due to real variability or to
large systematic errors due to e.g. the interfering species. The FTIR data are in
reasonable agreement with the older version of inventories (in cyan) used in
IMAGES, especially for the Aug-Apr and Oct-May periods at St-Denis and Maido,
respectively. The new inventories (in red) which relied on aircraft measurements in
the Pacific and United-States to decrease the biogenic and oceanic emissions of
C,H4, are in better agreement with Maido when the columns are minimum (Dec-Jan;
Jun-Sep), but they do not reproduce the maxima in Spring and Oct-Nov. The Oct-Nov
months are a period of biomass burning in Madagascar. Some biomass burning
sources (fires from agriculture) are still missing in the GFED3 inventory used by
IMAGES, and are included in the next GFED4 inventory which still need to be
implemented in IMAGES.

C,H4 at Jungfraujoch

Absorption by ethylene in Jungfraujoch spectra is very weak, on the order of a few
tenths of a percent for background conditions, and the production of a complete time
series has not been successful thus far, using the window around 949.5 cm™. This is
the reason why only a subset of spectra providing maximum C,H, abundance were
used to study the impact of the new line parameters produced by ULB (see Vander
Auwera et al., 2014).

Task 2.2.3: comparison between FTIR and MAX-DOAS and with model simulations.

Comparisons between FTIR and MAX-DOAS data have revealed an underestimation
of the HCHO total columns produced by the single-microwindow FTIR retrieval
strategy, especially during summertime, which has been confirmed by further
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comparisons with ACE-FTS v.3.5 measurements as well as GEOS-CHEM and
IMAGES simulations. In contrast, the multi-windows retrieval approach has provided
HCHO data in good agreement with MAX-DOAS, ACE-FTS and both models. Further
tests using the HITRAN 2012 line list parameters (implementing enhanced
broadening coefficients of the HCHO features) have also been performed, leading to
much lower total columns, thus significantly degrading the agreement between the
FTIR, MAX-DOAS and model time series. Hence, the multi-microwindow approach
and the HITRAN 2008 lime parameters were used to produce an unprecedented
long-term time series of HCHO spanning more than 25 years.

In-depth comparisons between MAX-DOAS and FTIR measurements of
formaldehyde at the unpolluted site of the Junfgraujoch have been performed and
analyzed by Franco et al. (2014). With the support of GEOS-CHEM 2° x 2.5° and
IMAGES 2.5° x 2.5° model simulations, it was possible to demonstrate a very good
agreement between both techniques, despite their contrasted sensitivity, for a
species presenting a very short lifetime of a few hours and strong intra-day variability.
Using the CTMs outputs as intermediate, FTIR and MAX-DOAS retrievals have
indeed shown consistent seasonal modulations of HCHO throughout the investigated
period of common measurements (2010-2012), characterized by summertime
maximum and wintertime minimum. Such comparisons have also highlighted that
FTIR and MAX-DOAS provide complementary products for the HCHO retrieval above
the Jungfraujoch station.

Task 2.3 Retrieval feasibility studies

Task 2.3.1: Feasibility of retrieval of PAN and acetone at Jungfraujoch and La
Réunion

Acetone

The acetone cross-sections have been released in the HITRAN 2012 database, but
no pseudo-lines that can be used in the retrieval softwares SFIT2 or SFIT4 have
been delivered to the IRWG community. Therefore it was not possible to make the
feasibility study of acetone retrieval at both stations.

PAN

At Jungfraujoch,
Thus far, the search for PAN in Jungfraujoch spectra has not been successful.

At Reunion Island

We have tested the 2 most intense bands of PAN, centered at 794 cm™ and at 1163
cm™ (Glatthor et. al, 2007). Unfortunately, the most intense one at 794 cm™ is in a
spectral region where our FTIR spectra are more noisy, at the edge of the band pass
filter. Also strong saturated water vapor lines are absorbing in the region, even in the
Maido spectra. Therefore, the PAN columns obtained using this spectral region were
unrealistic. The second band at 1163 cm™ looks more promising, even if a large
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scatter and some negative values are observed (Figure 16, left), especially the
expected maximum in October due to the biomass burning season at Madagascar is
observed (Figure 16, right). Note that no data passed the quality criteria of RMS<0.4
in January and November (another month with expected higher PAN values due to
biomass burning). More years of data will help to determine the complete seasonal
cycle. The strong H,O lines in the spectral window are not perfectly fitted; therefore
there is probably some room for improvement in the future if a better spectroscopy for
H.O lines becomes available.

We show in Figure 16 (right) the seasonal cycle obtained at Maido.

The retrievals at St-Denis are not done yet, because it requires some technical
changes in our S/W, due to the very Iarge window needed to fit the broad absorption
cross-section of PAN (more than 20 cm™).
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Figure 16: Only data with RMS<0..40 are shown. Left: PAN daily means total columns
at Maido. Right: PAN seasonal cycle at Maido. The error bars are 2* standard deviation
/ sqgrt(n).

Task 2.3.2 search for absorption features of CFC substitutes

We have been seeking for signatures of two CFC-substitutes, HCFC-142b
(CH3CCIF2) and HFC-134a (CH,FCF3), respectively. We were able to detect weak
systematic residuals (0.5-1.0%) when assuming no HCFC-142b or HFC-134a in the
atmosphere. Pseudolines are not available for the latter, hence it was not possible to
perform any retrieval.

We have carefully evaluated the possibility to retrieve HCFC-142b (CH3CCIF,), a
CFC-substitute, from Jungfraujoch spectra, in four candidate windows (900-906, 965-
970, 1132-1136 and 1191-1196 cm™). It turned out that only two domains could be
used, the 900-906 and 1191-1196 windows, the two others being affected by strong
interferences by CO,, O3 and H,O. Moreover, systematic and independent fits to both
domains have revealed that the adoption of the second interval led to the
determination of total columns that are too large by about a factor of 2, possibly
resulting from missing interferences in HITRAN 2008 and/or inconsistent cross
section parameters for HCFC-142b. Therefore, the 900-906 feature has been
selected to produce a HCFC-142b data set, using all available low sun spectra for the
2000-2014 time frame. Uncertainties on the total columns have been evaluated to
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<8% and <12% for the total random and systematic contributions. Figure 17 shows
the contribution of the interferences (shifted vertically for clarity) as well as the weak
HCFC-142b feature (pink trace). The upper panel allows comparing the fitting
residuals, in green when including HCFC-142b in the retrieved species, in red when
assuming no HCFC-142b in the atmosphere.
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Figure 17: Selected microwindow for the retrieval of HCFC-142b from the Jungfraujoch
station.

The 2000-2012 total column data set of HCFC-142b is characterized by a strong
increase, from about 1.6 to 2.8 x10** molec./cm? over 13 years, i.e. a relative rate of
change of 6.5%l/yr. This is commensurate with the trend derived by the AGAGE
network at Mace Head (53°N). Comparison of surface mixing ratio suggests that the
FTIR data are lower by 5% on average, i.e. well below the systematic uncertainty
upper limit of 12% evaluated in our study (Mahieu et al., 2013).

Task 2.4 Production of the CCl, and CF, budgets for Jungfraujoch.

Retrieval strategies have been revisited for CFC-11, CFC-12 and HCFC-22, in order
to derive some vertical information from the spectra and optimize the total column
determinations. Typical DOFS amount to 1.6, 1.9 and 1.5, respectively. Final time
series have been produced from 2000 onwards. They have been combined with the
HCFC-142b (CH3CCIF,) and with the CCl, or CF4 weighted contributions to generate
CCly and CFy total column budgets, respectively. Hence, the CCIy* and CFy* proxies
include the following contributions:

[CCL,]" = 3 X [CCI3F] + 2 X [CCIF2] + [CHCIF2] + [CH3sCCIF2] +4 x [CCly] + [CHCl]

[CF,]" = [CCI5F] + 2 X [CCIoF2] + 2X [CHCIF2] + 2 X [CH3CCIF2] + 4 x [CF4]

SSDScience for a Sustainable DevelopmentClimate 41



Project SD/CS/07A- AGACCHI: Advanced exploitation of Groundbased measurements for
Atmospheric Chemistryand Climate applications- Il

Figure 18 shows the time series of 6 halogenated source gases monitored at the
Jungfraujoch station over the last fifteen years. Five species are relevant to establish
the evolution of the CCIy* budget. All together, they correspond to ~87% of the total
CCly budget for the year 2004. The CCly* trend over 2000-2014 shows a constant
decrease at rates close to i (0.23+0.05)%l/yr (see Figure 19). It is important however
to realize that the largest negative contribution of CFC-11 is currently canceled by the
steady accumulation of HCFC-22.

A corresponding budget has been established for organic fluorine, including the
contributions from CFC-11 and -12, HCFC-22 and -142b as well as of CF4. In
contrast to CCly, CF, is still characterized by a positive rate of increase, of (0.60 *
0.03) %lyr.

Evolution of a suite of halogenated source gases above Jungfraujoch
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Figure 18: Evolution of a suite of halogenated source gases above Jungfraujoch over
the last 15 years. Investigations performed within the framework of AGACC-II have
allowed doubling the list of species, with the addition of CCl,, CF4, CH5;Cl and HCFC-
142b (note that the HCFC-142b time series is not visible in this figure, with columns
ranging from ~ 1.5 to 3 E14 molec./cm?2).
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