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Abstract. Atmospheric carbon monoxide (CO) and methane (CH,) concentrations are measured by ground-based in-situ Cav-
ity Ring-Down Spectroscopy (CRDS) analyzers and Fourier transform infrared (FTIR) spectrometers at two sites (St Denis
and Maido) on Reunion Island (21°S, 55°E) in the Indian Ocean. Currently, the FTIR Bruker IFS 125HR at St Denis records
the direct solar spectra in the near-infrared range, contributing to the Total Carbon Column Observing Network (TCCON).
The FTIR Bruker IFS 125HR at Maido records the direct solar spectra in the mid-infrared range, contributing to the Network
for the Detection of Atmospheric Composition Change (NDACC). In order to understand the atmospheric CO and CH, vari-
ability on Reunion Island, the time series and seasonal cycles of CO and CH4 from in-situ and FTIR (NDACC and TCCON)
measurements are analysed. Meanwhile, the difference between the in-situ and FTIR measurements are discussed.

The CO seasonal cycles observed from the in-situ measurements at Maido and FTIR retrievals both at St Denis and Maido
are in good agreement with a peak in September-November, primarily driven by the emissions from biomass burning in Africa
and South America. The dry-air column averaged mole fraction of CO (X ) derived from the FTIR MIR spectra (NDACC)
is about 15.7 ppb larger than the CO mole fraction near the surface at Maido, because the air in the lower troposphere mainly
comes from the Indian Ocean while the air in the middle and upper troposphere mainly comes from Africa and South America.
The trend for CO on Reunion Island is unclear during 2011-2017, and more data need to be collected to get a robust result.

A very good agreement is observed in the tropospheric and stratospheric CHy seasonal cycles between FTIR (NDACC and
TCCON) measurements, and in-situ and the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) satellite
measurements, respectively. In the troposphere, the CH4 mole fraction is high in August-September and low in December-
January, which is due to the OH seasonal variation. In the stratosphere, CH4 concentration has its maximum in March-April
and its minimum in August-October, which is dominated by the-vertical transport. In addition, the different CH4 concentra-

tion between the in-situ, NDACC and TCCON CH4 measurements in the troposphere are discussed, and all measurements
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are in good agreement with the GEOS-Chem model simulation. The trend of Xc g, is 7.6£0.4 ppb/year from the TCCON
measurements over the 2011-2017 time period, which is consistent with the CH4 trend of 7.4+0.5 ppb/year from the in-situ

measurements for the same time period at St Denis.

1 Introduction

Carbon monoxide (CO) is a colorless and poisonous trace gas, which contributes significantly to the pollution of our planet.
CO has a lifetime of several weeks to a few months (Novelli et al., 1998), therefore, it is generally used in atmospheric sciences
as a tracer to study the long-distance transport of forest fire, biomass burning and other emissions (Duflot et al., 2010). CO also
plays an important role in atmospheric chemistry, especially reacting with hydroxyl radicals (OH) which affect the carbon and
the methane (CH,) cycles (Rasmussen and Khalil, 1981), and take part in the formation of many other polluting gases, e.g.,
tropospheric ozone, and urban smog (Aschi and Largo, 2003). CHy is the second most important anthropogenic greenhouse
gas after carbon dioxide (CO-), with a global warming potential about 28 times greater than CO- over a 100-year time horizon.
About 17% of the total increase in radiative forcing between 1750 and 2010 related to the long-lived greenhouse gases in
the atmosphere is caused by CHy O(IPCC, 2013). In addition, CHy4 also reacts with OH, affecting the atmospheric oxidizing
capacity. CHy is well-mixed in the lower atmosphere with a life time of 8-10 years (Kirschke et al., 2013).

In recent decades, CHy growth rates in the atmosphere have been variable. The CH4 concentration was increasing in the
1990s at rate of 0.7%/year, it was then relatively stable in the first half of the 2000s, but started increasing again after 2007
(Rigby et al., 2008). The CO concentration increased since the 1950s and then started to decrease in the late 1980s (Novelli,
2003). The importance of CO and CHy4 in our changing atmosphere motivates continuous and long-term time series of precise
and accurate measurements of these species. Several kinds of measurement techniques have been used to monitor the CO and
CH,4 concentrations in the atmosphere, e.g. ground-based in-situ or sampling measurements (Vermeulen et al., 2011; Lopez
et al., 2015); ground-based Fourier Transform Infrared (FTIR) spectrometer observations (Sussmann et al., 2012; T¢ et al.,
2016), and space-based satellite measurements such as the Michelson Interferometer for Passive Atmospheric Sounding (MI-
PAS), the Greenhouse gases Observing SATellite (GOSAT) and the Measurement Of Pollution In The Troposphere (MOPITT)
(von Clarmann et al., 2003; Yokota et al., 2009; Deeter et al., 2014). In addition of providing useful means for trend determina-
tion, such measurements allow the verification of atmospheric models for air pollution and climate change, e.g. T¢ et al. (2016)
used ground-based in-situ and FTIR measurements as well as GEOS-Chem simulations to explain the seasonal variability of
atmospheric CO, and Bader et al. (2017) used FTIR measurements together with the GEOS-Chem model to investigate the
possible causes for the recent increase of atmospheric CHy since 2005.

Reunion Island is a unique atmospheric observatory situated in the Indian Ocean, about 700 km east of Madagascar and
170 km southwest of Mauritius. It is one of the very few atmospheric observation stations providing both in-situ and remote
sensing FTIR CO and CH, data in the Southern Hemisphere. Both in-situ and FTIR measurement techniques are capable te
meastire-of measuring CO and CH4 concentrations with high accuracy and precision, and are therefore good candidates to

study the changes in atmospheric compositions, and to trace the emissions. However, using ground-based in-situ and FTIR
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measurements requires a good understanding of the uncertainty and representativeness of each dataset. In-situ instruments
monitor gas concentrations near the surface, while FTIR retrievals report information on the distribution of the gas abundance
with altitude. The representativeness of both measurements depends on the location of the site, the air transport, and the
lifetime of the target species (Folini et al., 2009; Dils et al., 2011; Septlveda et al., 2014). In addition, the representativeness
of FTIR retrievals, and their vertical sensitivity is also related to the spectral range and retrieval strategy, which has to be taken
into account when comparing the Total Carbon Column Observing Network (TCCON) and the Detection of Atmospheric
Composition Change (NDACC) data (Ostler et al., 2014; Kiel et al., 2016).

The objective of this paper is to study the atmospheric CO and CH, time series and seasonal variations on Reunion Island
based on the in-situ and FTIR measurements from two sites, Saint Denis (St Denis) and Maido. The different techniques
of ground-based in-situ and FTIR (NDACC and TCCON) are used to show their complementarity, to obtain the CO and
CH, abundances at the surface and in the troposphere and stratosphere. Sect. 2 introduces the datasets at the two sites. The
measurement uncertainty and characterization of the various datasets are presented. In the next section, the time series and
seasonal cycles of CO and CHy from the in-situ measurements at the surface and FTIR column retrievals are analysed. In
addition, intercomparisons between co-located daily means of the in-situ and FTIR measurements are carried out. In Sect. 4,
the differences of CO and CH4 between the in-situ and FTIR measurements are discussed by using the vertical information of
the FTIR data which allows tropospheric columns to be derived, and by providing GEOS-Chem model comparisons for CH, in
the troposphere. Furthermore, in Sect. 4, the FTIR CHy stratospheric columns are compared with MIPAS satellite data. Finally,

conclusions are drawn in Sect. 5.

2 Measurements on Reunion Island

There are two sites on Reunion Island: St Denis (-20.9014 ° N, 55.4848 ° E; 85 m a.s.l. above sea level) close to the coast and
Maido (-21.0796 ° N, 55.3841 ° E; 2155 m a.s.1.) close to the top of the mountain ridge. Table 1 lists all the available CO and
CH,4 measurements from these two sites, together with their measurement uncertainties. Currently, each site is operated with
a FTIR instrument and an in-situ Cavity Ring-Down Spectroscopy (CRDS) analyzer. In this section, we give a brief historic

overview of the in-situ and the FTIR measurements on Reunion Island.
2.1 In-situ

The Royal Belgian Institute for Space Aeronomy (BIRA-IASB) in collaboration with the Laboratoire de 1’ Atmosphére et des
Cyclones (LACy), the Observatoire des Sciences de I’Univers de la Réunion (OSU-R) and the Laboratoire des Sciences du
Climat et de I’Environnement (LSCE), has performed in-situ surface measurements on Reunion Island. CH4 mole fraction
has been measured by a CRDS analyzer (Picarro G1301) at St Denis since August 2010, and CO and CH4 mole fractions
have been collected by another CRDS analyzer (Picarro G2401) at Maido since December 2014. The latter installation will be
proposed in late 2018 for a fabellisation-certification (to be certified for standardized data production) in the European research
infrastructure Integrated Carbon Observation System (ICOS-ERIC) as a French-Belgian station. The St Denis coastal site has
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Table 1. In-situ and FTIR CO and CH4 measurements at St Denis and Maido.

Site St Denis Maido

Location -20.9014 N, 55.4848 E -21.0796 N, 55.3841 E

Altitude 85 ma.s.l 2155 mas.l

Instrument FTIR IFS 120M FTIR IFS 125HR  Picarro G1301 FTIR IFS 125HR  Picarro G2401

Time coverage 2002.10-2011.11  2011.9- 2010.8 - 2013.3 - 2014.1 -

Network NDACC TCCON French atmospheric NDACC ICOS applicant
monitoring network

CO uncertainty* 277112 % -112% - 25/1.0% -/ 1.5 ppb

CH4 uncertainty* | 3.5/1.6 % -10.5% -/2.0 ppb 3.0/15% -10.5 ppb

* FTIR random-uncertainty is given in percentage, while in-situ randomuneertainty-uncertainty is in absolute unit of VMR. NDACC
uncertainty is reported on the total column, and it is separated into two components (systematic / random). TCCON uncertainty is reported
on the total column-averaged mole fraction. Because TCCON and in-situ measurements have been validated under WMO standards, it is

assumed there are no systematic uncertainties for these data.

been developed within the French national monitoring network. The two stations have been set up in a similar way, taking
into account the technical specifications recommended by ICOS (Laurent, 2016). Both CRDS analyzers are calibrated every 3
to 4 weeks with a suite of four cylinders whose concentrations, spanning the atmospheric ranges of CH4 and CO, have been
calibrated at LSCE with NOAA reference tanks. All values are expressed in WMO reference scales (X2004A and X2014A for
CH, and CO respectively). In addition, those tanks are used to calculate the continuous monitoring repeatability (CMR) and the
long-term repeatability (LTR) as defined by Yver Kwok et al. (2015). The air is sampled through a 1/4" tube (‘Synflex 3000’)
at the top of the building, and then goes through a 2um filter, and a multi-position valve before being analyzed by the CRDS
analyzer. The pump is always located downstream of the analyzer. Raw data are transferred every night to the LSCE server,
and are processed according to the ICOS specifications (Hazan et al., 2016). The in-situ measurements at the two surface sites
are done in wet conditions without any dryer in the sampling line. The correction to dry air mole fractions is done using the

H>0 measurements performed by the same analyzers (Rella et al., 2013).
2.2 FTIR - Instruments

In 2002 (October) and 2004 (August to November), BIRA-IASB carried out two atmospheric monitoring experiments, using a
mobile Bruker IFS 120M FTIR, equipped with indium antimonide (InSb) and mercury cadmium telluride (MCT) detectors at
St Denis on the campus of the Université de La Réunion (Senten et al., 2008). The same instrument was operated at St Denis
to provide a-continuous measurements between June 2009 and November 2011 (Vigouroux et al., 2012; Zhou et al., 2016).
The instrument recorded the solar spectra in the mid-infrared (MIR) range from 600-4500 cm ™, contributing to the NDACC

network.



In September 2011, BIRA-IASB installed a high-resolution Bruker IFS 125HR FTIR at St Denis next to the FTIR 120M.

The instrument is dedicated primarily to measure the near-infrared (NIR: 4000-16000 cm™') spectra with silicon (Si) and

indium gallium arsenide (InGaAs) detectors, contributing to TCCON.
In March 2013, BIRA-IASB started operating a second Bruker IFS 125HR FTIR spectrometer, observing the MIR spectra
5 with MCT and InSb detectors at the Maido observatory (Baray et al., 2013). These FTIR measurements are also affiliated with

NDACC.

2.3 FTIR -retrieval techniques

The optimal estimation method (Rodgers, 2000) is applied to retrieve the gas concentrations from the FTIR solar spectra. The

retrieval strategies are determined by the spectral range er-and the network (see Table 2).

Table 2. NDACC and TCCON CO and CHjy retrieval strategies for data recorded on Reunion Island.

Species CO CHy
Network TCCON NDACC TCCON NDACC
Algorithm GGG2014 SFIT4 GGG2014 SFIT4

Retrieval windows (cm_l)

Interfering species
Spectroscopy

A priori profile

Retrieval constraint

Products

4208.7-4257.3
4262.0-4318.8

CH4, H20, HDO

ATM
TCCON tool (daily)
scaling of a priori pro-

file

total column

2057.7-2058.0
2069.56-2069.76
2157.5-2159.15

03, N2 0,

H>0, OCS, CO-

ATM

WACCM v4 (fixed)
optimal estimation
DOF=2.0£0.2 (St Denis)
DOF=2.340.2 (Maido)
profile

5872.0-5988.0
5996.45-6007.55
6007.0-6145.0

CO2, H>0, N2O,

ATM

TCCON tool (daily)
scaling of a priori pro-

file

total column

2611.6-2613.35
2613.7-2615.4
2835.55-2835.8
2903.82-2903.925
2941.51-2942.22

H>0, HDO,

CO2, NO2

DLR H>0, ATM
WACCM v4 (fixed)
optimal estimation
DOF=2.11£0.2 (St Denis)
DOF=2.51+0.3 (Maido)
profile

10 2.3.1 TCCON

The TCCON (NIR) spectra at St Denis are analysed using the GGG2014 algorithm to retrieve CO and CHy4 total columns
(De Maziere et al., 2017). The details of the TCCON retrieval settings were described in Wunch et al. (2015). Note that
GGG2014 applies a profile scaling, therefore TCCON only provides a total column instead of a vertical profile. The daily a

priori profiles are generated by a stand alone tool based on in-situ and aircraft measurements (Toon and Wunch, 2014). Figure



1 shows the a priori profiles of CO and CH,4 at St Denis on four days in 2013. TCCON CO and CHy retrieved products
have been calibrated and validated by Infrastructure for the Measurement of the Europe Carbon Cycle (IMECC) profiles
over the European TCCON stations (Messerschmidt et al., 2011) and HIAPER Pole-to-Pole Observations (HIPPO) profiles
over Northern America, East Asia and Oceania (Wunch et al., 2010), and the calibration factors (CO: 1.06740.020; CHy:
5 0.977+£0.002) are found to be robust both over time and from site to site (Wunch et al., 2015). The data in this study have all
been corrected by applying these calibration factors. Therefore, it is assumed that there are no systematic uncertainties for the

TCCON retrievals and hence only random uncertainties are listed in Table 1.
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Figure 1. The a priori profiles used for TCCON measurements on 20130201 (year month day), 20130501, 20130801, 20131101 and NDACC
measurements for CO (left) and CH4 (right). Note that NDACC uses a fixed a priori profile from WACCM model for all retrievals.

Figure 2 shows the column averaging kernels (AVK) of TCCON CO and CHy retrievals for different Solar Zenith Angles
(SZAs). At St Denis, the SZA is mainly in the range of 20-70 °. The AVK represents the sensitivity of the retrieved total column

10 to the true partial column profile. Ideally, the AVK should be 1.0 at all altitudes, meaning that the retrieved total column is the
same as the true one, with a perfect sensitivity to the whole atmosphere. However, in reality, the AVK is not always equal to

1.0. If the value is larger than 1.0 at one altitude, it means that the retrieved total column overestimates the contribution from

that particular layer in the total column budget, and vice versa. As a result, TCCON retrieved CO total column underestimates a
deviation from the a priori in the lower troposphere, and overestimates it at high altitudes. TCCON retrieved CH,4 total column

15 is more sensitive to the whole troposphere and stratosphere.

2.3.2 NDACC

The NDACC (MIR) spectra at St Denis and Maido are analysed with the SFIT4 algorithm, an evolution of SFIT2 (Pougatchev
et al., 1995), to retrieve the profiles of CO and CH4. The HyO a priori profile is extracted from the National Centers for En-
vironmental Prediction (NCEP) 6-hourly re-analysis data, and a priori profiles of other species are derived from the Whole

20 Atmosphere Community Climate Model (WACCM) version 4 (see Figure 1). In order to reduce the influence from the inter-
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Figure 2. Upper panels: the column averaging kernels of TCCON CO (left) and CHy4 (right) retrievals; Lower panels: the column averaging
kernels of NDACC CO (left) and CHy4 (right) retrievals. All averaging kernels vary with the SZA. Note that the ranges of x axis for CO and
CHy, are different.

fering species, profiles of O3 and N2O and columns of H,O, OCS and CO4 are simultaneously retrieved together with the
CO profile (see Table 2). Profiles of H,O and HDO, and columns of CO5 and NO, are simultaneously retrieved together with
the CHy profile. The retrieval uncertainty of NDACC retrievals at Maido is slightly lower than that at St Denis, because of
the higher Signal-to-Noise-Ratio (SNR) of the FTIR 125HR compared to the FTIR 120M. In addition, the HoO at Maido is
less significant than that at St Denis due to the higher altitude, which is an important interfering species for CO and CHy4
retrievals. The NDACC retrievals are performed using the same atmospheric line list (ATM) (Toon, 2014) as used by TCCON
with the exception of the HoO line list. The latest H5O line list (Birk et al., 2017; Loos et al., 2017a, b) provided by the German
Aerospace Center (DLR) in 2016 is adopted for NDACC CHjy retrievals, which allows us to get a better spectral fitting.

The AVK for NDACC CO and CHy retrievals are shown in Figure 2. Similar to TCCON, NDACC CO and CH4 AVK vary
with SZA. NDACC CO retrievals have a good sensitivity to the whole troposphere and lower stratosphere. For CHy, the total
column is sensitive to the whole troposphere and stratosphere. Apart from the total column, NDACC provides some profile

information of CO and CHy. Figure 3 shows a typical AVK of CO and CH, NDACC retrievals at Maido. The averaged Degrees



Of Freedom for signal (DOFs) of CO is 2.04+0.2 (1o) at St Denis and 2.3+0.2 (10) at Maido, indicating that there are two
individual layers *of information (surface-8 km and 8-20 km) with the first layer having a strong sensitivity to the boundary

layer. For CHy4, the averaged DOFs of CHy is 2.1£0.2 (10) at St Denis and 2.54+0.3 (1o) at Maido, indicating that there are

5 also two individual layers *-of information (about surface-16 km and 16-60 km).
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Figure 3. The total column averaging kernel (black), together with the partial column averaging kernels of two individual layers (CO:

surface-8 km and 8-20 km; CHy4: surface-16 km and 16-60 km) of one typical NDACC retrieval at Maido.

3 Comparison between the ground-based in-situ and the FTIR total column measurements
3.1 Methodology

In this section, we compare the CO and CH4 dry air volume mixing ratio (VMR) observed by in-situ measurements at the
surface, with the dry-air column-averaged mole fractions (X4,s) of FTIR (NDACC and TCCON) retrievals. For TCCON prod-
ucts, Oq total column is simultaneously retrieved with the target species. Since atmospheric Oy concentrations are considered
stable with the VMR of 0.2095, the X, is calculated by using the ratio between the total column of target species (1'Cyqs)
and Oy (T'Cop,)

Xgas = 0.2095 TCyqs /TCo, . (1)

The advantage of dividing by O abundance is that it reduces the systematic uncertainties from the parameters, which have a
similar effect on the retrievals of both species, e.g. instrument line shape (ILS) and the SZA (Yang et al., 2002). For NDACC

spectra, there are no Ny or O3 absorption windows that allow to achieve a sufficient accuracy of abundance. Therefore, we use

the dry-air total column (TC%7Y) to calculate the X ;.
TCgyas
Xgas = Tcdrya (2)

air
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T PS T
chziz;j = gmdry - TCHzO(mHzO/mgi;"/)v (3)

air
where P is the surface pressure; g is the column-averaged gravitational acceleration; m g, o and mzﬂ’ are the molecular mass
of H2O and dry air, respectively; T'C'i, o is the total column of HoO from NCEP re-analysis data. The surface pressures at St
Denis and Maido are recorded by Vaisala PTB210 sensors, with an accuracy better than 0.1 hPa. The systematic uncertainty
of H,O in the troposphere is about 5%, and the T'C'y,o on Reunion Island is about 0.5-2 % of the T'C,,;,. Consequently, the
uncertainty of the TC%7Y s less than 0.1%.

A regression model is applied to derive the trends of CO and CHy4, which has been described in Zhou et al. (2018).

3
Y (t) =Ao+Ar-t+ Y (Agpcos(2kmt) + Agpy sin(2knt)) +&(t), (4)
k=1

where Ay is the intercept; A; is the annual growth rate; As to A7 are the periodic variations; £(t) is the residual between the
measurements and the fitting model; Y (¢) is measurements with the ¢ in fraction of year. After that, the detrended monthly
means of the measurements are applied to obtain the seasonal variation, together with the uncertainty (20 /+/n; o and n being
the standard deviation and the number of the measurements for each month).

For more quantitative comparisons, we also use the co-located daily means from the in-situ and FTIR measurements at each
site (St Denis: CHy4; Maido: CO and CHy). Note that the FTIR instrument measures direct sunlight, and it depends on clear
sky conditions. Therefore we filter the in-situ measurements to daytime measurements (6:00-18:00; local time) to reduce the

impact of the diurnal variation.
32 CO

The time series and seasonal cycle of CO from the in-situ and FTIR measurements are shown in Figure 4-5. For each dataset,
we use all the available data to get a robust detrended time series and then to obtain the seasonal cycle. Figure 4 shows that
the TCCON X at St Denis is in good agreement with the NDACC X at Maido, while the in-situ CO observations at
Maido are generally lower than the FTIR measurements with the exception of few higher peaks. There is no distinct X trend
derived from both FTIR datasets (TCCON: -0.09 + 1.1 ppb/year (20) for 2011-2017; NDACC: -1.16 £ 2.08 ppb/year for
2013-2017), while a slight decreasing trend (-4.66 £ 3.16 ppb/year) for 2015-2017 is derived from the in-situ measurements.
The large uncertainty of the decreasing trend is due to the limited time coverage (about 2.5 years), and the signal may be due
to a-year-to-year variability. More data need to be collected to investigate the trend of CO on Reunion Island. Figure 5 shows
that the seasonal cycles of CO from the in-situ and FTIR measurements are very similar with the maximum in September-
November and minimum in February-April. The peak-to-peak amplitudes from NDACC and TCCON retrievals are very close
(~25-28 ppb), and slightly weaker than the one from the in-situ measurements (~32 ppb). The high value corresponds to the
period when the Island is downwind of emissions coming from the biomass burning in Africa and South America (Duflot et al.,

2010; Vigouroux et al., 2012).
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The time series and the correlation between the co-located in-situ and NDACC daily means of CO measurements at Maido
are shown in Figure 6. There are 448 data pairs. The daily standard deviation of the in-situ measurements is larger than that
of the NDACC retrievals. The difference (mean and standard deviation) between NDACC retrieved Xco and in-situ CO is
15.69410.02 ppb, which is beyond the systematic uncertainty of the NDACC retrievals (2-3 ppb). The correlation coefficient
(R) between the NDACC and in-situ measurements is 0.76. The slope (< 1.0) indicates that the absolute difference between the

in-situ and NDACC measurements is large/small for the low/high CO values.
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Figure 4. The time series of CO (upper) and CH4 (lower) from in-situ and FTIR (NDACC and TCCON) measurements at St Denis and
Maido. Note that, there is no CO in-situ measurement at St Denis. “St" and “Ma" in the labels represent St Denis and Maido, respectively.

“(X)gas” is used in the ylabel for presenting in-situ VMR measurements and FTIR X, retrievals together.

33 CH,4

A clear positive trend for CHy is recognized in Figure 4. The CH,4 annual growth is 7.6£0.4 ppb/year for the TCCON mea-
surements for 2011-2017, and 7.4£0.5 ppb/year for the in-situ measurements for the same time period at St Denis. Both
estimations (at the surface and through the column) of the annual growth rates are in agreement with CHy trends observed
at other locations after 2007 (Rigby et al., 2008; Bader et al., 2017). Although there is a-alse-also a positive trend (~ 5.4
ppb/year) for the TCCON a priori CHy, it has a weak effect on the trend of retrieved CHy since TCCON has a good sensitivity
to the atmosphere, especially in the troposphere (see Figure 2). The CH,4 annual growth is 9.2+0.8 ppb/year from the NDACC
retrievals for 2013-2017, and the annual growth of the TCCON measurements is 7.9£0.4 ppb/year for the same time period.
The annual growth of CHy in 2013-2017 is slightly larger than that in 2011-2017, which is consistent with the results from
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Figure 5. The seasonal cycles of CO (left) and CH4 (right) from in-situ and FTIR (NDACC and TCCON) measurements at St Denis and

Maido. The errorbar is 1o for all the detrended data within that month.

the NOAA/ESRL cooperative global air sampling network (www.esrl.noaa.gov/gmd/ccgg/trends_ch4/). The globally averaged
marine surface CHy annual increases from NOAA/ESRL sites are 7.7+0.6 ppb/year in 2011-2017 and 8.8+0.7 ppb/year in
2013-2017.

The seasonal cycles of CHy from the in-situ measurements at St Denis and Maido are very close with the minimum in
December-February and the maximum in August-September (see Figure 5). This corresponds to the seasonal variation of OH
radicals, which are the major sink of CHy in the atmosphere (Kirschke et al., 2013). The seasonal cycles from the NDACC
and TCCON retrievals are also similar, but different from the ones of the in-situ measurements. Both NDACC and TCCON
Xcm, retrievals show high values in April-September and low values in October-March, but the seasonal cycle of X¢ g, from
NDACC retrievals has a small peak in March-May. The amplitude of the seasonal cycle from the in-situ measurements (about
+10 ppb) is about 2 times larger than that from the FTIR measurements (about +5 ppb). The reasons for the different seasonal
patterns between FTIR and in-situ are discussed in Sect. 4.

The time series and the correlation between the co-located in-situ and TCCON daily means of CH4 measurements at St Denis
are shown in Figure 7. The mean and standard deviation of the differences between the in-situ and TCCON measurements are
-6.63 ppb and 9.78 ppb, respectively. The standard deviation of 9.78 ppb is almost within the combination of the random
uncertainties of the TCCON retrievals (~9 ppb) and of the in-situ measurements (~1 ppb). Since there are no systematic
uncertainties for both datasets, the mean value of -6.63 ppb is the difference between CH; VMR at surface and the total
column averaged CH, at St Denis. As there is a distinct positive annual growth for CH, for 2011-2017, the correlation plot is
labelled with the measurement year. The R between the TCCON Xy, and in-situ CH4 measurements is 0.86 for all the data
pairs. However, if we only take the data pairs after 2015, the R value drops to 0.48.
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The time series and the correlation between the co-located in-situ and NDACC daily means at Maido are shown in Figure
8. The averaged daily standard deviation of NDACC retrievals is larger than that of in-situ measurements, which is mainly due
to the larger random error of NDACC retrievals (see Table 1). The mean and standard deviation of the differences between
the in-situ and FTIR measurements are 0.62 ppb and 11.90 ppb, respectively. The difference also shows a distinct seasonal
variation. The R between daily NDACC Xy, and in-situ surface CH4 measurements is only 0.23. The lower correlation value

is believed to be caused by the limited number of co-located measurements ( ~ 2 years) and by the fact that NDACC CHy has

a reduced sensitivity to the boundary layer and an increased sensitivity to the stratosphere compared to the CO product.

Figure 6. The time series of the daily means and standard deviations from FTIR (NDACC) Xco and daytime in-situ CO measurements at
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4 Discussions
41 CO

Atmospheric CO is mainly produced by the incomplete or inefficient combustion of carbon-based fuels (Kasischke and Bruh-
wiler, 2002) and the oxidation of methane or other carbon-containing compounds (Cullis and Willatt, 1983). Maido observatory
being located on a remote mountain has weak direct anthropogenic CO emission nearby (European Commission, 2011), and
very few spikes of in-situ measurements are observed in non-biomass-burning seasons (see upper panel in Figure 4 and Figure
6). Therefore, the CO molecules above Maido are either generated from oxidation processes in the atmosphere or transported
from other places. The FLEXible PARTicle dispersion model (FLEXPART) v9.02 (Stohl et al., 2005) backward simulations
(see Figure A1) are employed to understand the sources of air on Reunion Island. The settings of the FLEXPART run in this
study are described in appendix A. The results are consistent with Figure 8 in Duflot et al. (2010). The air near the surface
above Reunion Island is mainly coming from the Indian Ocean and partly from Southern Africa, and the air mass in the middle
and upper troposphere is mainly coming from Africa and South America. As CO emission on the land is much larger than that
from the ocean, this leads to the fact that FTIR X is systematically larger than the in-situ CO at the surface.

As we mentioned in Sect. 2.3.2, the NDACC retrievals provide CO profiles, and there are about two individual layers -of
information (left panel in Figure 3). We calculate the dry-air partial column averaged mole fractions X¢o,, in the vertical

range of surface-8 km and 8-20 km following Eq. 2.

Xcop=PCcop/PCHY

air,p

= PCco,/(PCY — PCh,0.p), &)

air,p

where PCco p, PCH,0 ps PCYY and POwet

i p wirp are the partial column of CO, H2O, dry air and wet air in that vertical range.
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The in-situ CO measurements are compared in Figure 9 with the NDACC X0, in the vertical range of surface-8 km and
8-20 km. As we expected, the R between the in-situ and NDACC X ¢, in surface-8 km (0.81) is larger than the in-situ and
NDACC X¢o,p in 8-20 km (0.50). The large R value and the slope close to 1.0 between the in-situ and NDACC X¢o p, in
surface-8 km confirm that NDACC CO retrievals have a very good sensitivity to the lower troposphere. NDACC retrievals
show that air in the upper troposphere and the lower stratosphere also captures the signal from the biomass burning despite the
weaker peak. In general, the peaks of CO at the surface, in surface-8 km and in 8-20 km all occur in September-November,

which are dominated by the biomass burning emission.
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4.2 CH,4
4.2.1 Different seasonal cycles in the troposphere and stratosphere

In section 3.3, we found that the seasonal cycles of CHy from the in-situ and FTIR measurements are different. Ostler et al.
(2016) pointed out that the stratospheric CH4 has an important contribution to the variation of the total column, and the NDACC
CHy retrievals have the ability to get two individual information for the troposphere and the stratosphere. Therefore, in this
section, we separate the total column into tropospheric and stratospheric parts. Figure 10 shows the tropopause height above
Reunion Island from the NCEP re-analysis data for 2000-2016. The tropopause height is about 16-17 km with the maximum
in February-April and minimum in August-October. The in-situ measurements are treated as the reference to compare with the
FTIR retrievals in the troposphere.

For NDACC retrieved CH, profiles, similar to X¢o,, (Eq. 5), we calculate the dry-air column averaged mole fractions of

CHy in the troposphere (X ¢, +) and stratosphere (X¢ p, o), respectively.

XoHytr = PCCH4,tr/Png‘rry,tr = PCCH4,tr/(PC:zUi$ftr —PCm;0,1r); ©)
XcHy st = PCCH478t/POjiT£!,st7 @

where PCcy, tr, PCH,0,tr, PCYY. and PC¥¢t, are the partial column of CHy, H»2O, dry air and wet air in the troposphere;

airtr airtr
PCcHh, st and PC::,}{ o are the partial column of CH4 and dry air in the stratosphere. Note that the HyO partial column in the
stratosphere is ignored as HoO concentration is very low at high altitude. We take the vertical range from the surface to 16.5
km as the troposphere and from 16.5 to 60 km as the stratosphere above Reunion Island.

For TCCON X p, retrievals, it is not straightforward to separate the total column into tropospheric and stratospheric parts,
because GGG2014 uses scaling profile retrieval method. Fortunately, previous studies have proved that the HF total column
(Washenfelder et al., 2003) or the stratospheric NoO (Wang et al., 2014) could be used as an estimator to get the tropospheric
CHy, since there is a good relationship between the CH4 and HF or N> O in the stratosphere. The HF and N»O total columns
are also retrieved from the TCCON spectra by GGG2014. However, the retrieved HF is seriously affected by the H,O concen-
tration, especially at a humid site such as St Denis. Therefore, we use the N2 O column to calculate the stratospheric CHy and
the tropospheric CHy. The relationship between the stratospheric CHy and N3O is derived from the ACE-FTS satellite data.
For a thorough description of the N2O proxy method, refer to Wang et al. (2014).

In the stratosphere, the MIPAS satellite observations are applied to compare with the FTIR retrievals (Xcn, s¢). MIPAS
observed the global distributions of CH, profiles for 2002-2012 using the limb sounding technique. MIPAS performed a full
spectral resolution mode (FR) with a spectral resolution of 0.05 cm™! from July 2002 to March 2004. After that, one of the
interferometer sides was broken, and MIPAS switched to a reduced spectral resolution mode (RR) with a spectral resolution of
0.121 cm~! (Fischer et al., 2008). In this section, we use the MIPAS level-2 version VSH (FR) and V5R (RR) data from the
Institut fiir Meteorologie und Klimaforschung/Instituto de Astrofisica de Andalucia (von Clarmann et al., 2003). The MIPAS
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CH, profile covers the upper troposphere and the whole stratosphere (about 12-70 km). The DOFs of CHy4 profile retrieved
from MIPAS measurements is about 12 with a vertical resolution of 3-5 km below 50 km and 6-10 km above 50 km. The MIPAS
observations in the vertical range of 16.5-60 km around Reunion Island within +3° latitude and £5° longitude are selected
for comparison with the FTIR retrievals in the same vertical range. MIPAS observations show that the CH,4 concentration
decreases with increasing altitude in the stratosphere.

The NDACC retrievals at St Denis for 2004-2011 are also analysed in this section, because the MIPAS instrument stopped
in the spring of 2012. According to Rodgers (2003), the vertical sensitivity should be taken into account when comparing
two remote sensing retrievals. As the vertical resolution of MIPAS observation is higher than that of FTIR measurement, the

smoothing correction was carried out for the MIPAS profiles.
PC}y=PCon+A(Py — Pon), ®)

where P, n and P, are the NDACC a priori partial column profile and MIPAS retrieved partial column profile, respectively;
PC, n is the NDACC a priori partial column (16.5-60 km); PC", is the smoothed MIPAS retrieved partial column (16.5-60
km); A is the partial column (16.5-60 km) averaging kernel of NDACC retrieval at St Denis. The Xc#, s+ from the MIPAS

measurements are calculated to compare with the FTIR retrievals quantitatively, using Eq. 7.
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Figure 10. The tropopause height monthly means along with their uncertainties (shadow, 1¢) from the NCEP re-analysis data for 2000-2016

above Reunion Island.

Figure 11 shows the time series and seasonal cycles of CH, in the troposphere and stratosphere from the in-situ, FTIR
(NDACC and TCCON) and MIPAS (with and without smoothing correction) measurements. In the stratosphere, the difference
between NDACC and TCCON retrievals is less than 0.5%, which is within their measurement uncertainties. The MIPAS obser-
vations are slightly larger (about 30 ppb) compared to the NDACC measurement. The difference between MIPAS and NDACC
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measurements is within their error budget, as the averaged measurement uncertainty of MIPAS partial columns in the vertical
range of 16.5-60 km is 3.5% (~ 50 ppb). The seasonal cycles of stratospheric CH4 from all measurements show a maximum
in March-April and a minimum in August-October. Since CH4 has a strong gradient near the tropopause, the seasonality is
indicative of stratosphere troposphere exchange and circulation in the near tropopause region (Park et al., 2004a). The pattern
of stratospheric X¢ g, s+ seasonal cycle is highly related to the tropopause height (see Figure 10), and the tropopause height is
dominated by the vertical transport (Holton et al., 1995). The enhanced CH, concentration during March-April could be due
to the convection which lifts air from the troposphere to the stratosphere. The minimum in August-October comes from the
strengthened sink down in the stratosphere. In August-October the upwelling branch of the Brewer-Dobson circulation moves
to the northern hemisphere and the sink down motion occurs in the stratosphere above Reunion (Seviour et al., 2012). The
amplitudes of the seasonal cycles from the TCCON and MIPAS measurements are about + 40 ppb, which are lower than the
ones derived from NDACC measurements (about &= 60 ppb). The AVK (the red line in the right panel of Figure 3) shows that
the retrieved partial column in the stratosphere from the NDACC retrieval overestimates the change in the stratosphere (AVK
is about 1.3). After the smoothing correction, the amplitude of the seasonal cycle from the MIPAS measurements comes very
close to the ones from the NDACC retrievals at the two sites.

In the troposphere, the seasonal cycles of CH,4 from the in-situ and the FTIR (both NDACC and TCCON) measurements
have the same pattern with the maximum in August-September and minimum in December-January, which is highly related to
the OH seasonal variation (Bloss et al., 2005). In addition, all the amplitudes of the seasonal cycles are about = 10 ppb. The
CH,4 concentration from the in-situ measurements at St Denis and Maido are very close. However, the in-situ measurement
is on average about 17 ppb lower than the TCCON Xc g, +» and about 27 ppb lower than the NDACC X¢ g, +». In the next
section, the simulations from the GEOS-Chem model are used to understand the difference observed in absolute levels between

the in-situ, NDACC and TCCON CH,4 measurements in the troposphere.
4.2.2 GEOS-Chem model simulations in the troposphere

The 3-D Chemistry Transport Model GEOS-Chem (Wecht et al., 2014) is applied to investigate the seasonal cycle of methane
in the troposphere and the differences between the in-situ and the FTIR measurements of tropospheric CHy. This model is
able to simulate the global vertical distributions of trace gases and aerosols. The methane offline simulation is performed with
GEOS-Chem version 11-01, driven here by MERRA-2 reanalysis meteorological fields produced by the Global Modeling and
Assimilation Office (GMAO) at the Goddard Space Flight Center. OH fields are prescribed from a 3-D archive of monthly mean
OH concentrations (Park et al., 2004b), and the methane loss is augmented by soil absorption (Fung et al., 1991). The methane
emissions are computed at run time by the HEMCO module (Harvard-NASA Emission Component; Keller et al. (2014)),
notably accounting for the EDGAR v4.2 anthropogenic emissions inventory which includes oil and gas, coal mining, livestock,
waste, residential biofuel emissions (European Commission, 2011) and the GFED4 biomass burning inventory (Randerson
et al., 2015). We refer to Wecht et al. (2014) and Turner et al. (2015) for a description of the supplemental methane emission

sources implemented in GEOS-Chem.
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Figure 11. The time series and seasonal cycles of CHy4 from the in-situ, FTIR (NDACC and TCCON) and co-located MIPAS measurements.
Upper left: the time series of the stratospheric X ¢ rr, from the TCCON retrievals (the N2 O proxy method) at St Denis, NDACC and collocated
MIPAS partial columns (16.5-60 km), together with the smoothed MIPAS measurements using the St Denis NDACC AVK. Upper right: the
seasonal cycles of all the data in the stratosphere. Lower left: the time series of the tropospheric (X)CH4 from the in-situ measurements at
St Denis and Maido, NDACC retrievals at St Denis (0.085-16.5 km) and Maido (2.155-16.5 km), and TCCON retrievals (the N2O proxy

method) at St Denis. Lower right: the seasonal cycles of the available data in the troposphere.

The whole year 2004 was used to spin-up the model simulation, adopting a 2° x 2.5° horizontal resolution and 47 levels,
merging the levels above about 80 hPa. The simulation was subsequently extended to cover the 2005-2011 time period. The
GEOS-Chem outputs are saved every three hours, and a mass-conservative interpolation provides re-gridded methane profiles
on the NDACC retrieval altitude scheme (see section 3.1.1 in Bader et al. (2017)). These GEOS-Chem profiles are eventually
smoothed with the NDACC averaging kernels saeh-as-to ensure a fair comparison with the methane measurements (Rodgers,
2003).

Figure 12 compares the tropospheric measurements and the model results for the year 2011 at St Denis, the site and year
for which all the measurement types are available. For the model simulation, surface CHy as well as the smoothed Xcp,
in the troposphere (using the NDACC tropospheric partial column averaging kernel in the 0.085-16.5 km altitude range) are
compared with the in-situ, NDACC and TCCON measurements, respectively. We did not apply the smoothing correction for
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model simulations with the TCCON AVK, because 1) TCCON only provides the AVK for the total column, and we are looking
at the tropospheric partial column; 2) we-tested-by-using-Using the TCCON total column AVK to correct the smoothing error
in the vertical range of surface-16.5 km —Fhe-has also been tested, and the averaged difference between the smoothed and
without-smoeethed-unsmoothed model data is within 0.5 ppb, which is much smaller than that for the NDACC data. The reason
is that the a priori profile of TCCON is very close to the model simulation.

The smoothed X¢ g, from GEOS-Chem model is on average 11.5 ppb larger than the ere-X g, without smoothing. This
is because the NDACC retrieved partial column in the troposphere is mostly sensitive to the vertical range of 5-13 km (see
the blue line in the right panel of Figure 3) and the modelled CH, mixing ratios are larger by 15-30 ppb in this layer, when
compared to surface concentrations. As a result, the NDACC retrieved Xc g, is larger than the TCCON retrievals in the
troposphere. The GEOS-Chem simulation exhibit a clear seasonal modulation, with the maximum/minimum concentrations in
August-September/December-January, primarily influenced by the OH variation throughout the year. It further indicates that
the averaged CH4, VMR at the surface is 16.7 ppb lower than the tropospheric X g, (without smoothing), in good agreement
with the in-situ and TCCON measurements. To summarize, the model simulation captures the differences between in-situ
and FTIR measurements (both NDACC and TCCON) as well as the seasonal variation of methane in the troposphere. Apart
from that, two obvious spikes of CH, were simulated by the GEOS-Chem model in January and February and one of them
was also observed by NDACC retrievals on 02 February 2011. The FLEXPART backward trajectories computed for this time
period demonstrate that these were due to transport of air masses from the northern hemisphere to Reunion Island (see Figure
A2). Figure Al also shows that air particles-parcels over Reunion Island during the local summer time (December-February)
are partly coming from the northern hemisphere indicating that the Intertropical Convergence Zone (ITCZ) sometimes moves

south over Reunion Island.
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Figure 12. The time series of CH4 daily means from the in-situ measurements (black dots), NDACC tropospheric Xc#, (blue dots) and
TCCON tropospheric Xcm, (purple dots) at St Denis, together with the GEOS-Chem model simulations of the VMR at the surface (brown

cross), tropospheric Xc g, (brown filled squares) and tropospheric Xcx, after smoothing with NDACC AVK (brown empty squares) in
2011.
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5 Conclusions

Atmospheric CO and CH4 concentrations are measured by the in-situ and the FTIR instruments at two observatories (St Denis
and Maido) on Reunion Island in the Indian Ocean. One Bruker IFS 125HR and one CRDS analyzer are currently operated
at each site. The in-situ measurements provide the CO and CH, VMR at the surface, while the FTIR techniques observe the
abundance in the whole atmosphere along the solar light path. The FTIR at St Denis records NIR spectra, contributing to the
TCCON network, while the FTIR at Maido records MIR spectra, contributing to the NDACC network.

The Xco from the FTIR retrievals are compared with in-situ measurements. The CO seasonal cycles observed from the in-
situ and NDACC and TCCON measurements are in good agreement with the maximum in September-November and minimum
in February-April. The CO maximum observed by both surface and total column measurements in September-November
corresponds to the biomass burning period in Africa and South America. The NDACC CO retrievals have a strong sensitivity
in the lower and middle troposphere, and a good correlation (R=0.81) is found between the co-located daily means from the in-
situ and NDACC partial column-averaged X o in the vertical range from surface to 8 km. The averaged X from NDACC
retrievals is 15.7 ppb larger than the CO from in-situ measurements at Maido. The different CO concentration between the
surface and total column is related to the source of air on the Reunion Island. FLEXPART simulations show thatthe-, during
the entire year, the air near the surface is mainly coming from the Indian Ocean and partly from Southern Africa, while the air
in the middle and upper troposphere is mainly from Africa and South America. Itisreasonable-that-the-The CO concentration
from the ocean is much lower than that from the land, As a result, the X oo from FTIR measurements is-at Maido is about
15.7 ppb systematically larger than the CO at the surface from in-situ measurements;-as-the-CO-concentrationfrom-the-ocean

The trend of CHy is 7.640.4 ppb/year from the TCCON measurements for 2011-2017, which is consistent with the one of
7.4£0.5 ppb/year from the in-situ measurements for the same time period at St Denis. However, the seasonal cycles of CHy4
from the in-situ and FTIR measurements are very different. The CH4 concentration decreases rapidly with altitude above the
tropopause height (~16.5 km on Reunion Island) and the stratospheric CH, is vital for computing the total column of CHy.
According to the AVK, both NDACC and TCCON retrieved X 7, have a good sensitivity to the troposphere and stratosphere.
Therefore, the CH4 seasonal cycles in the troposphere and stratosphere are analysed separately, based on the in-situ, FTIR
measurements and the co-located MIPAS satellite observations. A very good agreement is observed in the tropospheric and
stratospheric CHy4 seasonal cycles between FTIR (NDACC and TCCON) measurements, and in-situ and MIPAS measurements,
respectively. In the troposphere, CH4, VMR is high in August-September and low in December-January, which is highly related
to the OH seasonal variation. In the stratosphere, CH, concentrations show the maximum in March-April and the minimum in
August-October, which is dominated by the-vertical transport.

Finally, a simulation from the GEOS-Chem model in 2011 is used to understand the differences observed in absolute levels
between the in-situ, NDACC and TCCON CH,4 measurements in the troposphere. The GEOS-Chem modelled CH4 mixing
ratios are larger by 15-30 ppb in the middle and upper troposphere (4-16 km), when compared to surface concentrations. As a

result, GEOS-Chem X, in the troposphere is 16.7 ppb larger than the CHy4 at the surface, which is in line with the difference
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between the in-situ and TCCON measurements. The difference between NDACC and TCCON retrieved X¢ 7, is mainly due
to the difference in vertical sensitivity. The averaged smoothed model simulation using the NDACC AVK is 11.5 ppb larger
than the one without smoothing, which explains the difference between the NDACC and TCCON retrievals. In general, the
in-situ, NDACC and TCCON measurements are in good agreement with the GEOS-Chem model simulation.

6 Data availability

The TCCON data at St Denis are publicly available through the TCCON wiki (De Maziere et al., 2017). The NDACC data at St
Denis and Maido are publicly available from the NDACC database (ftp://ftp.cpc.ncep.noaa.gov/ndacc/). The in-situ measure-
ments on Reunion Island are not publicly available yet, which eould-can be obtained by contacting the authors. The MIPAS
satellite observations are publicly available from KIT/IMK (https://www.imk-asf kit.edu/english/308.php). The GEOS-Chem

model data can be obtained from Emmanuel Mahieu (emmanuel.mahieu@uliege.be).
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Appendix A: FLEXPART backward simulation

The Lagrangian particle dispersion model FLEXPART v9.02 is capable to simulate a large range of atmospheric transport
processes, taking into account mean flow, deep convection, and turbulence (Stohl et al., 2005). The backward simulation of
FLEXPART provides the release-receptor relationship, which is applied to study the source and transport of the observations
from a measurement site. In this study, air particles are released over Reunion Island at four vertical ranges in the troposphere,
and a four-dimensional response function (sensitivity) to emission inventory is calculated. The model was driven by the mete-
orological data from the European Centre for Medium Range Weather Forecast (ECMWF). The residence time of particles in

output grid cells describes the sensitivity of the receptor to the source. The detail settings of the FLEXPART backward run are

listed in the Table A1l.

Table A1. The settings of FLEXPART v9.02 backward simulation used in this study.

Input meteorological data

ECMWEF data at 1°x 1° global

Tracer

Air

Release location horizontal

=+0.2° latitude/longitude around Reunion Island

Release location vertical

0-2000, 4000-6000, 8000-10000, 12000-14000 m a.s.1.

Release time

06:00-18:00 local time for each day from 2011 to 2013

Number of days for backward running

20 days

Number of particles for each release

20000

Output grid Horizontal

1°x 1° global

Output grid vertical

0-16000 m a.s.l.
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Figure Al. Seasonal distributions of the emission response sensitivity in backward simulations of the air at four vertical ranges (0-2000;
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