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Abstract. At the Izaia Atmospheric Research Center, high- totXCHy is not a valid free tropospheric GHproxy, as it is
resolution mid-infrared solar absorption spectra have beemignificantly affected by the varying stratospheric £¢én-
recorded for more than 12yr using Fourier Transform In-tribution and it rather follows the variation in the tropopause
fraRed (FTIR) spectrometers. We use the spectral fittingaltitude. The a posteriori correction method as applied here
algorithm PROFFIT to retrieve long-term time series of only removes a part of this stratospheric £déntribution. In
methane (ChH) from the measured spectra. We investigate contrast the profile retrieval allows for a direct estimation of
the total column-averaged dry air mole fractions of methanethe tropospheric column-averaged £&mounts. Results of
(totXCHj4) obtained from a profile scaling and a profile re- the profile retrieval analysis correlate well with the £k,
trieval, and apply two approaches for deriving the tropo-data (correlation coefficient of 0.60, FTIR-GAW scatter of
spheric column-averaged dry air mole fractions: firstly, we 0.97 %), and both data sets show very similar annual cycles
use the FTIR hydrogen fluoride (HF) total column amountsand trend behaviour for the 2001-2010 time period. Further-
as an estimator for the stratospheric £dbntribution and a  more, we find a very good absolute agreement between the
posteriori correct the totXClHdata of a profile scaling re- troXCHg,, and CH,,, (mid-infrared FTIR/GAW scaling
trieval accordingly (troXCH,); secondly, we directly de- factor of 0.9987) suggesting that mid-infrared FTIR data can
termine the tropospheric column-averaged dry air mole frac-be well combined with the surface in-situ GAW data.
tions of methane (troXCkl,,) from retrieved CH profiles. Our study strongly supports the value of mid-infrared
Our theoretical estimation indicates that the scaling retrievalground-based FTIR CHprofile retrievals as well as the ro-
leads to totXCH amounts that are subject to a large smooth-bustness of the approach for achieving total and tropospheric
ing error, which can be widely avoided by applying a profile column-averaged XClddata of high quality.
retrieval (for the latter we estimate an overall precision of
0.41%).

We compare the different FTIR CHdata to Iz@a’s
Global Atmospheric Watch (GAW) surface in-situ ¢Hata 1 Introduction
(CHagay), Which in the case of the Ifa Atmospheric Re-
search Center high mountain observatory are very repreMethane (CH) is the second most important anthropogenic
sentative for the free tropospheric gldmounts. Concern- greenhouse gas (GHG), after carbon dioxide §CQ@Vhile
ing totXCHy, the agreement between the FTIR data productCHa is 200 times less abundant than £@is about 20 times
and the in-situ measurement is rather poor documenting thamore efficient than C@to trap outgoing long wave radiation,

on a 50yr timescale. The change in the £Hixing ratio

Published by Copernicus Publications on behalf of the European Geosciences Union.



1426 E. Seplveda et al.: Long-term validation of tropospheric column-averaged CH mole fractions

since pre-industrial times (1750) to 2005 (from 715 to 1774 SCIAMACHY, GOSAT, OCO-2). Furthermore, by means of
ppb) gives a radiative forcing (RF) of +0.480.05W n12, the ground-based FTIR vertical profile data, one can calcu-
ranking CH, as the second highest RF of the GHGs afterlate tropospheric column-averaged mixing ratios. These ra-
CO, (RF of COy in 2005, 1.66+ 0.17 Wn12; IPCC, 2007).  tios would neither be affected by small-scale near-surface
In 2009 CH, global atmospheric concentrations have reachedorocesses nor by stratospheric contributions. If provided
more than 1780 ppb for column-averaged mole fractions orwith high accuracy and precision, the tropospheric column-
global average in 2009 (Frankenberg et al., 2011). At sur-averaged mixing ratios would be a very useful data product
face stations higher annual average values are registered (e fgr investigating the GHG cycling between the atmosphere,
1830 ppb at the I1d&a’s Global Atmospheric Watch (GAW) the biosphere, and the ocean.
station in 2009, Gomez-Pelaez et al., 2010. In this work we present, discuss, and validate different
CH, plays an important role in atmospheric chemistry, af- ground-based FTIR Clproducts derived from mid-infrared
fecting the oxidizing capacity of the atmosphere and actingspectral region: the total column-averaged volume mixing ra-
as a precursor of tropospheric ozong)O'he main sources tio (totXCHj,), and two tropospheric column-averaged vol-
producing methane are considered to be biogenig @it ume mixing ratios (troXCHl): a first derived by a posteriori
mation that occurs in natural wetlands, water-flooded ricecorrection method using HF as indicator for the stratospheric
paddies, landfills, stomachs of ruminant animals, incompletecontribution (similar to Washenfelder et al., 2003), and a sec-
burning of biomass, oceans and vegetation. Further sourcesnd directly retrieved from the measured spectra.
are released from melting permafrost and from shallow hy- In the following Sect. 2, we describe the ¢ldrogram
drates on the continental shelf (Dlugokencky et al., 2009).at the I1zéa Atmospheric Research Center: the GAW in-situ
Thermogenic formation is the main process for generation ofand FTIR activities. In Sect. 3 we present the FTIR technique
natural gas deposits over geological time scales. Parts of thiand the FTIR CH products. We describe the data analysis
inventory are released into the atmosphere due to fossil fuemethod and document the characteristics of the FTIR data
extraction, processing, transportation and distribution (Kep-(sensitivity and uncertainty). In Sect. 4 the different FTIR
pler et al., 2006; Frankenberg et al., 2005). The main sink ofCH4 products are compared to the GAW surface,Chka-
atmospheric Chlis the reaction with hydroxyl radical OH. surements. In Sect. 5 we comment on the comparability of
The destruction of Cklby OH in the troposphere represents retrievals in the mid- and near- infrared spectral region, and
about 90 % of CH loss in the atmosphere. The rest of the Sect. 6 summarizes our study.
sink is due to an uptake of GHoy soils, reaction with ClI
in the marine boundary layer, and due to transport into the
stratosphere where it is decomposed by reactions with OH2  CH,4 program at the Izafia Atmospheric
@) (1D) and Cl (Bousquet et al., 2011). Research Center
Prediction of the evolution of GHGs in the atmosphere re-
quires an understanding of their sources and sinks. Therefor@.1  Site description
inverse modelling techniques applying atmospheric concen-
tration measurement monitored at global surface networkdzafa is a subtropical high mountain observatory located on
are used (Bousquet et al., 2011). The in-situ surface measurg¢he Canary Island of Tenerife, 300 km from the African west
ments show very high precision and absolute accuracy (apeoast at 2818 N, 16°29 W at 2370 ma.s.l. It is part of the
prox. 0.1 %), but they are strongly affected by local processed/eteorological State Agency of Spain (Spanish acronym:
like small-scale turbulences or nearby sources or sinks. It iIAEMET), and it is run by the IzZ&a Atmospheric Research
very difficult for the inverse models to capture these small-Center. It is a global station of the WMO (World Mete-
scale processes. In this context, vertically averaging the conerological Organisation) network of GAW (Global Atmo-
centrations can be helpful. For instance, Olsen and Randeispheric Watch) stations and has a comprehensive measure-
son (2004) document that total column-averaged observament program of a large variety of different atmospheric con-
tions of GHGs are significantly less affected by small-scalestituents. More detailed information can be found on the of-
processes, but still conserve valuable GHG source/sink inforficial webpage of the |fga Atmospheric Research Center:
mation. However, total column-averaged data are affected byttp://www.izana.org
the stratospheric contribution, the correct modelling of which  The Izdia Observatory is usually located above a strong
is a significant error source when investigating the GHG cy-subtropical temperature inversion layer (generally well es-
cling between the atmosphere, the biosphere, and the oceatablished between 500 and 1500 m a.s.l.). While during day-
Ground-based high spectral resolution FTIR measuretime the strong diurnal insolation generates a slight upslope
ments allow a precise determination of the atmospheric abunflow of air originating from below the inversion layer (from a
dances (total column amounts and vertical profiles) of manywoodland that surrounds the station at a lower altitude), dur-
constituents, including GHGs. The ground-based FTIR totaling nighttime the I1zAa Observatory is very representative of
column data are essential for the validation of GHGs mea-the free troposphere (or at least of the lower levels of the free
sured from space by current and future satellite sensors (e.groposphere; see Fig. 1).
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For NDACC, solar absorption spectra are measured in the
mid-infrared spectral region (740-4250ch correspond-
ing to 13.5-2.4um) and for TCCON in the near- infrared
spectral region (3500—14 000 c) corresponding to 2.9—

Izafia ;'at:;':j‘f/’ A) 0.7 um). The applied high-resolution FTIR spectrometer al-

Teide peak
3718 masl

3370 masl NW subaidenrs lows fo.r a detailed ob_servgtion pf the pressure broaQening
effect, i.e. the absorption line width of an atmospheric ab-
FTT / 4./) sorber depends on the pressure (and thus altitude) where the
1L N n absorption takes place. Therefore, one can retrieve concen-
MEL = W“Vv’x'{ tration profiles of the atmospheric absorbers in addition to
] = total column abundances. The Instrumental Line Shape (ILS)
— T = also affects the observed line shape, and in particular for the
NE-trade wind profile retrievals a continuous monitoring of the ILS is im-

. . o . portant. At Izdia we determine the ILS about every 2 months
Fig. 1. (A) Location of Izdia in Tenerife Island(B) transect of by low-pressure gas cell (HBr and,®) measurements and
Tenerife Island — along the dotted line(ify) — showing the vertical the LINEFIT software (LINEFIT code, Hase et al., 1999).
stratification: MBL: marine boundary layer, IL: inversion layer, FT: The respective LINEFIT results are then applied in the atmo-
free troposphere, Sc: stratocumulus. spheric retrievals

CH4 has absorption lines in both the mid-infrared and
near-infrared spectral regions. In this study we presenf CH

2.2 In-situ measurement program . L
retrieved only from NDACC mid-infrared spectra.

Continuous surface in-situ measurements of atmospheric
CO, and CH, have been carried out at fza station since 3
1984. Furthermore, CO concentrations have been measured
since 1998 and pO and Sk since 2007. 3.1 General setup of a ground-based FTIR analysis

CH4 mole fraction is measured using a DANI 3800 gas
chromatograph. The carrier gas is synthetic air. Ambient airGround-based NDACC FTIR systems measure solar absorp-
is cooled to—70°C to partially remove water vapour content tion spectra, under clear sky conditions, applying a high-
before flowing towards the sample loop (10 ml size). Sam-resolution Fourier Transform Spectrometer (typical reso-
ple loop temperature is not regulated. A self-developed softjution of 0.005cnT!; maximum optical path difference,
ware integrator provides the area and height of the @&bk  OPDy s« of 180 cm). The measured spectra are simulated by
in the chromatogram. See Gomez-Pelaez and Ramos (20113,precise line-by-line radiative transfer model that applies the
and references therein, for more details about the measurgrarameters of a spectroscopic database (e.g. HITRAN, Roth-
ments and technique. The most recent World Calibrationman et al., 2009). The basic equation for analyzing the solar
Centre (WCC-Empa) system and performance audit fof CH absorption is the Lambert Beer's law:
at Izaha was carried in 2009 and documents the good quality
of the Izdia CH, in-situ data (Zellweger et al., 2009). This
good data quality is also confirmed by the continuous com-I () = Isun() - exp| — / ox (A, s(T,p))-x(s)ds | (1)
parison to NOAA data obtained from simultaneously col- TOA
lected weekly flask samples (Gomez-Pelaez et al., 2012).

Ground-based FTIR technique and CH; products

Obs

wherel (1) is the measured intensity at wavelengthisyn
2.3 FTIR measurement program the extraterrestrial solar intensity, (A, s) is the absorption

cross section and (s) the concentration of an absorher
Ground-based FTIR activities started atla@Dbservatory in  at locations. The integration is performed along the path of
the late 1990s in the framework of a collaboration betweenthe direct sunlight (between the Observer, Obs, and the Top
AEMET and KIT (Karlsruhe Institute of Technology, Ger- Of the Atmosphere, TOA). At higher wavenumbers (above
many). In 1999 KIT scientists installed a Bruker IFS 120M 1500 cnt1), atmospheric self-emission can be neglected as
instrument at 1zAa. In early 2005 KIT substituted this spec- compared to direct solar radiances.
trometer by a Bruker IFS 125HR. During March—April of  For the purpose of numerical handling, the atmospheric
2005, both instruments were running side-by-side. Thdza statex (s) and the simulated spectrum()) are discretized
FTIR experiment is involved in two global networks: since in form of a state vectar and a measurement vectpr The
1999 it has contributed to the Network for the Detection measurement and state vector are related by a vector val-
of Atmospheric Composition Change (NDACKp://www. ued functionF, which simulates the atmospheric radiative
ndacc.or@ and since 2007 to the Total Carbon Column Ob- transfer and the characteristics of the measurement system
serving Network (TCCON http://www.tccon.caltech.edu  (spectral resolution, instrumental line shape, eica F (x).

www.atmos-meas-tech.net/5/1425/2012/ Atmos. Meas. Tech., 5, 14284, 2012


http://www.ndacc.org
http://www.ndacc.org
http://www.tccon.caltech.edu

1428 E. Seplveda et al.: Long-term validation of tropospheric column-averaged CH mole fractions

As a-priori profiles of the interfering species, we apply
the climatological entries from WACCM (The Whole At-

1.40 4 - 1.40

120 Y |20 mosphere Community Climate Model) provided by NCAR
W W—T (National Centre for Atmospheric Research, J. Hannigan,
1 [ personal communication, 2009). For the minor interfering

species (@, N2O, HCI and OCS), we simply simulate the
spectral signatures according to the WACCM concentra-
0.0 060 tions. For the major absorbers (g@nd NQ), we scale the
WACCM profiles during the Cll retrieval process and the
H,O interferences are accounted for by a two step strategy:
0204 Lozo first, we perform a dedicated.@ retrieval (Schneider et al.,
2010a) and then we scale the retrieved daily meg® pro-

file in the subsequent CHretrieval process. Thereby, we
minimise the interferences due to® and HDO. Such in-
terferences have been investigated in recent studies applying
Fig. 2. The four applied spectral microwindows: measured spec-different sets of microwindows at both high and low altitude
trum (black), simulated spectrum (red), and residuals multiplied bysites (Sussmann et al., 2011; Hase, 2011Yidza a rather

a factor of 10 (green). dry high-altitude site, so the4® interference problem is less
severe than for low latitude sites at sea-level. We expect that
our results are transferable to at least other high altitude or
The derivatives y/dx determine the changes in the modelled poII:aertsr:t;smo;r'ceh,ewl\(laljf,iAt\(;?e. continuum background slope and

Zﬁggﬁg:uﬁzggr dc:rar;%e Z'n;:'eecvsgggf!it;%lglc(:)%-(grfhniaf“e residual ILS asymmetry. We use the NCEP analysis (Na-
) ' gerivatives . ' 1coDI tional Centers for Environmental Prediction) at 12:00 UT as
trix K:9y =K dx. Direct inversion of this last equation would

. : . . the temperature and pressure input profiles.
allow an iterative galculatlon O.f the sought va_nabsbesHow- We examine two different CHfitting procedures. A first
ever, the problem is generally ill-determined, i.e. the columns

of K are not linearly independent and there are many so consists in scaling the ACCM a-priori profile (in the

lutions that are in acceptable agreement with the measure:fO”OWing referred to as scaling retrieval, SR), and a sec-
-€p 9 , ond retrieves CHl profiles (profile retrieval, PR), whereby
ment. Thus, the solution has to be properly constrained. An

. . o : Tikhonov-Phillips meth n a logarithmi lei li
extensive treatment of this topic is given in the textbook ofa ono ps method on a logarithmic scale is applied

C. D. Rodgers (Rodgers, 2000). We apply the retrieval code(Hase’ 2000; Hase et al,, 2004; Schneider et al., 2006).

PROFFIT and the included radiative transfer code PROF-

radiances
mW / (cm” sterad cm”')

residual x 10
0.00 - | r-0.00

T T T T T
2614 2615 2650.6 2651.0 2835.5 2835.7 2903.6 2904.0

wavenumber [cm ]

FWD to accomplish our analysis (Hase et al., 2004). 3.3 The FTIR CHy products
3.2 The CH, retrieval strategy 3.3.1 Total column-averaged CH dry air mole fraction
(totXCH 4)

Currently, the establishment of an improved NDACC £H
retrieval guideline is under discussion. The objective is anThe totXCH, is calculated dividing the CiHtotal column
NDACC CH;, product that approaches the high precision re-by the dry pressure column (DPC) abovefiaaThe DPC
quirements of TCCON (a few per mil). At some stations is calculated converting the ground pressure to column air
NDACC measurements have been performed since the eari§oncentration:
1990s, and high quality NDACC CHdata could well com-
plement the TCCON time series, which are limited to the last Ps MH,0
few years. DPC= : - ~ x H2Oc0| (2)
. . e s Mdryair* & (¥)  Mdryair

Our CH, retrieval strategy is a modification of the current
official NDACC retrieval guideline and includes a set of 4
microwindows containing strong, unsaturated, and isolatedeing Ps the surface pressure at fmground levelm ryair
CHj, lines (see Fig. 2 and Table 1). Besides Oie have  the molecular mass of the dry air28.96 g motl), MH,0
considered spectroscopic signatures of 7 interfering specieshe molecular mass of the water vapour18gmol?),
For the target species (GlHand the interfering species (GO  H20cq the water vapour total column amount (retrieved with
03, N2O, NG, and HCI), we have applied spectroscopic pa- a dedicated blO retrieval, Schneider, et al., 2010b), ar(¢h)
rameters from HITRAN 2008 (Rothman et al., 2009), while the latitude-dependent surface acceleration due to gravity.
for H,O and OCS we have applied the recent HITRAN 2009 The ground pressure was acquired with a Setra System (pre-
update. cision of+0.3 hPa).
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Table 1.Spectral microwindows (MW) chosen for the gkétrieval Table 2. Assumed random and systematic uncertainties. It is as-

shown in this study. sumed that 80 % of the values listed in the table below correspond
to random uncertainties and 20 % to systematic uncertainties (ex-
Spectral microwindows (cmt) cept for spectroscopy that is assumed to be 100 % systematic).
MW1 2613.7000-2615.4000 Source Uncertainty
MW2  2650.6000-2651.3000
MW3 2835.5000—2835.8000 Baseline/continuum 0.1%
' | ' (offset and channelling)
MW4 ~ 2903.6000-2904.0250 Instrumental lines shape 1% and 0.01 rad
(modulation efficiency and phase error)
Line of sight 0.001 rad
3.3.2 A posteriori-corrected total column-averaged Solar lines (intensity 1% and 1:010°6
CHy dry air mole fraction (troXCH  4,.,) and spectral scale)
Temperature 1.0K (trop)/2.0K (strat)
Similar to Washenfelder et al. (2003), we calculate the  SPectroscopy (intensity strength 2% and 5%

and pressure broadening-air)

troXCHa,,, from the CH, total column after correcting the
variation in both surface pressure and stratospheric contribu-
tion:

CHy, — b - HFgl 3.3.3 Directly retrieved tropospheric column-averaged

troXCHgpoq = BPC (©) CHg dry air mole fraction (troXCH 4., )

where CH_,, is the CH, total column from the scaling re-
trieval, HR,q| is the HF total column, and is the strato-
spheric slope equilibrium relationship between the;GiAd

HF columns. In Appendix A we describe and discuss differ-
ent approaches for calculating the b-value in the context o
the method presented by Washenfelder et al. (2003).

In EqQ. (3) we apply a de-trended HF total column time se-
ries retrieved from the FTIR measurements afizalrhe HF
trend and annual cycle were calculated by fitting the follow-
ing function to the HF daily mean time series:

The retrieval code PROFFIT is able to perform profile in-
version and we can directly retrieve tropospheric,Qidn-
centration profiles from the measured spectra. We use the
fretrieved concentration profiles to obtain a tropospheric
column-averaged Cjmole fraction directly from the mea-
sured spectra (troXCkl,). Therefore, we average the re-
trieved CH, volume mixing ratios between lda ground
level and an altitude of 6.5 km. The values retrieved at these
altitudes are very sensitive to free tropospheric,@Hd are

not affected by stratospheric GKsee also next Sect. 3.4.2).

2

f() =a1+azt + 2‘; [dj costk;t) +e;sin(k;1)] (4) 34 Characteristics of the FTIR CH, data
=

wherer is the time in daysy; is a constant valuep isthe pa-  3.4.1 Error estimation
rameter of the linear trend, ama ande; are the parameters
of the annual cyclek(; =27 j/ T with T =365.25 days). The error calculations presented here apply the error estima-

Subtractingayr from the HF time series yields the de- tion capability incorporated in the PROFFIT retrieval algo-
trended HF time series. Alternatively, we can divide the HF rithm. This computationally efficient implementation allows
time series by the termu{ + axt), which yields a normalised performing a reasonably complete estimate of the total error
and de-trended HF time series. The normalisation has théudget for each individual measurement. It is based on the
advantage that we can apply a normalised b-value, whiclkanalytic error estimation approach of Rodgers (2000). We as-
does not change with a trend in HF (see discussion in Ap-sume the uncertainty sources as listed in Table 2. To avoid a
pendix A). Both the de-trended and normalised HF time se-too optimistic systematic error budget, both a statistical as
ries keep the variability caused by changes of the tropopauseell as a systematical contribution are allowed for each error
altitude (as long as there is no linear trend in the tropopaussource. We assume that 80 % of the uncertainties are random
altitude), but are not affected by the anthropogenic HF in-and 20 % systematic, respectively. Exceptions are the spec-
crease. HF is believed to originate in the middle atmospherdroscopic line parameter uncertainty (line strength and pres-
solely from the photodissociation of man-made chlorofluo- sure broadening), which is assumed to be purely systematic,
rocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs)and the error due to spectral measurement noise, which is
The de-trending is performed in order to reduce the influ-assumed to be purely statistical.
ence of the chemical variability of HF in the calculations. The estimated random and systematic errors for the scal-
But it must be said that the whole HF chemical variability ing retrieval are listed in Table 3. While the uncertainty in the
cannot be removed by de-trending. Finally, the variable fluo-spectroscopic parameter determines the systematic error, the
rine partitioning between HF and C@troduces additional baseline/continuum uncertainty is dominating the random er-
uncertainty into the HF post-correction approach. ror sources listed in Table 2.

www.atmos-meas-tech.net/5/1425/2012/ Atmos. Meas. Tech., 5, 14284, 2012
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Table 3. Errors for each parameter for the scaling retrieval foyCH Baseline/coninuam
——ILS
total column. 0~ 40~ w0q, 40~ tos
\ T .
Statistic error (%)  Systematic error (%) 3 35 ;> 35 g;;fﬁim‘ ose
Baseline/continuum 0.23 61073 30 %07 /30 304 - oot err
Instrumental lines shape 0.03 x7L0~3 251 25 ,/ 251 251
Line of sight 0.06 B 1073 £ |
Solar lines 0.02 41073 g0 3y 2 7
Temperature 0.11 0.03 T 5] 5]) 15 15
Measurement noise 0.08 |
Smoothing error 0.43 104 1041 107 107
Spectroscopy 3.59 5] s 5] 5]
Total error 0.51 3.59 \
0

T T T T 0 T T T 1 0 T T T 1 0 T T T 1
0 5 10 15 0 50 100 150 O 50 100 150 800 1200 1600 2000
a) Statistical error (ppb) b) Smoothing error (ppb) c) Systematic error (ppb) d) WACCM CH, profile (ppb)

Fig. 3. Estimated errors for the profiling retrieval (PRg) statistical

In addition ctjobtheie para_lrrkl)e_zl?er _errohrs, we h?lle tohconSIde{random) errors of parameters listed in Tablé® smoothing error,
errors caused by the variability in the Glprofile shape. (c) systematic errors, ar(d) climatologic CH; profile simulated by

Generally, the shape of the actual atmospheriq @G# dif- the WACCM model that is used as the a-priori profile. The different
fer from the shape of the scaled WACCM gHrofile. This  colours are for the different uncertainty sources as explained in the
gives rise to so-called smoothing error, which can be calcu{egend. The yellow line represents the total errors, and the grey line
lated as — A) S,(I — A)T. Here,| is a unity matrixA isthe  is the WACCM profile.
averaging kernel, an8, the assumed a priori covariance of
atmospheric Chl Here, we use &, matrix that is obtained
from the WACCM simulations. We find that the smoothing  Theoretically, the scaling retrieval produces total column-
error is by far the leading random error and thus determineswveraged Chl (totXCH4) and a posteriori-corrected tropo-
the precision of totXCl produced by the scaling retrieval. spheric column-averaged GKtroXCHag,,,) With a precision
When considering the smoothing error, we estimate an overef 0.51 % and 0.61 %, respectively (square root of the square
all precision of about 0.51 %. sum of the smoothing error, measurement noise and the sta-
The estimated random and systematic errors for the profilgistical error). By applying a profiling retrieval, we can signif-
retrieval are shown in Fig. 3a—c respectively. Figure 3d showscantly reduce the smoothing error, which theoretically im-
the WACCM a priori CH, profile in order to have areference. proves the precision of totXCHo 0.41 %. The directly re-
We observe that in the troposphere the random errors argérieved tropospheric column-averaged OittoXCHa,,,) has
dominated by instrumental specific uncertainty sources: thean estimated precision of 0.91 %. Please note that the pre-
baseline offset uncertainty and the measurement noise. Theision estimate for the a posteriori- calculated tropospheric
total estimated random error due to parameter uncertaintieXCH, (troXCHg,.) is very likely too optimistic since we
is depicted as yellow line in Fig. 3a. Itis about 17 ppb (0.9 % assume an uncertainty of the b-value applied in Eq. (3) of
with respect to the WACCM profile) in the lower troposphere only 10 %, whereas the model-deduced HFQidrrelation
and about 10 ppb (0.7 %) in the UT/LS region. In the strato-might be afflicted with a larger uncertainty.
sphere the smoothing error becomes the leading random error
component. 3.4.2 Characteristics of the retrieved CH profiles
Concerning systematic errors, spectroscopic parameters
are the dominating uncertainty sources. The estimated totalVhen retrieving vertical profiles, it is important to document
systematic error is depicted as yellow line in Fig. 3c. It is the vertical resolution that can be achieved with the remote
about 65 ppb (3.6 %) and 100 ppb (7.1 %) for the lower tro-sensing system. The vertical information contained in the
posphere and the UT/LS region, respectively. FTIR profile is characterized by the averaging kernel ma-
Table 4 collects the total systematic and random er-trix (A). This matrix depends on the retrieved parameters,
rors for our total XCH product (totXCH) and the a the quality of the measurement (the signal to noise ratio), the
posteriori-calculated tropospheric XGHtroXCHg,) as  spectral resolution, the solar zenith angle, etc. The averag-
obtained from the scaling retrieval (SR). Furthermore, iting kernel matrix describes the smoothing of the real vertical
shows the errors for the directly retrieved tropospheric XCH distribution of the absorber by the FTIR measurements pro-
(troXCHa,,,,) and totXCH, obtained from the profile retrieval cess. Figure 4 shows the rows of a typical averaging kernel
(PR). For these calculations, we assume the following uncermatrix of our CH, retrieval. The row kernels indicate the al-
tainties: 0.3 hPa for the surface pressure, 2.7 % for the HRitude regions that mainly contribute to the retrieved state.
column (Schneider et al., 2005), 1% for the® column  The first atmospheric levels (from liza ground level up to
(Schneider et al., 2010a), and 10 % for the b-value. 6.5km) are highlighted by red colour showing that, for the
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Table 4. Total errors estimated for typical measurement conditions (16 June 2010).

Typical value  Smoothing error Statistic error Systematic error
ppb % ppb % ppb % ppb
SR totXCH, 1743 0.43 7.50 0.27 4,71 3.50 61.01
SR*  troXCHy,q, 1810 043  7.78 043 787 338  61.26
PR totXCH, 1743 0.06 1.05 0.41 7.15 2.23 38.87
PR thXC"h,e" 1812 0.20 3.62 0.89 15.95 3.26 59.07

SR: scale retrieval; PR: profile retrieval, SRapplying HF correction using the GHotal column from SR.

Table 5. Statistics of the daily mean comparisons between the side-

by-side measuring instruments 120M and 125HR. 407 \ ;S:(a“it“des
4 \ m
] ground level - 6.5 km
N R MRD (%) STD (%) SFtSEM 35
SR totXCH, 17 091 -0.17 0.28  0.99830.0014
SR* troXCHg,, 17 073 -0.14 0.27  0.9986:0.0014 30
PR totXCH 17 073 -0.10 0.30  0.999@:0.0015 ]
PR  troXCH,, 17 0.83 0.06 051  1.00060.0025 - ]

N: number of data pointsg: correlation coefficient; MRD: mean relative difference
(120M— 125HR)/125HR; STD: standard deviation; SF: scaling factor

altitude (km)

(120M/125HR); SEM: standard error of the mean of the scaling factor = 20 —:
2 x STD/sqrt(V); SR: scale retrieval; PR: profile retrieval; SRapplying HF g
correction using the Cltotal column from SR. 15 ]

CHz mole fractions retrieved at these altitudes, there is no 10 4
significant contribution from the stratosphere. The respective ]

mixing ratios are very representative of the free troposphere, 57

and we calculate our troXC4], as the average of the mole ]

fractions at these altitudes. With the green colour, we high- 0+——— T T T T T T T T T
light the row kernel for an altitude of 21 km. We observe that -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12
the mole fractions values retrieved at 21 km well reflect the rows In[CH4] avks

upper troposphere/lower stratosphere (UT/LS) region. Fig. 4. Typical row averaging kernels for profiling retrieval (PR):
The trace of the averaging kernel matrix can be interpretede jines show the kernels betweenfiagground level and 6.5 km,

as the degree of freedom (DOF) of the measurement. Thehile the green line shows the kernel corresponding to an altitude
higher the value, the more information is obtained from theof 21 km.

measurement. A typical DOF value obtained for our,Gét
trieval is 2.5.

the profile retrieval. Concerning the profile retrieval (marked
as PR), we find scatter values of 0.3% for totX{£hind
0.5% for troXCH ., thereby empirically documenting the

retr?

4.1 Intercomparison between the Bruker spectrometers good precision of these data. Concerning the scaling retrieval
IFS 120M and IFS 125HR (marked as SR), the scatter values are even smaller; however,

it is important to note that in this case the smoothing error
The Bruker spectrometers IFS 120M and IFS 125HR werecancels out, since it is very similar for both instruments.
operated side-by-side during March—April of 2005. On
17 days both instruments measured in coincidence and wé.2 FTIR versus surface in-situ GAW data
can use these periods for empirically documenting the errors
caused by instrument specific random uncertainties. In cas@s already mentioned in Sect. 2.1, the in-situ nighttime data
of the profile retrieval, such instrument-specific random un-are very representative of free troposphere background con-
certainties (baseline offset and measurement noise) dominatitions. Therefore, we compare the average of two consecu-
the total random error and we can use the side-by-side instrutive in-situ nighttime means with the mean of the FTIR data
ment intercomparison as an empirical validation of the over-obtained during the enclosed day. We limit this study to the
all precision. Table 5 shows statistics of the intercomparison2001-2010 period, since in 1999-2000 we find an inconsis-
of the different CH products obtained from the scaling and tency in the surface pressure data. Due to this inconsistency,

4 Empirical validation
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. L . Fig. 6. Same as Fig. 5, but for the a posteriori-corrected tropospheric
Fig. 5. CHag,,, In-situ (black circles) and totXCHFTIR data XCHy calculated from the total CiHcolumn obtained from the scal-

obtained from scaling (squares) and profiling (triangles) retrieval,. . : . .
respectively. Bottom panel: 2001-2010 time series for all avail- I;?};; tggn‘:r::)d applying the HF correction (tmx@P'ELt’ violet

able data; top panel: time series of the difference expressed as
(FTIR — GAW)/GAW for the scaling (squares) and profiling (trian-
gles) retrieval, respectively. The solid lines represent the mean relatape 6. Statistics of the daily mean comparisons between the FTIR
tive difference for the scaling and profiling retrieval, respectively. products (totXCH, troXCH, » and troXCH_,) and the GAW
, ost?
data for the period 2001-2010.

retr

we are not able to calculate consistent DPC values for the FTIRproduct N R MRD (%) STD(%) SF:SEM

1999-2000 period (for more details see Appe_nd|x B). SR totXCH, 709 009 —469 142 0.953% 0.0011
The lower panel of Fig. 5 shows the daily means for sr* toXCH,,, 709 022 -201 124  0.979%0.0009

totXCH, (dark green open triangles for the profiling re- PR totXCH, 709 039 -3.90 106 0.9618-0.0008

PR tOXCH,, 709 060 —0.13 097  0.998%0.0007

trieval, PR, and green solid squares for the scaling retrieval,
SR) and GAW CH in-situ values (black points). The up- N: number of data points: correlation ct_)ef_ficient; MRD_: mean relative difference
. . . FTIR — GAW)/GAW, STD: standard deviation; SF: scaling factor (FTIR/IGAW); SEM:

per panel deFJICtS the relative difference between FTIR an tandard error of the mean of the scaling factor=TD/sqrt(V); SR: scale retrieval;
GAW data ((FT|R_ GAW)/GAW, grey open triangles for PR:profile retrieval; SR applying HF correction using the GHotal column from SR.
PR and dark grey solid squares for SR). For the scaling re-
trieval, we find a mean and standard deviation of the dif-
ference of—4.69 %4 1.42%. The FTIR/GAW scaling fac- the HF and CH climatology of ACE-FTS §=—-743; see
tor is 0.9531. We find no significant correlation between Appendix A). In the upper panel, the relative FTIR-GAW
the FTIR and GAW data (Correlation coefficieRt=0.09).  difference is shown. We obtain a mean difference and scatter
In order to reduce the scatter caused by comparing differof —2.01 %4 1.24 % (FTIR/GAW scaling factor of 0.9799).
ent air masses (we compare nighttime with daytime data);The correlation plot provides a rather low correlation coef-
we perform an additional comparison of monthly mean dataficient of 0.22 (see Table 6). For the monthly mean compar-
(graphic not shown). There, the difference between the FTIRson, there is no significant change: correlation coefficient
and GAW data is—5.05 %+ 1.28 %, and the scaling factor (0.15) and the relative FTIR-GAW scatter decrease to 1.19 %
0.9495. Using monthly averages instead of daily mean datgsee Table 7). In addition, we calculate the troX{ K data
does not significantly reduce scatter and the bias betweeby applying a set of different b-values obtained by different
the two data sets. For the profiling retrieval, we find a bet-approaches. We find that the different troXgl] calcula-
ter agreement: mean and scatter-8.90 %=+ 1.06% and tions do not significantly affect the level of agreement with
—4.17 %+ 0.92 % for daily and monthly mean differences, the GAW data (for a detailed discussion please refer to Ap-
respectively. The FTIR/GAW scaling factor is 0.9610 (daily pendix A).
mean). The results of this daily and monthly mean intercom- The NDACC mid-infrared spectra contain sufficient in-
parison between the GAW data and the FTIR products ardormation to retrieve a Cllconcentration profile with the
collected in Tables 6 and 7. characteristics that are described by the averaging kernels of

The lower panel of Fig. 6 shows daily means GAW Fig. 4. Theoretically, we should be able to distinguish tropo-
data (black circles) and the troXGHj, data (violet open  spheric from stratospheric GHFigure 7 shows a time series
squares) obtained by applying the b-value determined fronof the CH; profiles retrieved from the FTIR measurements
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Table 7. Same as Table 6 but for monthly means. 1600 ~

FTIRproduct N R MRD (%) STD (%) SFtSEM 1550

SR tOtXCH 98 009 -5.05 1.28  0.949%0.0026

SR* trOXCHy,, 98 015 -—222 119  0.97780.0024

PR  totXCH 98 040 -4.17 0.92  0.95830.0019 1500 1
PR  troXCH,, 98 069 —0.32 0.69  0.9968 0.0014

1450

1400

FTIR CH, VMR (@ 21 km) (ppb)

1350

1300

(%]
[

0.6

)
(N7

HF column (molec /m?) x 10"

Altitude (km)
CH4 VMR (ppb)

Fig. 8. Correlation plot of the retrieved total HF column versus/CH
VMR in the UT/LS region (at 21 km). The red line shows the linear
regression line.

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Date anti-correlation between the HF columns and the UT/LS

FTIR CHs concentrations document the good quality of
Fig. 7. Retrieved CH profile time series for the period 2001-2010. the retrieved Chy profiles. The NDACC FTIR systems al-
low measuring tropospheric GHndependently from strato-
spheric CH. Furthermore, the FTIR/GAW scaling factor for
between 2001 and 2010. GHoncentrations are high in troXCHg,, is very close to unity (it is 0.9987, see Table 6)
the troposphere and significantly decrease in the stratosphefgdicating that the applied CHHITRAN 2008 line strength
where CH is effectively destroyed by reaction with OH, CI, parameters are in good absolute agreement to the GAW CH
and O{D). In the CH, profile time series, we can clearly measurements. The troXGl, and the GAW datasets are
observe the upward shift of the UT/LS region during the consistent and could be used in a synergetic manner in flux
summer months: in winter above 18km, the £tbncen-  inversion models.
trations are typically smaller than 1600 ppb, whereas in sum- Figure 10 shows the troXCHl,/<SF> versus CH,,
mer 1600 ppb are still achieved at an altitude of 20 km. Vice(being <SF> the mean scaling factor between troXgk
versa to CH, the HF concentrations are very small in the and CH,,, ). We observe that the slope of the linear regres-
troposphere and start to increase significantly as function ogion line is smaller than unity: the fitted linear function goes
altitude in the stratosphere (HF is produced in the stratofrom 20 ppb above the diagonal to 20 ppb below the diago-
sphere by photolysis of CFCs). Similar to gk the UT/LS  nal. This is in agreement with the column sensitivity of the
region, the total column of HF is a good indicator for the FTIR retrieval being smaller than 1.0 in the lower part of the
stratospheric contribution. Indeed, we observe a strong antitroposphere~0.8; graphic not shown), i.e. the FTIR system
correlation between the HF amounts and the;Ghixing  does not capture the whole GMariation. However, Fig. 10
ratio at 21 km (altitude that is very representative for the might also suggest that the troXGH and the GAW datasets
UT/LS region; see Sect. 3.4.2). This strong anti-correlationare not fully equivalent, because the former applies for the
(R=-0.81, see Fig. 8) confirms the good quality of the,CH tropospheric column, whereas the latter applies only for the
concentration retrieved for the UT/LS region. lower part of the free troposphere. The ©¥riability might
The lower panel of Fig. 9 depicts the troXGH time be larger in the lower part of the free troposphere than in the
series (red stars) and in black circles the daily meangipper part of the free troposphere.
GAW data. The upper panel depicts the respective rela-
tive FTIR-GAW difference. We get a mean and scatter of4.3 Interannual trend
—0.13 %=+ 0.97 % and a correlation coefficient of 0.60. For
the monthly mean comparison, the correlation further im-We analyzed the Cliinterannual trend for the FTIR and sur-
proves (coefficient of 0.69) and the relative FTIR-GAW scat- face in-situ values. For estimating the interannual trend, we
ter decreases to 0.69% (see Tables 6 and 7). The goodalculate yearly mean data. However, since sampling is not
correlation between the GAW data and the troposphericuniform and there might be years with more measurements
FTIR CHy concentrations, on the one hand, and the stronghan usual during a certain season, we have to subtract the
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Fig. 10.CHgg,,, in-situ versus troXCl /< SF> correlation plot.
Fig. 9. Same as Fig. 5, but for the directly retrieved tropospheric <SF> is the mean scaling factor between both quantities. The red
XCHy (troXCHg,,,, red stars) from the profile retrieval. line shows the linear regression line, while the grey one shows the
diagonal as a reference.

annual cycle (de-seasonalise the time series). We estimate ) )
the annual cycle by fitting the following function to the time | N€ results are collected in Table 8. The different FTIR prod-
Series: ucts agree similarly well with the GAW data.

In Table 9 we collect the change in mean £MMR
4 between the 2001-2003 and the 2008—-2010 period. The
f@ :a1+a2t+2[b,~ coqw;t) + ¢; Sin(w; )] GAW concentrations (Ck,,,) changed by about 20 ppb.
i=1 This change is slightly overestimated by all the FTIR data
2 products. However, this overestimation is not significant. It
+Z [djcodkjt) +e;sin(k;1)] (5 s within the I uncertainty range. We find that the directly
j=1 retrieved tropospheric column-averaged3tows the best

) o agreement with the GAW dataset.
wheret is the time in daysg1, a2, b; andc; are the parame-

ters of the interannual trend adg ande; are the parameters 4.4 De-trended CH; annual cycle
of the annual cycle, all of them to be determineg=27i/N
with N equal to the number of days in the considered periodWe compare the annual GHycles of the GAW data and of
andk; =2rj/T with T =365.25days. The de-seasonalised the different FTIR CH products. Therefore, we de-trend the
time series can then be used to calculate the yearly mean timéH, time series. This de-trending is performed by removing
series. The yearly mean time series of4t}, and of the dif-  the interannual trends as depicted in Fig. 11. Figure 12 shows
ferent FTIR products are shown in Fig. 11: in Fig. 11a for the de-trended monthly means calculated for the 2001-2010
totXCHjy from the scaling retrieval (SR) and the profiling re- period: black circles for the GAW data, green solid squares
trieval (PR) and in Fig. 11b for the troXCHproducts. Beside  and dark green open triangles for totXgbbtained from the
troXCHg,,, @and troXCH,., we show here troXChl,,, scaling and profiling retrieval, respectively (see Fig. 12a), vi-
which is the same as troXGHJ, but applying the spectral olet open squares for troXGh, red stars for troXCll,,,
microwindows, retrieval settings and line lists recommendedand dark yellow open stars for troXGff, .- All the annual
by Sussmann et al. (2011). For all datasets we observe thaiycles have been centered to zero.
before 2005 the Chiconcentrations remained stable and af- We observe that totXClHdoes not reproduce the tropo-
ter 2005 there has been a continuoug,@térease. Although  spheric surface in-situ CHvariability. It is obvious that
a detailed discussion of this trend is beyond the scope of thisotXCHjy is not a good proxy for the tropospheric seasonal
paper, we would like to mention that our results are in excel-CH4 variability. Instead, the totXCldannual variability is
lent agreement with those of Dlugokencky et al. (2009) anddominated by the annual variability of the tropopause height,
Rigby et al. (2008). which is lowest by the end of winter and continuously in-
In order to assess how the yearly mean time series of thereases during summer. The totXglkycle obtained from
different FTIR products agree with the corresponding GAW the scaling retrieval differs significantly from the totX@H
time series, we calculate the random mean square betwearycle obtained from the profile retrieval. This implies that
the yearly mean GAW data and the yearly mean FTIR datathe smoothing error — which is very important for a scaling
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Table 8.Root mean square (RMS) between the annual means (2001-2010 period) of GAW and the FTIR data (see Fig. 10).

CHggppy -
a totXCHy  totXCHy  troXCHy,  troXCHg,,  troXCHg ., o,
(SR) (PR) (SR) (PR) (PR)
RMS [ppb] 5.15 4.52 4.54 4.81 7.51

SR: scale retrieval; PR: profile retrieval, SRapplying HF correction using the GHotal column from SR.

Table 9. Difference between the mean gNMR in 2001-2003 and in 2008—-2010 with its associateduhcertainty.

totXCHs totXCH4 troXCH troXCHg, troXCHg
Dataset C 4post retr retr.gbm
o (SR) (PR) (SR¥) (PR) (PR)
Difference [ppb] 1265 26.46 25.61 26.97 22.79 26.79

POl 1500 4919 4474 4771 45.12 +4.91

SR: scale retrieval; PR: profile retrieval; SRapplying HF correction using the GHotal column from SR.

retrieval with fixed first guess profile shape — depends on thenetwork TCCON has been established during the last few
season. years. Within TCCON, spectra are measured in the near-
As with the totXCH, cycle, the troXCH,,, cycle does not  infrared spectral region at a spectral resolution of 0.02tm
capture the minimum during summer and the maximum inlt is important to remark that our results about the HF cor-
the early winter. Instead, it follows more or less the annualrection method found for the mid-infrared spectra cannot be
cycle of the tropopause altitude. We observe that the a postdransferred in a straightforward manner to the near-infrared

riori correction method as applied here does not adequateffCCON retrievals. There are some important differences:

account for the stratospheric contribution.

By comparison, the troXClkl, cycle is more consistent
with the GAW in-situ cycle. The amplitudes and phases of
both cycles are very similar, thereby confirming that the di-
rectly retrieved tropospheric column-averaged XGidlues
are a very good proxy for the free troposphericidncen-
trations.

We find that the troXCHl,,, .., Cycle does not reconstruct
the GAW in-situ cycle as well as does troXgk]. The
troXCHagy, o retrieval was optimised for retrievals of to-
tal column-averaged XCHfrom a range of sites and water
vapour amounts, not tropospheric column-averaged XCH
The difference is presumed to be due to different treatment
of water vapour and the use of different line lists for ZH

5 Remark on non-transferability to the near-infrared
spectra

In our work we investigate Cliretrievals by applying the
NDACC high- resolution mid-infrared solar absorption spec-
tra (typical spectral resolution is 0.005cf. We find that
the HF correction method based on a simple scaling re-
trieval of a climatologic CH profile does not work suffi-
ciently well when applying the high-resolution mid-infrared
NDACC spectra. In Appendix A we document that the prob-
lem is not the b-value but the limited precision of the LH
total column amount that is achieved by a simple scaling
retrieval. In addition to NDACC, the ground-based FTIR

www.atmos-meas-tech.net/5/1425/2012/

1. In the high-resolution mid-infrared NDACC spectra, we

can well observe the pressure broadening effect, i.e.
these spectra contain a lot of information about the ver-
tical distribution of the CH molecules. As a conse-
quence for NDACC, a CHiprofile retrieval is more fea-
sible. A simple scaling retrieval will produce less pre-
cise CH, total column amounts. The situation is dif-
ferent for the near-infrared TCCON spectra. There, the
CHy signatures are less sensitive to the vertical dis-
tribution of CH,. First, in the near-infrared spectra,
the Doppler core is more important than in the mid-
infrared spectra (pressure broadening is more difficult
to observe), and second, the spectral resolution of TC-
CON spectra is significantly lower than the one of the
NDACC spectra. Consequently, in the near-infrared TC-
CON, a profile retrieval may have only small or negligi-
ble benefit and a scaling retrieval may produce equally
precise and accurate column amounts.

2. The TCCON near-infrared observations have the great

advantage that the observed air mass can be moni-
tored by analyzing @ absorption signatures. Since at-
mospheric @ amounts are very stable, one can use the
CH4/O, ratio as a measure of the column-averaged CH
amount. Thereby, the measurement is a relative mea-
surement and TCCON CHcolumns are theoretically
very precise.

Atmos. Meas. Tech., 5, 14284, 2012
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Fig. 11. Annual mean for the Cl},,, in-situ (black dots) and the different FTIR products considering coincident data and centered at
zero.(a) total XCHjy products: green squares for totXgftom SR, and green dark open triangles for totXCkbm PR;(b) tropospheric
XCHy products: violet open squares for troX@J;Lt, red stars for troXCll,,,, and open dark yellow stars for troXQ);Lgbm. The error bars

correspond to the standard error of the mear ZTD/sqrt(v)].
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Fig. 12.The multi-annual mean annual cycles derived for data of the 2001-2010 period for the differgnf Gblack dots) and the different
FTIR products{a) total XCH, products; green squares for SR and green dark open triangles f@n)RRypospheric XCH products: violet
open squares for troXCH, ., red stars for troXCl,,, and open dark yellow stars for troXQ,;;J[Lgbm. The error bars correspond to the
standard error of the mean [2 x STD/s@{.

error in the leads error component of the scaling retrieval. We
estimate a theoretical precision of the total X£bf 0.51 %.
The smoothing error of total XCHcan be significantly re-
In the framework of the NDACC, ground-based FTIR ex- duced if performing a profile retrieval leading to an improved
penmeryts have recorded high-resolution mid-infrared solaiprecision of 0.41 %. This good precision is empirically con-
absorption spectra for more than a decade at about 15 glolirmed by a side-by-side intercomparison study applying two
a”y distributed sites. We examine two different Q:fétrieval FTIR instruments in 2005. We document that on|y the pro-
principles: first, a simple scaling of a fixed climatologic pro- file retrieval produces total XCHwith high precision and
file and, second, a Ctprofile retrieval. should be used for producing data for scientific applications.
A scaling retrieval is indicated if there is no significant e find, for instance, the annual XGldycle obtained by the
variation in the profile shape or if the variations in the pro- scaling retrieval significantly differs from the cycle obtained
file shape are not reflected in the measured solar absorptiopy the profile retrieval.
spectra ge.g. due to limited spectral resolution or measure- While precise total XClf FTIR data are an important
ment noise). However, our study shows that the high qualveference for the validation of space-base XCekperi-
ity NDACC spectra contain significant information about the ments (e.g. SCIAMACHY, GOSAT, OCO-2), the total XGH
typical vertical variability of CH converting the smoothing

6 Outlook and conclusions
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amounts are significantly affected by the variability of the 1800 -
stratospheric Chicontribution. We document that the annual Nk * models
cycle of total XCH, rather follows the annual cycle of the ] e ACE-FTS
tropopause altitude and not the annual cycle of tropospheric 1600+
CH4 mole fraction. Our study shows that total X@lk$ no 1
valid proxy for tropospheric CiH

We investigate two methods for obtaining a tropospheric
CH4 proxy from the FTIR measurements. First, the of- ] °
ten applied a posteriori correction method, which applies 7+ j,00] -7-741:10" / (molec./m’)
a CH; scaling retrieval and a posteriori corrects the strato- ©

1400 4 models
| b:-679
b for normalised HF:

VMR (ppb)

spheric CH contribution using HF total column amounts as ] %

stratospheric Cliproxy. This data set is called troXGk, 1000 4 b for normalised HF: \.\
throughout the paper. Second, we directly retrieve tropo- -7-036-19”/(molef:-/m2) '

spheric column-averaged XGHamounts from the spec- 00 05 10
tra applying the profile retrieval. This data set is called HF VMR (ppb)

troXCHg,,,, throughout the paper.
Concerning troXCH, . we estimate a precision of 0.61 %. Fig. A1. HF volume mixing ratio versus Cfivolume mixing ratio

However, this estimation cannot be empirically confirmed by between the levels 10 and 100 hPa. The solid lines represent the

our comparison to the GAW CHn-situ data (the scatter be- regressionline for models (black line) and ACE-FTS (red line). The

tween CH,,, and troXCH is as large as 1.24%). The b-values are also shown for the normalised HF profiles.

reason might be an underestimation of the smoothing error,

a too optimistic assumption of the uncertainty of the b-value,

or a seasonal variability of the fluorine partitioning. The sci- infrared ral . hich i ded by the TC
entific usefulness of troXCkJ, data is rather doubtful. For ?Zeoalil_m rare sp?c \rz relglo?, which 15 :ﬁcor et' yb'I'te d
instance, the data do not capture the full amplitude of the experments. Ve pian 1o examine the practicability an
tropospheric Ckjannual cycle benefits of a profile retrieval for obtaining highly precise total

For troXCH,,, we estimate a theoretical precision of column-averaged XCllamounts from TCCON specira. Fur-

0.91%. This value is consistent with the results of the side_thermore, we will use the IZ@ GAW CH, in-situ data set for

by-side FTIR intercomparison study of 2005, and it is well documenting the precision of p.ossible TCCON. tropospheric
confirmed by the comparison to the GAW Gih-situ data column-averaged CiHdata and its level of consistency with

(we obtain a scatter between Gl, and troXCh,, of the GAW CH; in-situ data.

0.97 %). Furthermore, we found that the FTIR/GAW scal-

ing factor is very close to unity, suggesting that the NDACC Appendix A

FTIR network can provide tropospheric column-averaged

CHg4 that is very consistent to the GHiata of the GAW in- Using HF column amounts as proxy for the
situ network. The annual cycles of troXGk| and CHg,, tropopause altitude

are very similar (phase and amplitude). For investigating the

CHjy interchange between at_mospher_e, biosphe_re, and oceafie calculate the ClHHF slope equilibrium (b-value) by
we strongly recommend using the directly retrieved ropo-applying three different approaches: (a) as Washenfelder et
spheric XCH instead of the tropospheric XGrproduced 3| (2003) from the stratospheric Gldnd HF VMR, (b) from
by the a posteriori correction method. the CH; and HF total columns and (c) fitting Eq. (3) (from the
Although we do not perform a direct_empirical valida_tion manuscript) but substituting the troXG,, for CHag,, . For
of the total column-averaged XGhHbbtained by the profile approaches (a) and (b) we determine the b-value by applying
retrieval, itis important to recall that we observe, first, a good yjfferent datasets. We use model data (a;Glatology for
correlation of the retrieved tropospheric column-averagedhe 2004-2006 period from WACCM, and an HF climatol-
XCH, amounts with the GAW data, and second, a good cor-oqy for the mid-2000s from KASIMA) as well as experimen-
relation of the retrieved lower stratospheric £ebncentra- (5] data (a 2004-2008 climatology of Gtand HF profiles
tions with the HF data. These observations document thg,nd for the latitude 25N—35 N from the ACE-ETS satellite
high quality of the retrieved Ciprofile in the troposphere eyperiment; Jones et al., 2012). The three approaches give
as well as in the stratosphere and thus strongly suggest a higlitferent b-values. The scatter between the different b-values

quality for the total column-averaged XGH can be used as the b-values uncertainty.
Due to its long-term characteristics, the NDACC tropo-

spheric XCH, data set can make valuable contributions when a. The b-value is determined by calculating the regres-
investigating sources and sinks of gHn our paper we sion line between the stratospheric £&hd HF VMR
exclusively investigate Clretrievals applying mid-infrared profiles obtained from the ACE-FTS measurements

NDACC spectra. In the future we plan a similar study for the
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Table Al.troCHy ., calculated from Clg, of the scaling retrieval.

post

E. Seplveda et al.: Long-term validation of tropospheric column-averaged CH mole fractions

troXCHgq VS. CHyg

Applied method to MRD STD

calculated the b-value b-value R %) (%) o
Correlation of ACE VMRs (10 to 100 hPa) —743 0.216 —-2.01 1.24 0.9799
Correlation of ACE columns (shifts:30 to +30 hPa) —689 0.205 -2.21 125 0.9780
Correlation of modelled VMRs (10 to 100 hPa) —679 0.203 -2.24 126 0.9776
Correlation of modelled columns (shifts30 to +30hPa) —901 0.247 —-145 1.21 0.9855
fit: CHagpy» CHaprr HFFTIR —1368 0.344 0.21 112 1.0021

R: correlation coefficient; MRD: mean relative difference (FTIR-GAW)/GAW, STD: standard deviation; SF: scaling factor (FTIR/GAW).

Table A2. Same as Table Al but for normalised HF time series.

Applied method to

troXCH4pOSt vs. CHyg
MRD STD

b-value

calculated the b-value [(molec.ATl] R (%) (%) SF

Correlation of ACE VMRS (10 to 100 hPa) —7.036x 10?1 0.193 —2.28 1.27 0.9772
Correlation of ACE columns (shifts:30 to +30 hPa) —6.529x 10?1  0.185 —2.45 1.28 0.9755
Correlation of modelled VMRs (10 to 100 hPa) —7.741x 10?1 0205 -2.04 125 0.9796
Correlation of modelled columns (shifts30 to +30 hPa) —1.027x 102 0249 -1.19 121 0.9881
fit: CHagpyy» CHapri» HFFTIRNOM —1522x 10?2 0.341 048 1.13 1.0048

A
© 104 104
o
<
e
>
723
a ]
o E
5100 3 100 3
—— models
----models +10 hPa
-~ models -10 hPa
] A ACE-FTS N
1000 3¥—————————7—— 1000 F¥——F——7——7——
0 500 1000 1500 2000 0,0 0,5 1,0 15 2,0
CH, VMR (ppb) HF VMR (ppb)
from WACCM from KASIMA

Fig. A2. Solid lines correspond to the modelled profiles for £CH
(left panel) and HF (right panel). Dotted and dashed lines show
the models mixing ratios for-10 hPa and +10 hPa vertical profile
shifts, respectively. Red open triangles show the ACE-FTS mixing
ratios (the red filled triangle is the GHtoncentration that we use for
the lower troposphere, where ACE-FTS is not sensitive anymore).

between the 10 and 100 hPa. We also determine a b-
value from the modelled VMR profiles. The GHHF
correlation plots are depicted in Fig. A1. We calculate
the correlations for the 10 to 100 hPa levels in agree-
ment with Washenfelder et al. (2003), but in compar-
ison to Washenfelder et al. (2003) we only determine
one single b-value. Actually, the b-value changes with

Atmos. Meas. Tech., 5, 1425441, 2012

the increase of HF amounts by about 1 % per year. Con-
sequently, using a single b-value representative for the
2004-2006/2008 time period for the whole time series
(2001-2010) means an uncertainty of the b-value of up
to 5%. We obtain values 6743 and—679 for ACE-
FTS profiles and models, respectively. For comparison
Washenfelder et al. (2003) estimated a b-value for 1992
of about—950, which is in reasonable agreement with
our b-values obtained for the mid-2000s.

In addition, we calculate a b-value from a normalised
HF-profile. The normalisation means that the VMR
values have been divided by the HF total column
amounts. This b-value can then be applied in Eq. (3)
together with a normalised HF time series. The nor-
malisation allows using a b-value that is constant over
time. We get values 0f-7.036x 102! (molec/n?)~1
and —7.741x 10?* (molec/nf)~1 for ACE-FTS and
models, respectively.

b. As can be seen in Fig. Al between 10 and 100 hPa,

the correlation is not perfectly linear. In particu-
lar for the model profiles assuming a linear corre-
lation might cause an erroneous b-value. Therefore,
we test an additional approach that determines the
b-value from correlating CiHd and HF total column
amounts. The column amounts are calculated from
profiles that are shifted vertically (between30hPa
and +30hPa; see Fig. A2). Figures A3 and A4 plot
the correlations using ACE-FTS profiles and models

www.atmos-meas-tech.net/5/1425/2012/
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Table A3. Same as Table Al but for G, from profiling retrieval.
troXCH4post vS. CHag
Applied method to MRD STD
calculated the b-value b-value R (%) (%) SF
Correlation of ACE VMRs (10 to 100 hPa) —743 0519 -1.23 0.97 0.9877
Correlation of ACE columns (shifts:30 to +30 hPa) —689 0510 —-1.42 0.98 0.9858
Correlation of modelled VMRs (10 to 100 hPa) —679 0509 -1.45 0.98 0.9855
Correlation of modelled columns (shifts30to +30 hPa) —901 0.541 -0.67 0.96 0.9933
fit: CHagpw+ CHaprr» HFFTIR —1368 0582 0.99 0.94 1.0099
Table A4. Same as Table A3 but for normalised HF time series.
troXCHg,,,, VS. CHag
Applied method to b-value MRD STD
1 R SF
calculated the b-value [(molec.?m ] (%) (%)
Correlation of ACE VMRs (10 to 100 hPa) —~7.036x 10?1 0499 -150 0.99 0.9851
Correlation of ACE columns (shifts:30 to +30 hPa) —6.529x 10?1 0492 -1.67 0.99 0.9833
Correlation of modelled VMRS (10 to 100 hPa) —7.741x 10?1 0510 -1.26 0.98 0.9874
Correlation of modelled columns (shifts30 to +30hPa) —1.027x 10?2 0.542 —0.41 0.96 0.9960
fit: CHag ppy» CHapryq HFFTIRNOrm —1.522x 10?2 0580 1.27 0.94 1.0130
287 ACE-FTS 307
Q pres > b
E shift: * pres. il
< 277-30hPa 0hPa +30 hPa e 2*7shift:
£ S -30hPa 0hPa +30 hPa
(&) (3]
o IS
g E
= 2,6 c 28
8 b: -689 o b: -801
o b for normalised HF: 5 b for normalised HF:
o 25 -6.529:10%" / (molec./m?) 274 -1.027-10” / (molec./m?)

1 2 3

HF colum (molec /mz) x 10"

Fig. A3. Correlation plot between the GHand HF total column
amounts obtained for different vertical shifts of the £bhd HF
ACE-FTS profiles.

profiles, respectively. We get b-values %689 and
—901 for ACE-FTS and models, respectively. For nor-
malised profiles we get-6.529x 10?1 (molec/nf)~1
and —1.027x 10?2 (molec/nf)~1 for ACE-FTS and
models, respectively.

. Finally, we calculate an empirical b-value determined
by fitting all the high quality data that are available at the
Izaha Observatory: the FTIR CHotal column amounts
determined from the profiling retrieval, the FTIR HF to-
tal column amounts, and the Gk}, data.

www.atmos-meas-tech.net/5/1425/2012/
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Fig. A4. Same as Fig. A3 but for model profiles.

CHay (1) = k- (DPC(1) - CHag (1)) +b-HFco() (AL)

The parameters andk are obtained by least squares fit.
The so-obtained b-value is the “best possible b-value”.
Applying this b-value in Eq. (3) produces a troXgh,

with the best possible correlation to GH,,. This em-
pirical value represents the best correction that is pos-
sible with the “HF-procedure”. We get a b-value of
—1368, and-1.522x 10?2 (molec/n?)~1 whenitis ap-
plied for the normalised HF.

Atmos. Meas. Tech., 5, 14284, 2012
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785 Figure B1 shows the time series of the daily mean pres-
] sure values acquired from both sensors afidzstation. This
780 - . jump will propagate into the totXCidand troXCH,,, with

about 7 ppb and 8 ppb, respectively. Therefore, we decided to

775 present CH time series only from 2001 onward.
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According to Eq. (3) we calculate troXGHl, for the dif-

ferent b-values, considering the de-trended and normalise
HF tlme_ Serles_, and for CHitotal columns obtained from Bousquet, P., Ringeval, B., Pison, |., Dlugokencky, E. J., Brunke, E.-
the scaling retrieval. Tables Al and A2 document the agree- G carouge, C., Chevallier, F., Fortems-Cheiney, A., Franken-
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. . Germany, 330 pp., 2011.
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