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Abstract. The Total Carbon Column Observing Network interferometer alignment may also have contributed to the
(TCCON) has been established to provide ground-based reresidual difference. In the future the proposed method will
mote sensing measurements of the column-averaged dry alve used to correct historical spectra at all TCCON sites.
mole fractions (DMF) of key greenhouse gases. To ensure
network-wide consistency, biases between Fourier transform

spectrometers at different sites have to be well controlled.

Errors in interferogram sampling can introduce significantl Introduction

biases in retrievals. In this study we investigate a two-step

scheme to correct these errors. In the first step the laser sanficcurate prediction of future atmospheric composition and
pling error (LSE) is estimated by determining the sampling resultant radiative forcing requires a better understanding of
shift which minimises the magnitude of the signal intensity the spatial distribution and temporal variability of the surface

in selected, fully absorbed regions of the solar spectrum. Théources and sinks of carbon dioxide (§)Omethane (Clj

LSE is estimated for every day with measurements which@nd other greenhouse gases (GHGs). To date, top-down trace
meet certain selection criteria to derive the site-specific timed@s surface flux inversions have been constrained by sur-
series of the LSEs. In the second step, this sequence of LSE&ce in situ measurements. Although the in situ measure-
is used to resample all the interferograms acquired at thénents have high precision and absolute accurac§.{ %,

site, and hence correct the sampling errors. Measurement/MO, 2011), the network has inhomogeneous spatial cov-
acquired at the IZza and Lauder TCCON sites are used to €rage, with few or no observing stations in many regions of
demonstrate the method. At both sites the sampling error hislmportance to the global carbon cycle. Furthermore, errors
tories show changes in LSE due to instrument interventiondn modelled atmospheric transport can introduce significant
(e.g. realignment). Estimated LSEs are in good agreemerfTors in the surface flux estimates. Remote sensing mea-
with sampling errors inferred from the ratio of primary and Surements of the integrated abundance of trace gases through
ghost spectral signatures in optically bandpass-limited tungthe atmosphere (column measurements) are less sensitive to
sten lamp spectra acquired at Lauder. The original time seriekedistribution of the trace gas due to vertical mixing. They
of Xair and Xco, (Xy: column-averaged DMF of the target have the potential to provide useful complementary informa-
gasY) at both sites show discrepancies of 0.2-0.5% due tdion to constrain surface flux inversions — with quasi-global
changes in the LSE associated with instrument intervention§overage in the case of satellite measurements — provided
or changes in the measurement sample rate. After resanibey are sufficiently precise and accuraller et al., 2007,

pling, discrepancies are reduced to 0.1% or less at LaudeFhevallier et al.2011 Keppel-Aleks et al.2012).
and 0.2% at Iz&a. In the latter case, coincident changes in  The Total Carbon Column Observing Network (TCCON,

Wunch et al, 2011, https://tccon-wiki.caltech.edunas been
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established to provide ground-based remote sensing mea&pectral response and/or differences in the absorber line-of-
surements of the column-averaged dry air mole fractionsight abundances (which impact both the magnitude of the
(DMF) of CO; and other GHGs for satellite validation and aliased ghost signatures and the retrieval sensitivity to these
carbon cycle research. It currently comprises 17 sites worldartifacts). Thirdly, no TCCON site has a set of narrowband
wide which routinely acquire high-resolution near-infrared filter lamp spectra acquired through time which would enable
(NIR) direct solar absorption spectra using Fourier trans-changes in the sampling error on instrument intervention to
form spectrometers (FTS). Spectra are analysed using a stabe adequately characterised (even if the sign of the sampling
dard algorithm to retrieve total column abundances of targeerror and the retrieval sensitivity could be adequately deter-
GHGs and @ and derive the GHGs column-averaged DMFs. mined/modelled).
The G column retrieval is used both in the derivation of the  In this work we introduce a fundamental ghost correction
DMFs and (when combined with an accurate measuremenscheme for historic measurements. The method consists of
of surface pressure) as an internal network standakeh¢h two steps: in the first step the degree of missampling is deter-
et al, 201]). Biases between FTS instruments at different mined from a subset of suitable interferograms. This assumes
sites have to be well controlled to ensure network-wide con-the kind of missampling under consideration here is a slowly
sistency of the measurements. The target inter-site comparasarying function of instrumental status (unless an interven-
bility for TCCON using the @ internal network standard is tion on the spectrometer is performed), so a subset of inter-
0.1%. ferograms can be used to reconstruct the full history of laser
In the following we are concerned with an error source sampling errors (LSE). In the second step, all interferograms
which is of special relevance for NIR FTS measurements,of the time series are resampled and retransformed, and the
namely periodic errors in the-axis locations where the in- corrected spectra are reanalysed. We demonstrate the pro-
terferogram is discretely sampled. As a result of missam-posed method using time series of measurements acquired at
pling, a fraction of the input spectral signal is assigned tothe TCCON sites in I17& and Lauder. The following section
an incorrect frequency, generating a ghost spectrum, whichiescribes the instrumentation at both sites and the data analy-
can overlap with and perturb the original spectrum, leadingsis within TCCON. Section 3 deals with the theory of ghosts
to errors in retrieved column abundances. and explains the strategy of ghost correction of historic mea-
Messerschmidt et 82010 showed that the interferogram surements in detail. The results are presented in Sect. 4, and
sampling in earlier versions of the Bruker 125HR laser sam-Sect. 5 summarises and concludes the study.
pling board does not control ghost amplitudes in the NIR
to the level of accuracy required for TCCON work. Typical
magnitudes of the errors iKco, and G column retrievals 2 |nstrumentation and data analysis
encountered in practice are 0.1-0.5 %, corresponding to 0.3—
2ppm for Xco, (Messerschmidt et al201Q 2011). The 2.1 TCCON data acquisition
FTS manufacturer Bruker Optics (Ettlingen, Germany) sub-
sequently developed an improved laser sampling unit whiclNIR measurements at both case study sites are under-
offers the accuracy required by TCCON, and which has nowtaken in accordance with the TCCON data prototwips://
been installed in all TCCON spectrometers. However, thetccon-wiki.caltech.edu/NetworRolicy/DataProtoco). NIR
post-correction of historic TCCON measurements still re-solar absorption spectra are measured with a Bruker 125HR
mains a particular problem because the sampling error varieETS using a DC-enabled room temperature InGaAs detector
from instrument to instrument and is also expected to changevith a resolution of 0.02 cm! (maximum optical path dif-
through time (e.g. on instrument intervention, change in meaference 45 cm) and high folding limit of 15 798 cth
surement sample rate or laser power/amplitude changes) at Since the work ofMesserschmidt et al(2010 there
any given site. have been several versions of the Bruker 125HR laser sam-
Messerschmidt et a(2010 proposed an empirical ghost pling unit. Their laser sampling error characteristics are
correction scheme which is based on (1) the determination ofummarised here briefly for reference. Prior to board ver-
the ghost-to-parent intensity ratio (GPR) using narrowbandsion ECLO3 the LSE could not be minimised and was a func-
lamp spectra and (2) an empirical determination of the vari-tion of sample rate (scanner velocity). At version ECL03 a
ation of the column-averaged DMFy of the target gag’ potentiometer was introduced enabling the LSE to be min-
as a function of the GPR. However, there are several reasorimised for a given sample rate (sampling errors at other sam-
the scheme described Wesserschmidt et a{2010 can- ple rates remained significant). Version ECL04 of the laser
not be applied satisfactorily in practice to historical TCCON board and improved linearity of the v02 laser diodes have
time series. Firstly, the retrieval bias depends on the sign andeduced the magnitude of the LSE. The LSE is still manu-
magnitude of the sampling error, but only the latter can beally minimised via a potentiometer adjustment, but once min-
determined from the lamp GPR measurement. Secondly, anised, the residual sample rate dependence is generally neg-
site-independent relationship betwegp and GPR cannot ligible for practical purposes. The ECLO5 board has a mod-
generally be assumed, due to differences in the instrumenification to further minimise any temperature dependence of
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the LSE. The ECL04/05 boards and v02 laser diodes werdGriffith et al,, 2003 and NIR FTS measurements within the
distributed by Bruker to TCCON partners in 2010 and in- TCCON since 2004.

stalled over the course of the following year. The Lauder TCCON measurements from 2004 to 2010
were acquired with an older 120HR spectrometer. In Au-

2.2 Case study sites gust 2009 a 125HR spectrometer was installed at the site and
commissioned over the following six months. The LSE char-

2.2.1 lzaa acterisation in this paper is restricted to the 125HR time se-
ries.

The lzdia Atmospheric Research Center is a subtropical At installation the Lauder 125HR spectrometer had an

high-mountain observatory on Tenerife (28\8 16.5 W, ECLO3 laser board and the LSE was minimised at 20 kHz.

Canary Islands, Spain) located at 2370 m altitude over a temAt the time, the sample rate dependence of the LSE minimi-
perature inversion layer, acting as a natural barrier for lo-sation for the ECL03 boards was not fully appreciated. The

cal pollution. The site provides an extensive measuremenearly operational data (November 2009-January 2010) were
programme, which includes both in situ and ground-basedacquired with a 10 kHz sample rate and require ghost correc-
FTS measurements. The latter were started in the late 199G#on. From February 2010 to January 2011 routine measure-
in collaboration between the Meteorological State Agencyments were acquired with a 20 kHz sample rate and LSEs
of Spain (AEMET) and the Karlsruhe Institute of Technol- were small. In January 2011 the replacement laser board
ogy (KIT). The FTS programme is involved in two global (ECL05) and diodes provided by Bruker were installed and

networks: for measurements in the mid-infrared (MIR) re- the LSE reminimised for the 20 kHz sample rate used in rou-

gion it has contributed to the Network for the Detection tine measurements.

of Atmospheric Composition Change (NDACKtp://www. In addition to routine solar measurements, a number of
ndacc.oryy since 1999 and from 2007 also to TCCOINtp: experimental datasets were acquired on the Lauder 125HR,
[lwww.tccon.caltech.eddor NIR measurements. which can be used to validate the resampling algorithm.

The Izdia TCCON measurements are acquired with theThese experiments are (1) solar measurements cycling
Bruker 125HR spectrometer, which had the original ECL02through the 10, 20 and 40 kHz sample rates, typically un-
laser board at installation (January 2005). In June 2008 thelertaken around local noon, and (2) tungsten lamp spectra
instrument was realigned and the interferogram recordingacquired with an optical filter used to characterise the LSE at
mode was changed from AC to DC. The electrical low- the three sample rates following the procedure proposed by
pass filter was changed in March 2009. In November 2009Messerschmidt et a{2010, and described in more detail in
the laser board was replaced by an ECLO3 board (LSESect.3.4(Lamp LSE estimates).
was minimised at 40kHz) and an optical long-pass filter Lauder NIR measurements are acquired using OPUS ver-
was installed. After some problems due to loss of powersion 6.5. Lauder data presented in this paper are anal-
and very cold temperatures inside the container (Januaryysed in a self-consistent manner using the standard TCCON
March 2010) and the change of the electrical low-pass filterdata-processing software: IPP to transform interferograms to
(May 2010), the new ECLO04 laser board and v02 diodes werespectra, and GGG for TCCON retrievals. Code to determine
installed in November 2010 and the LSE was eliminated forthe LSE (resample-opus) has been written based on IPP, and
all practical purposes in routine TCCON measurements. Theesults are in excellent agreement with ghost4.exe. The re-
interferometer was also realigned at this time. Allaanea-  sampling algorithm has been implemented as an additional
surements are acquired with a 40 kHz sample rate. subroutine call in the IPP software. These software develop-

Izafia NIR interferograms are recorded using the Opticsments will be adopted in standard TCCON processing in the
User Software (OPUS) version 6.5 provided by Brukeriitza future.
datasets presented in this paper have been analysed in a self-
consistent manner using software developed at Karlsruhe In2.3  Trace gas retrievals
situte of Technology by F. Hase, M. Gisi and M. Schneider i ,
to determine the sampling error (ghost4.exe) and resampld N€ column-averaged dry air mole fraction (DMF) of the tar-
and transform interferograms to spectra. Retrievals were pe/d9€t race gas’ is derived from the retrieved total columas
formed with the PROFFITT softwaréi@se et a].2004). of Y and Q:

2.2.2 Lauder Xy = 0~2095§—yv @)

O2
Lauder is located in a sparsely populated rural environmentssuming a constant dry air mole fraction of 0.2095 fer O
on the South Island of New Zealand (459 169.7 E) In this paper we characterise the error in the primary TCCON
370ma.s.l. (above sea level). It is a long-established atmoparameterXco,. Following standard TCCON procedure, the
spheric monitoring station with an MIR FTS measurementCO;, column is retrieved separately for the two bands centred
programme which has contributed to the NDACC since 1990at 6228 and 6348 cni, and averaged to calculate the £0
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column. The @ column is analysed from the band centred at level is erroneous, a sampling error pattern of alternating nar-
7882cmt (a'A, — X337 (0, 0)). row and wide distances will result (see Fig.

The accuracy oy is improved by taking the ratio with Following Guelachvili(198J), the spectrum of monochro-
the retrieved @ column because systematic errors that arematic light derived from an interferogram with periodic sam-
common to target and Ocolumn retrievals (e.g. tracker pling errore of frequencyg and amplitude,
pointing errors, instrument line shape errors, zero level off- _
sets) compensate in the ratio. The LSE gives rise to systenf = €0SIN(27f.x) ®)
atic errors which are site and time dependent. The errors ar
more important for the @retrieval (Messerschmidt et al.
2010 and do not cancel in thEy ratio. *m

We will use the variableX i to characterise the contribu- B(o) = Jo(Zrmoeo)/sin(Znaox)sin(Zrm x) dx
tion of O, retrieval errors in a way that is readily understood. 0
Xair is the column average dry air mole fraction of dry air, X

+ZJk(ZNero)/[Sin(Zn(GoJrkﬂ)X)
k=1 0
+(—1)Fsin(2r (09 — kB) x) ]sin(27 o x) dx, (4)

fs given by

Xair = 0.2095M, @)
Co,

where the dry air column abundance in the numerator is de-

rived from an independent co-located measurement of surwherex is the OPDgy is the frequency of the incident light

face pressurefs), corrected for the bO column overburden. and J; are Bessel's functions for integets=1, 2, ...,n.

In the absence of any systematic errors, the expected value dihe k=0 term describes the incident radiation modified

Xair is 1, and the relative error iy due to G retrieval er- by the instrument response function for finite maximum

rors is calculated/given by air — 1. optical path differencery. If €9 #0 the intensity of the

In the presence of LSE, the records of retrieved O parent line is scaled by the factdp (27 opeo) which is

columns are biased, whereas the independent measureméfss than one. Similar features with intensities proportional

of Ps remains unaffected. Stepwise changes in the LSE o0 J1(27 00€0), J2(2m 00€0), ... Ju(27wop€p) appear at

instrument intervention introduce discontinuities in thg,  cox 8, £28,...,tnp.

time series. Other measurement and retrieval error sources 8 depends on the sampling rate per laser wavelength,

(timing and pointing errors, instrument line shape (ILS) andWhich is determined by the high folding limit (HFL) for

spectroscopic errors) can introduce changeXdp, so Xair the measurements. In the case of TCCON measurements,

can only be exploited to characterise the LSE history if thesethe HFL is set to 15798 cnt and the laser interferogram

other factors are controlled well enough. Significant effort is sampled on every zero crossing. Theis 15798 cnt?

has been invested at both sites to ensure this is the cas@nd ghosts occurring aty+15798cnt are both aliased

including the development of the camera-controlled high-to 15798—aocm™. Note FTS measurements in the MIR as

precision solar tracker system CamTrackais{ etal, 2017  acquired by the NDACC are not affected by this problem.

used at Iz&ia and regular monitoring of the ILS by LINE- In this spectral region a high folding limit of 7899 crhor

FIT analysis of low-pressure HCI, HBr anch® cell spectra  less is applied. The sampling is performed only at each rising

(Hase et al.1999. Solar zenith angle ranges are restricted zero crossing of the laser interferogram, and an error in the

in some analyses to prevent change¥ig of instrumental ~ €valuation of the mean laser intensity level does not generate

origin from being masked by air-mass-dependent retrieval bi-2n alternating sampling pattern.

ases due to spectroscopic errors. In summary, a periodic Sampling error leads to distortions
of the true spectrum. Line strengths are modified and the
spectrum zero levels become spuriously nonzero. These dis-

3 Periodic sampling errors and sampling ghosts tortions can and do lead to significant retrieval biases in the
case of TCCON measurements. They must be corrected at

3.1 Theory of ghost formation the source by resampling the interferograms.

Interferograms recorc_jed with I_:TS need to be sampled very; 5 Quantification of the sampling error

accurately as a function of optical path difference (OPD) to

avoid artificial spectral lines (ghosts) after Fourier transfor-32.1  Interferogram resampling

mation (FT). To ensure this precise sampling, a frequency-

stabilised, single-mode HeNe reference laser is fed into thén the interferogram resampling method we seek to deter-
spectrometer. The zero crossings of the laser interferograrmine the sampling shift which minimises the magnitude of
serve as reference for the sampling of the infrared signal. Thehe signal intensity in selected, fully absorbed regions of the
original measurement signal of the reference laser is actuallgolar spectrum. In this study we use the 7290-7360%cm
a cosine oscillation. If the construction of the mean intensityinterval shown in Fig.2. It is essentially opaque for
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Fig. 1. An interferogram of the reference laser. The zero crossings fom']

are taken as .reference for the measurement sampling which is.idq:ig_ 2. The opaque region of the solar spectrum between 7290 and
ally symmetric (black arrows). Due to an erroneous determinationyzeq el used in the resampling analysis. The mean intensity in

of the mean intensity level, a zero offset occurs, which gives riseihe modulus spectrum is reduced when the ghost correction is ap-
to an asymmetric sampling (red arrows). As a consequence phas&ied (black: uncorrected; red: corrected).
ghosts arise, which are added to the spectrum.

paper the sampling error is expressed as a fraction of the sam-
0pling interval.

As noted above, the interferogram sampling points are
classified into even and odd points. The phase of the laser
Ginterferogram changes by with a one-point indexing shift,
and the inferred LSE is of opposite sign. The classification
or indexing used to derive the LSE must therefore be con-
sistent with the indexing used when applying the LSE to cor-

termine the LSE time series at fza(the results for these two rectinterferograms. A]though the Ia;er fringe counting of the
Bruker spectrometer is performed in quadrature, and there-

microwindows are shown with different symbols in Fg). . ) .
; . . : . fore assures that the sampling number of a physical point
The sampling error is determined using the low-resolution.

. . . : . .""Is conserved, this assignment is lost during re-initialisation
double-sided interferogram portion of the high-resolution in- : . :
: : of the scanner or if the spectrometer is switched off. On the
terferogram. A set of probable sampling erras; is de-

fined. For eachx; the odd sample points of the interfero- other hand, the true physical location of the infrared beam

gram are shifted and the interferograntx)) is interpolated Z€ero path difference (ZPD) constructive mterferencg max-
o the shifted sample locations assuming ima (centreburst peak) and the phase of the laser interfer-

ogram are expected to remain constant through scanner re-
91 initialisation etc. For this reason, it is preferable for our pur-
I(x + Ax) >~ I(x) + P Ax. (5)  pose to reference the sample indexing to the centreburst peak
position. The centreburst of a real interferogram is not per-
The derivative of the interferogram with respect to the sam-fectly symmetric. The shapes of forward and backward cen-
pling positionx is estimated by determining the local slope trebursts differ due to small time delays between IR and laser
of the interferogram at each odd sample location using asignal-processing chains which depend on scanner speed, op-
sinc interpolation. We then take the FT of the resampledtical bandpass and electrical filter settings. So it can happen
interferogram and evaluate the mean absolute signal inthat the even/odd referencing differs for forward and reverse
tensity O_|B(o)l) in the selected spectral window (7290— scans and may switch upon instrumental intervention.
7360 cntl). The signal intensity is tabulated as a function of  In its current implementation the resampling LSE estimate
Ax, and the shift which minimises the mean absolute signalis based on the minimisation of the mean absolute signal in-
intensity is the LSE used subsequently to correct the full in-tensity in an opaque section of the atmospheric spectrum.
terferogram. The procedure is performed separately for théhis assumes that detector nonlinearity is negligible or has
forward and reverse scans to allow for differences in magni-been corrected prior to the LSE estimation procedure.
tude as well as in sign between LSE of the two scan direc- The current implementation also assumes that the LSE
tions. Example output from a resampling test for the (7290—determined at the position around the interferogram cen-
7360cntl) is shown in Fig.3. Here and throughout the trebursts are representative for the whole high-resolution

slant HO column abundance of 5 x 10?2 molecules cm?
(generally satisfied at large solar zenith angles), an
the associated aliased ghost interval at 8440-851Gcm
(HFL =15798 cn1l) has appreciable signal levels. fais
unigue among the TCCON sites due to its high altitude, an
often the 7290-7360 cmt microwindow is not saturated.
Therefore a second microwindow (10 900-11 300 &was
used in addition to the 7290-7360 cmicrowindow to de-
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and the LSE is determined using the resampling algorithm
on the coadded interferogram.

Selection criteria for the Lauder time series analysis are
solar zenith angles in the range 60</7bne-of-site (LOS)
H,O column abundance of 5 x 10?2molecules cm? and
coadd sample size 10. The resulting time series comprises
240 days over two years.

In the case of |Zda 28 days with clear-sky conditions were
selected. For every day, measurements with large SZA were
coadded (coadd sample sizet interferograms). In the case
of only few measurements with large SZA on a single day,
measurements of several days were coadded and the same
LSE value is reported for each of these days.

forward
reverse

0.06

0.04 +

0.02 +

mean flux in (near) opaque spectral region

0.004 Izafia 080916

-0.02 -0.01 ' 0.:)0 ' 0.01 ' O.I02
sampling error 3.3 Correction of the sampling error

Fig. 3. The mean flux in the (near) opaque spectral region for theThe | SE time series is evaluated to define the most suitable
spectral window 72907360 cm as a function of LSE. The scan- temporal description of the LSE to apply to all measurements
ner velocity ofv = 40 kHz introduces a significant missampling for acquired at the given site. Typically this will be a piecewise
forward and reverse scans. linear function with a constant LSE for stable periods be-
tween instrument interventions. Each full-resolution interfer-
ogram is corrected based on the LSE estimate for the given
day. The odd sample points of the full-resolution interfero-
gram are shifted and the interferograntx)) is interpolated

fo the shifted sample locations as previously (Bq-The re-
sampled interferogram is transformed (FT) and retrievals are
gQerformed for the resultant, ghost-corrected spectrum.

interferogram. This is probably not fully verified, so some
high-resolution artifacts of the original ghosts might survive.
However, it would be difficult to characterise these tiny arti-
facts and to use them for an improved correction scheme (i
which the LSE would become a function of optical path dif-
ference), because the offset introduced by the ghosts is si
nificantly lower than the noise level of the high-resolution
spectrum.

~ One known source of short-term variability in the LSE Bandpass-limited lamp spectra were acquired at Lauder us-
is not addressed by the current implementation of the rejng two optical filters, referred to hereafter as the NDACC
sampling methodology. The LSE can vary significantly at 3ng TCCON filters, to determine the GPR followikigsser-
very low pressure< 0.5 hPa) due to heating of the electronic gchmidt et al(2010. The NDACC filter spans a 100 cth
components of the laser board (Ralf Sussmann, Markus Retnterval centred on 4150 cm, with ghost alias at 11 598.0—
tinger, Axel Keens, personal communication, 2011). In this11 g98 0cmil. The TCCON filter spans a 200 crh in-
case, the LSE must be determined at higher temporal resolygaryal centred on 5790 ¢t with ghost alias at 9908.0—
tion if possible. Where this is not possible, affected historical 19 108.0 crirl. The GPR is calculated by the ratio of the sig-
data should not be retained for TCCON analysis, or shouldyg) intensities at the parent and ghost frequencies integrated
be flagged as ghost affected. The temperature dependence gt oss the filter bandpass. The GPR is wavenumber depen-
the LSE in the ECL04 board is negligible because the LSE it-gent and is related to the LSE by a factor (r o A)~1,

self is acceptably small. DC power dissipation has been minyheres is the optical filter bandpass centre frequency, and
imised in the ECLOS board, thus minimising the temperature js the sampling intervalearner et al.1996).

3.4 Lamp LSE estimates

dependence of the residual LSE. The resampling algorithm was also applied to the lamp
o ) ) spectra. In this case, the magnitude of the signal intensity
3.2.2 Derivation of the LSE time series is minimised for the ghost alias wavenumber interval of the

. . . ) respective filter.
In order to establish a time series of LSE estimates for a

given site, we assume the LSE is stable or slowly varying on
timescales of days to weeks, but allow for possible, discon-
tinuous changes in the LSE during instrument intervention
(depending on the nature of the intervention).

Interferograms are selected which were acquired in cloud-
free conditions at large solar zenith angles to ensure the op-
tical opacity of the 7290-7360 cmh microwindow. All se-
lected interferograms acquired on the same day are coadded,
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4 Results

4.1 LSE time series

4.1.1 Lauder 125HR time series
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0.004

1987

—T T

vvvvv

PRI TR
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0.002

L

The LSE time series derived from solar interferograms for
the Lauder 125HR is illustrated in Fig. Corresponding LSE
estimates determined from analysis of tungsten lamp spectra®
acquired with narrow bandpass optical filters are illustrated
in Fig. 5. A comparison of lamp and solar LSE and GPR
estimates is given in Table

Consider first the resampling results derived from so- i ; ‘ :
lar data acquired with the original ECLO3 laser board and 0.008 010 011 012
v01 diodes (dates prior to January 2011). The LSE esti- time (vears)

mates for for\Nard_ an_d reverse scans are Comparabl_e n mé_‘gflg. 4.Lauder 125HR LSE time series determined from resampling
nitude but opposite in sign. The corresponding retrieval bi-,na1ysis of solar interferograms using the 7290—-7360%mter-
ases (Sec#.2) are independent of scan direction, indicating val. Instrument changes relevant to the LSE and/or its determination
this is a result of the sample point indexing definition (specif- are shown with dashed lines: change from 10 to 20 kHz sample rate
ically, forward and reverse scan peak positions differ by onefor routine acquisition (February 2010), increased phase resolution
point). (April 2010), laser board and diodes exchange (January 2011) and

The LSE for the ECL03 board are sample rate dependentieminimisation of laser sampling error at 20 kHz after beam splitter
as expected. The LSE is minimum for the 20 kHz data be_exchange (March 2011). Instrument realignments are shown with
cause the sampling error was minimised for this sample ratedotted lines.

Stepwise changes in the 20 kHz LSE are evident for the early

instrument interventions, and a drift (or possibly a further

stepwise change) is apparent during the period July 201040 0.0007 and 0.0012 in the lamp and solar LSE estimates
January 2011. The magnitude of the 10kHz LSE derivedfor the 20 and 40 kHz data respectively. The reason for this is
from solar measurements appears fairly stable through timenot understood, but is not believed to be due to detector non-
There is a slight increase in the LSE following the instru- linearity. Lamp LSE estimates suggest a slight increase in
ment intervention in December 2009. The magnitude of LSEthe magnitude of the LSE between July and October 2010 at
is greatest at 40 kHz, and the sign of the LSE for a given scari0 and 20 kHz sample rates. Unfortunately, the very limited
direction has opposite sign to that at 10 and 20 kHz. This sigmumber of lamp measurements precludes any real validation
change is not an indexing artifact and is discussed further irof the LSE tendency observed in the 20 kHz solar LSE time
Sect4.2.1 series between July 2010 and January 2011.

Lamp LSE estimates derived with NDACC and TCCON  We turn now to the LSE estimates for the ECLO5 laser
filters are in excellent agreement with one another and withboard and v02 diodes, (post January 2011). The contrast
the sampling error inferred from the GPR estimate proposedetween the magnitude and sample rate dependence of the
by Messerschmidt et a{2010. The scan direction and sam- ECL03 and ECLO5 boards is very clear in the lamp LSE
ple rate dependence of the signs of the LSE determined fronime series (Fig5). Since installation of the ECL0O5 board
lamp measurements with the NDACC optical filter are con-in January 2011 the magnitude of the LSE correction derived
sistent with those determined from the solar measurementfom lamp measurements has remained less than 0.0002 at
up to a global sign change efl (which is attributed to dif-  all sample rates during periods when the sampling error was
ferences in determining the ZPD index for the wider lamp minimised. The LSE correction at the sample rate for which
interferogram centreburst). The sign of the LSE determinedthe error was minimised (20 kHz) is less thar 80°. Even
using the TCCON filter is more difficult to interpret, but once when the sampling error minimisation was not optimal (e.qg.
differences in ZPD indexing for different scan directions andthree days in April 2012 following the laser exchange) the
sample rates are taken into account, the sample rate depesampling error was still 0.0005 or less for all sample rates.
dence of the sign of the LSE is consistent with that inferredThis is an order of magnitude improvement on the LSE for
from solar data and lamp measurements with the NDACCthe ECL03 board.
filter. The ECLO5 LSE at 20 kHz inferred from solar measure-

There is good qualitative agreement between the magniments prior to the beam splitter exchange in March 2011 are
tude of ECLO3 lamp and solar LSE estimates at the threeslightly larger than the corresponding lamp estimates. Fol-
sample rates. Solar and lamp estimates at 10kHz are ifbwing the beam splitter exchange there is an asymmetry in
excellent agreement; however, there are differences of uphe LSE inferred for forward (LSE 0) and reverse (LSE

1

0.000

timated LSE

T
|

| "

! e 10kHz
! orev ® 20kHz
: o 40kHz
|

|

|

|

|

L

1

-0.004

L

|

|

L |

-0.002-@ |
e

|

|

|

|

|

|

1

www.atmos-meas-tech.net/6/1981/2013/ Atmos. Meas. Tech., 6, 198B2 2013



1988 S. Dohe et al.: A method to correct sampling ghosts in historic near-infrared FTS measurements

Table 1. Comparison of laser sampling error estimates derived from lamp and solar measurements acquired at different sample rates
(Rate, kHz) using the Lauder 125HR with the ECLO3 laser board. All tabulated lamp data were acquired using the NDACC filter. Lamp
GPR estimates have been scaled/ltp convert them to sampling errors (see S8eatfor details). Bracketed (f) and (r) refer to forward and

reverse scans. In general there is excellent agreement between the magnitude and sample rate dependence of the sampling errors inferr
from lamp spectra using the resampling algorithm (LSE) and the GPR estimrateGPR). There is also excellent agreement between the

10 kHz sampling error estimates inferred using solar and lamp measurements acquired within a few days of one another. However, significant
differences can be seen between solar and lamp LSE estimates for the 20 and 40 kHz sample rates.

Rate Lamp Solar
(kHz) Date y x GPR LSE Date LSE
10 19/07/2010 0.002 —0.0020 (f) 04/08/2010 0.0025(f)
0.0020 (r) —0.0026(r)
20 0.0001 0.0001 (f) 0.0006(f)
0.0001 (r) —0.0008(r)
40 0.006 0.0060 (f)
—0.0056 (r)
10 08/10/2010 0.0022 —0.0022 (f) 02/10/2010 0.0025(f)
0.0024 (r) —0.0027(r)
20 0.0004 —0.0002 (f) 0.0009(f)
0.0004 (r) —0.0011(r)
40 0.0053 0.0053 (f) —0.0041(f)
—0.0050 (r) 0.0038(r)
10 18/01/2011 0.0025 —0.0023 (f)
0.0023 ()
20 0.0005 —0.0004 (f) 09/01/2011 0.0009(f)
0.0005 (r) —0.0009(r)
40 0.0050 0.0049 (f)
—0.0046 (r)
10 19/01/2011 0.0023 —0.0022 (f)
0.0024 (r)
20 0.0005 —0.0004 (f) 13/01/2011 0.0004(f)
0.0005 (r) —0.0009(r)
40 0.0050 0.0050 (f)
—0.0047 (r)

~ —0.0005) scans. Further study is required to determine thelata have been resampled assuming LSE-6Q04, 0.004).

origin of these systematic differences between lamp and soThe 20kHz data in the examples shown have been resam-

lar LSE estimates. pled assuming an LSE of (0.00060.0010) for the period
February—March 2010, and an LSE of (0.0069.0010) in

LSE assumed in resampling October 2010.

The LSE (forward, reverse) of the 10kHz measurements?.1.2 Izéia 125HR time series

is approximated by-€0.0022, 0.0023) prior to 18 Decem-
ber 2009 intervention and (0.0024,0.0026) post 15 Jan- The LSE time series for the lda 125HR from Septem-
uary 2010 alignment. These values are determined from théer 2008 to October 2011 is illustrated in F&.where the
mean of the solar LSE estimates for the two periods. LSE of the 40 kHz measurements were determined by us-
The discrepancy between lamp and solar LSE estimates ahg the regions 7290-7360 cth (in most of the cases) and
20 and 40 kHz poses something of a dilemma when defin10 900—11 300 cmt. The beginning of new sub-periods with
ing the LSE to be used in resampling. To date, both datasetdifferent LSE due to instrumental interventions or break-
have been resampled using the LSE inferred from solar meadowns are indicated with vertical dashed lines. The values
surements. This might give an overly optimistic view of the of the LSE (forward, reverse) are determined from the mean
resampling algorithm performance if the lamp LSE estimatesestimated LSE of each period. The first resampling results
are in fact better estimates of the true sampling errors. This i®f the solar data acquired with the original ECLO2 laser
discussed further in Se@.2below. The 40 kHz cycling solar  board from September 2008 to March 2009 show large LSE
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Fig. 5. Lauder 125HR LSE time series determined from analysis of
tungsten lamp spectra acquired with narrow bandpass optical filter§ig. 6. Izala LSE time series from 2008 to 2011 anal-
(NDACC, TCCON) since July 2010. The lamp sequences acquired/sed using the regions 7290-7360chtriangles) and 10900-
in January 2011 have been artificially reshuffled for clarity: esti- 11300 cnti(squares). The LSE which minimises the mean inten-
mates acquired with the NDACC HF filter appear plotted just prior Sity is determined by a polynomial fit around the minimum of a
to 1 January 2011, followed by two realisations with the TCCON curve like those shown in Fig. Forward (black) and reverse scans
filter. The TCCON filter has been used exclusively to monitor the (red) vary in magnitude and sign. The beginning of new sub-periods
LSE monitoring following the laser board exchange (20 JanuaryWith different LSE due to instrumental interventions or breakdowns
2011). Instrument changes are shown with vertical lines (refer toare indicated with vertical dashed lines: electrical low-pass-filter
the caption of Fig4 for details). change (March 2009), laser board exchange and red-filter installa-
tion (November/December 2009), loss of power and very cold tem-
peratures (January—March 2010), electrical low-pass-filter change
estimates of about (0.0094,0.0068). The electrical low- (May 2010), installation of ECLO4 laser board and v02 diodes
pass-filter change in March 2009 did not influence the LSE,(November 2010).
whereas the laser board exchange (ECLO3 laser board) and
red-filter installation in November/December 2009 reducedresampledXco, retrievals is due to changes in the @-
the LSE to (0.0046:-0.0036). The next stepwise changes trieval.
in the LSE are evident for instrument interventions due to The Lauder 125HR(,;r time series during early 2010 is il-
loss of power and very cold temperatur%qoc) in the lustrated in FIgB During this periOd we Changed from 10 to
container (January—March 2010) and the electrical low-pass20 kHz sample rate for routine solar measurements, with ex-
filter change in May 2010. We see a clear contrast betweeeriments cycling between 10 and 20 kHz sample rate on sev-
the LSE estimates for the ECLO2/ECLO3 and ECLO04 board,eral days. To characterise the change(if retrievals due to
which was installed with v02 diodes in November 2010. the LSE (only), we consider a restricted range of zenith an-
Since that installation the magnitude of the LSE remains atdles. In this way, air-mass-dependent retrieval biases (due to
(0.0020,—0.0001), where the residual LSE might be due to €rrors in spectroscopy and/or instrument alignment) do not
perturbations of the zero baseline that we clearly see for formask the LSE signature. Again, the raw retrievals show a
ward scans. There are no lamp measurements available &2 % difference inXir retrieved from spectra acquired at
Izafia to provide an independent check on the LSE derivedlO and 20 kHz during common time intervals. After resam-

from the solar measurements. pling the 10 kHz data, the difference with respect to the orig-
inal 20 kHz data is reduced to 0.1 %. The agreement between
4.2 Retrieval case studies the X4y distributions for the resampled data at 10 and 20 kHz
is excellent. X, values for the median, upper and lower
4.2.1 Lauder cycling sample rate experiments fourths of the two distributions differ by 0.03 % or less.

Figure7 illustrates the typical results obtained by resampling4.2.2  |zaia X and Xco, time series

10, 20 and 40 kHz time series for the 5 days of cycling sam-

ple rate experiments undertaken at Lauder in October 2010The Izdia 125HR time series of daily meafy and Xco,
Retrievals at 10 and 40 kHz differ from the 20 kHz retrievals from 2008 to 2011 acquired at solar zenith angles between
by —0.2 and 0.5 % respectively. After resampling, the dis- 40 and 60 are illustrated in Figs9 and10. The resampled
crepancy between sample rates is reduced to less than 0.1 %ieasurements are displayed as red dots, whereas the black
Approximately 75 % of the difference between original and dots show the original measurements.
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Fig. 7. Cycling sample rate experiments undertaken on the LaudefFig. 8. The upper panel shows Lauder 125BR;, retrievals from
125HR with the ECLO3 version of the laser board on 5 Octoberoriginal 10 and 20kHz data (red and black points respectively),
2010. Retrievals from original interferograms are illustrated with acquired between 18 January and 18 March 2010 at solar zenith
squares for three sample rates 10kHz (red), 20kHz (black) andngles of 40-60 The corresponding resampled 10kHz retrievals
40 kHz (blue) showing a marked sample rate dependence. Retrieva'e shown in yellow and resampled 20 kHz retrievals are shown in
from resampled interferograms are shown with filled circles. Re-purple. To aid comparison, the lower panel shows box and whisker

sampling reduces discrepancies between the sample rates to lessmmaries of the distribution of;; retrieved at 10 and 20 kHz be-
than 0.1 %. fore and after resampling (these summaries are for the measurement

subintervals when both sample rates were used, and are shown with
the larger sized symbols in the upper panel). There is clear evidence

The uncorrected IZ@ X4 time series in Fig9 shows  of alow bias of 0.2% in the original 10 kH¥;, retrievals, relative
seven distinct periods with different meay, attributed to 1 the 20kHz retrievals. After resampling, the distributionXafir
intentional modifications on the instrument, e.g. realignmentr(?m(_eve‘_j at10kHz lies entirely within the range of the 20 kg
of the interferometer, exchange of reference laser, changg'smbu.t'on’ a“.d (.:emral S0% Of. two Q'St”bunons (the boxes) are

; éssentially co-incident (the medians differ by 0.01 % and the lower
of relgvant measuremer!t settings and laser board exchanggurthS differ by 0.03 %).
or adjustments. Rarely, in the course of strong storms, pro-
longed power breakdowns of the whole container occur at
Izafia which result in very low temperature of the spectrom-difference between retrievals from uncorrected and resam-
eter. In addition, we find indications for an unexpected highpled spectra is about 0.2 %. Smaller differences (0.03 %) are
bias of X during the period before September 2008 (notfound in the period before the laser board exchange in 2010.
shown), which need to be investigated further. In the end of
2010, the new ECLO4 Bruker laser sampling unit was in-4.2.3 Retrieval sensitivities inferred from the resampled
stalled, which introduced a significant 0.35 % reduction of time series
Xair. Henceforward, it is assumed that these measurements
are free of ghosts and provide a referenGg value. By the At Lauder retrieval differences faKair and Xco, are only
use of resampled data, this difference is reduced to 0.2 %. Weveakly dependent on air mass for zenith angles less than
attribute the remaining discrepancy to changes in interferom80°. For example, for the 10 kHz datas&t, retrieval biases
eter alignment. In addition we see a discontinuity for the re-vary by 0.0005 (increasing with solar zenith angle) for zenith
sampled measurements between March 2009 and May 201@ngles between 20 and 8 o, varies by 0.05ppm over
This might be due to changes of the electrical low-pass-filterthe same range of zenith angles. There is evidence of more
settings in this period, but has to be investigated further. Notanarked differences (0.001-0.002) if;; at high zenith an-
in the KIT interferogram preprocessing the forward and re-gles, but the impact iXco, remains small. No marked tem-
verse scans are corrected for their respective sampling errorporal signatures (other than that associated with the changes
then coadded and transformed to generate one spectrum perthe LSE estimates applied in resampling) were evident in
forward/reverse pair, so the reduction in the discrepancy bethe time series of retrieval differences, although admittedly
tween forward and reverse scans on resampling has not bedghe 10 kHz sequence only spans a year and is generally very
characterised explicitly. sparsely sampled.

The Xco, time series shows a reduction &to, for re- To first order the retrieval sensitivity for the
sampled measurements. As mentioned before, most of thisauder 125HR X,ir and Xco, measurements can therefore
difference is due to changes in the @etrieval. For mea- each be characterised by a single number. We estimate an
surements at the beginning of the time series in 2008, theX,jr bias of 0.0012 and co, bias of 0.36 ppm per 0.001 LSE
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Fig. 9. Izana 125HR time series of daily meafy from 2008 to Fig 10, 1zafia 125HR time series of daily medfo, from 2008
2011 for original and resampled measurements. The beginning of, 2011 for original and resampled measurements. The beginning

new sub-periods with differenXjr due to instrumental interven- ot new sub-periods with differer i due to instrumental interven-
tions or breakdowns are indicated with vertical dashed lines: electrizjons or breakdowns are indicated with vertical dashed lines: electri-

cal low-pass-filter change (March 2009), laser board exchange angly jow-pass-filter change (March 2009), laser board exchange and

red-filter installation (November/December 2009), loss of power qq-filter installation (November/December 2009), loss of power

and very cold temperatures (January—March 2010), electrical low—pq very cold temperatures (January—March 2010), electrical low-

pass-filter change (May 2010), installation of ECLO4 laser boardpass-filter change (May 2010), installation of ECLO4 laser board

and v02 diodes (November 2010). Resampling reduces the discreping vo2 diodes (November 2010). The plot indicates a reduction of

ancy to~0.2%. Xco, for resampled measurements, which is mostly due to changes
in the G, retrieval.

for LSE in the range 0-0.004. We infer that the error due to
the discrepancy in lamp and solar LSE estimates is small fob Conclusions
the Lauder 125HR data (0.1 %), but this is still significant
compared to the TCCON inter-station comparability targetWe have described and demonstrated a two-step procedure
(0.1%). which enables the laser sampling error (LSE) history to be
For Izéha the bias ofX4r and Xco, per LSE with the  characterised through time and which enables sampling er-
40 kHz sample rate is estimated assuming an effective LSEors to be corrected at the source by resampling the interfer-
equal to the mean LSE of the forward and reverse scans. Thegrams.
bias of X,ir per 0.001 LSE is about 0.0003, whereaX¥ &, LSE estimates derived using the resampling method are
bias of 0.11 ppm per 0.001 LSE is determined {0BE] in in good agreement with sampling errors inferred from lamp
the range of 0.001-0.01. GPR measurements at Lauder. The maximum difference ob-
These retrieval sensitivities inferred from the resampledserved for the 20 kHz sample rate is 0.0007, implying a limit
time series at Lauder and fza can be compared with sensi- to correction accuracy of 0.08 %. The corresponding limit in-
tivities of 0.00085 and 0.28 ppm per 0.001 LSE fog; and  ferred for the 40 kHz sample rate is slightly higher, at 0.14 %.
Xco, derived from a reanalysis of tHdesserschmidt et al. Sampling histories at Lauder and fimashow clear changes
(2010 datasetsSherlock et al.201]). The retrieval sensi- in LSE due to instrument interventions and changes in the
tivity to LSE inferred from the three datasets differ signifi- measurement sample rate. Similar histories are to be ex-
cantly: by a factor~ 1.3—4. Taken at face value, this result pected at other TCCON sites. Resulting retrieval biases are in
implies a site-independent relationship betwégnand the  the range of 0.2—0.5 %, and are time and site dependent. Af-
LSE (a key assumption of the empirical correction proposecdter resampling, discrepancies in the retrievag and Xco,
by Messerschmidt et aR010Q cannot generally be assumed. due to instrument interventions and changes in the measure-
Such a discrepancy could be due to differences in the instrument sample rate are reduced to 0.1 % or less at Lauder and
ment spectral response and/or differences in the line-of-sigh0.2 % at Iz&a. In the latter case, coincident changes in in-
abundances of the target gases and interfering absorbers (pderferometer alignment may also contribute to the residual
ticularly H>O), which depend on site altitude and environ- difference.
mental conditions. Given the magnitude of the discrepancy, These errors could not have been adequately corrected for
this merits some further study. using the empirical method proposedMgsserschmidt et al.
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(2010, first and foremost because no suitable time series ofsuelachvili, G.: Spectrometric Techniques, chap. 1. Distortions

lamp GPR characterisations exist for these or other TCCON in Fourier spectra and diagnosis, 1-61, Academic Press, ISBN

sites. Inferred retrieval sensitivities to LSE also differ by a 9780127104027, 1981.

factor of 1.3-4, indicating that a site-independent relation-Hase, F., Blumenstock, T., and Paton-Walsh, C.: Analysis of the

ship betweerky and the LSE cannot generally be assumed. instrumental Ilne_shape of high-resolution Fourier Trans_form IR
Although not shown explicitly here, laser sampling er- spectrometers Wlth gas cell measurements and new retrieval soft-

rors affect the estimated DMF of other TCCON target gases, ware, Appl. Optics, 38, 3417-3422, 1999.

) - L - ase, F., Hannigan, J., Coffey, M., Goldman, A., Hopfner, M.,
(CHg, N20O, CO) in a similar manner. This is because the bias Jones, N., Rinsland, C., and Wood, S.: Intercomparison of re-

In Xy for these gases is primarily driven by the biasinthe O rieval codes used for the analysis of high-resolution, ground-
asitis forXco,. based FTIR measurements, J. Quant. Spectrosc. Ra., 87, 25-52,
In the next step, corrections must be determined and ap- doi:10.1016/j.jgsrt.2003.12.008004.

plied to historical data at all TCCON sites. This should im- Keppel-Aleks, G., Wennberg, P. O., Washenfelder, R. A., Wunch,

prove the inter-station comparability of the TCCON, and this  D., Schneider, T., Toon, G. C., Andres, R. J., Blavier, J.-F., Con-

will be characterised using thex@ternal network standard. ~ nor, B., Davis, K. J., Desai, A. R., Messerschmidt, J., Notholt,
J., Roehl, C. M., Sherlock, V., Stephens, B. B., Vay, S. A., and
Wofsy, S. C.: The imprint of surface fluxes and transport on vari-
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