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Abstract. The TCCON (Total Carbon Column Observing
Network) and most NDACC (Network for Detection of At-
mospheric Composition Change) sites assume an ideal ILS
(instrumental line shape) for analysis of the spectra. In or-
der to adapt the radiant energy received by the detector, an
attenuator or different sizes of field stop can be inserted in
the light path. These processes may alter the alignment of a
high-resolution FTIR (Fourier transform infrared) spectrom-
eter, and may result in bias due to ILS drift. In this paper,
we first investigated the sensitivity of the ILS monitoring
with respect to application of different kinds of attenuators
for ground-based high-resolution FTIR spectrometers within
the TCCON and NDACC networks. Both lamp and sun cell
measurements were conducted after the insertion of five dif-
ferent attenuators in front of and behind the interferometer.
The ILS characteristics derived from lamp and sun spectra
are in good agreement. ILSs deduced from all lamp cell mea-
surements were compared. As a result, the disturbances to
the ILS of a high-resolution FTIR spectrometer with respect
to the insertion of different attenuators at different positions
were quantified. A potential strategy to adapt the incident in-
tensity of a detector was finally deduced.

1 Introduction

In order to achieve consistent results between different FTIR
(Fourier transform infrared) sites, the TCCON (Total Car-
bon Column Observing Network, http://www.tccon.caltech.
edu/) and NDACC (Network for Detection of Atmospheric
Composition Change; http://www.ndacc.org/) have devel-
oped strict data acquisition and retrieval methods for mini-
mizing the site to site differences (Kurylo, 1991; Davis et al.,
2001; Washenfelder, 2006; Schneider et al., 2008; Hannigan
and Coffey, 2009; Messerschmidt et al., 2010; Wunch et al.,
2010, 2011; Kohlhepp et al., 2011; Hase et al., 2012; Wang
et al., 2016). Interferograms are acquired with similar instru-
ments operated with common detectors, acquisition electron-
ics, and/or optical filters. These interferograms are first con-
verted to spectra and later to retrieved products using dedi-
cated processing algorithms, i.e., GFIT, PROFFIT, or SFIT
(Hase et al., 2006; Hannigan and Coffey, 2009; Wunch et al.,
2010, 2015). However, biases between sites may arise due
to the behavior of individual spectrometers, if not properly
characterized. Some of these differences result from a mis-
alignment of an interferometer, which can change abruptly as
a consequence of operator intervention or drift slowly due to
mechanical degradation over time (Olsen et al., 2004; Miller
et al., 2007; Duchatelet et al., 2010; Hase et al., 2013; Feist
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et al., 2016). These misalignment effects can be diagnosed
via the monitoring of instrumental line shape (ILS) (Hase
et al.,, 1999, 2013). It has become a part of FTIR network
practice to regularly use a low-pressure calibration gas cell
(HBr or HCI) to diagnose a misalignment of the spectrome-
ter and to realign the instrument when indicated (Hase et al.,
1999, 2013; Wunch et al., 2010, 2015). A successful align-
ment scheme for high-resolution spectrometers was proposed
about a decade ago and has become the standard alignment
procedure for both TCCON and NDACC (Hase et al., 2013).
As a result, the individual systematic errors and site to site
biases caused by misalignment due to mechanical degrada-
tion are already minimized. However, the ILS measurements
are commonly performed using an internal lamp. For the gas
measurements, the ILS of the whole system (i.e., including
the solar tracking system and the entrance optics) is also of
utmost importance (F. Hase and T. Blumenstock, personal
communication, 2011).

The TCCON and many NDACC assume an ideal ILS in
spectra retrieval. In the TCCON network a maximal variation
of the ILS is prescribed, on which the maximal variation for
modulation efficiency (ME) amplitude is 5 % (Wunch et al.,
2011, 2015). This assumption still holds within the required
accuracy of the results. The TCCON prescribes a constant
entrance field stop. In order to adapt the intensity of the inci-
dent radiation, an attenuator is inserted in the light path. The
NDACC changes the entrance field stop size if incident ra-
diation changes. These processes may alter the alignment of
a high-resolution FTIR spectrometer and subsequently result
in biases due to ILS drift. An alternative way that does not
alter the alignment of a spectrometer is done via the selec-
tion of a suitable amplifier gain, depending on incoming in-
tensities. However, this method has limited contribution and
may be plagued with deteriorating SNR (signal-to-noise ra-
tio) of the spectrum. For measurement performed within the
TCCON and NDACC networks, the degree of ILS changes
caused by the above processes is not fully quantified. In this
paper, we designed experiments to investigate the sensitiv-
ity of ILS monitoring for ground-based high-resolution FTIR
spectrometers with respect to different optical attenuators.

2 Experimental design
2.1 Experiment description

All experiments were performed with a Bruker FTS (Fourier
transform spectrometer) 125HR located in Bremen, Ger-
many. This instrument is operated by the Institute of Envi-
ronmental Physics (IUP), University of Bremen, Germany,
and it has been part of the networks NDACC and TCCON
since 2004 (Messerschmidt et al., 2010). The instrument’s
alignment is regularly checked using a gas cell filled with a
known amount of either HBr or HCl. NDACC ILS monitor-
ing uses a cell 2 cm long filled with 2 mbar of HBr. TCCON
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Figure 1. Schematic drawing of the instrument with all its mirrors.
The yellow arrows show the place where the attenuators are in-
serted. The solid yellow arrows are for the group one experiments;
i.e., the attenuator was inserted to a specified place just in front of
the exit parabolic mirror. The dotted yellow arrow is for the group
two experiments; i.e., the attenuator was inserted to a specified place
between the entrance parabolic/spherical mirror and its focus (i.e.,
the position of the 1 mm entrance field stop).
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Figure 2. Five different attenuators used in the experiment. The red
circle indicates the size of the beam. Check the text for detailed
descriptions.

ILS monitoring uses a cell 10 cm long filled with 5 mbar of
HCI. The optical scenarios for routine check are listed in Ta-
ble 1. In this study, these optical scenarios are called default
scenarios.

The LINEFIT software is used for the ILS calculations
(Hase et al., 1999). It retrieves a complex ME as a function of
optical path difference (OPD), which is represented by a ME
amplitude, the real part of the complex ME, and a ME phase
error, its imaginary part (Hase et al., 1999). The ME ampli-
tude refers to the width of the ILS, while the ME phase error
quantifies the degree of ILS asymmetry (Hase et al., 2013).
LINEFIT offers two fitting modes. The micro window (WM)
mode fits each absorption line separately, and the broadband
mode fits all absorption lines simultaneously. For compari-
son, the WM mode rather than broadband mode was used
for all ILSs’ retrieval, and all spectra were normalized to the
same level before analysis.

Five different kinds of attenuators (Fig. 2) were used in
the experiments. Attenuator no. 1 is a flat metal perforated
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Table 1. Optical scenarios for each ILS monitoring.

991

Scenarios
Items Light source Cell ‘ Entrance ‘ Attenuator ‘ Beam  Detector Filter
‘ field stop ‘ type position ‘ splitter
Routine check TCCON tungsten HCl none - CaF, InGaAs  none
NDACC  globar HBr KBr InSb OF3P
Group one (G1) TCCON  tungsten orsun HCl | 1 mm detector compartment | CaF, InGaAs  none
NDACC  globar or sun HBr o, 14 KBr InSb OF3
Group two (G2) TCCON  tungsten or sun  HCI o source compartment CaF, InGaAs  none
NDACC  globar or sun HBr KBr InSb OF3
Group three (G3) TCCON  tungsten or sun  HCI | no.5 (0.8 or .2mm)? | entrance aperture CaF; InGaAs  none
NDACC  globar or sun HBr KBr InSb OF3

@ Attenuator no. 5 is an entrance field stop other than 1 mm size. b cwN (center wave number) =2300cm™
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Figure 3. Typical interfering gases and the solar Fraunhofer lines within the HC1 and HBr fitting regions. Panel (al) shows the interfering
gases within the HCI fitting regions, (a2) shows the solar Fraunhofer lines within the HCI fitting regions, (b1) shows the interfering gases
within the HBr fitting regions, and (b2) shows the solar Fraunhofer lines within the HBr fitting regions. The absorption intensities of all gases
are adopted from HITRAN2008. The solar Fraunhofer lines are adopted from the input files of the TCCON software GGG2014.

on a regular grid. Attenuator no. 2 restricts the diameter of
a beam. Attenuator no. 3 blocks the opposite 1/4 pairs of
a beam and lets the rest 1/4 pairs pass through. Attenuator
no. 4 blocks half of a beam. Attenuator no. 5 is an entrance
field stop other than the 1 mm size, i.e., a 0.8 or 1.2 mm field
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stop located in the entrance aperture wheel. It has to be noted
that theoretically, all field stops are equivalent; however, in
practice they are not because the real instruments are not as
symmetric as required by theory. The reproducibility of me-
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Figure 4. Normalized spectra used for ILS retrievals. Panel (al) is a lamp spectrum for the TCCON HCI cell measurement, (a2) is a solar

spectrum for the TCCON HCI cell measurement, (b1) is a lamp spectrum for the NDACC HBr cell measurement, and (b2) is a solar spectrum
for the NDACC HBr cell measurement. Less interfering structures in lamp spectra than solar spectra are shown.
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Figure 5. The LINEFIT-fitted cases for TCCON and NDACC after background removal. Panel (al) is the TCCON ILS fitting using a lamp
spectrum, (a2) is the TCCON ILS fitting using a solar spectrum, (b1) is the NDACC ILS fitting using a lamp spectrum, and (b2) is the
NDACC ILS fitting using a solar spectrum. Only one micro window for each case is shown, and the residual in most cases is less than 0.2 %.
“calc” represents the calculated spectrum, and “spec” represents the measured spectrum.
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Figure 6. ILS retrievals derived from lamp (black lines) and sun spectra (red lines). Panel (al) shows ILS modulation efficiencies deduced
from HCl lamp and sun spectra, (a2) shows ILS phase errors deduced from HC1 lamp and sun spectra, (b1) shows ILS modulation efficiencies
deduced from HBr lamp and sun spectra, and (b2) shows ILS phase errors deduced from HBr lamp and sun spectra.

chanical setups, like the position of the entrance aperture, is
also not always granted to a high degree.

We performed three groups of experiments within
3 weeks. The alignment during these experiments was not
changed and was constant. This is backed up by experience,
i.e., the past monitoring of the ILS at the instruments oper-
ated by the Universitdt Bremen, which showed that the ILS
only changes very slowly if ambient conditions are stable.
Each TCCON lamp and sun cell measurement was repeated
60 and 6 times, and for NDACC, 50 and 4 times, respectively.
Fewer repetitions were done for the solar measurements to
minimize the effect of atmospheric variations.

2.2 Group one experiment (G1)

One of the attenuators no. 1-4 is inserted at a specified place
just in front of the exit parabolic mirror (Fig. 1). It was made
up of four sun cell measurements and four lamp cell measure-
ments. All sun cell measurements were performed within 1
day with a clear sky condition suitable for observations. The
optical scenarios for group one measurement are listed in Ta-
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ble 1. The attenuators for the TCCON and NDACC are in the
parallel beam and in the divergent beam, respectively.

2.3 Group two experiment (G2)

As shown in Fig. 1 and Table 1, G2 is the same as G1 except
that one of the attenuators no. 1-4 was inserted at a specified
place between the entrance parabolic/spherical mirror and its
focus (i.e., the position of the 1 mm entrance field stop). For
both TCCON and NDACC, the attenuators are in the diver-
gent beam.

2.4 Group three experiment (G3)

As shown in Table 1, none of the attenuators no. 1-4 was
inserted into the light path, but an entrance field stop other
than the default 1 mm size was selected. In this manner, the
attenuator no. 5 is in the image of the light source for both
TCCON and NDACC.

Atmos. Meas. Tech., 10, 989-997, 2017
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Figure 7. TCCON ILS retrievals for different attenuators. Panels (a) and (b) are ILS retrievals derived from lamp and sun cell measurements,
respectively. (1) and (2) of each subplot represent the ME amplitude and phase error, respectively. “HCl_sun_#3_front” represents the sun
HCI cell measurement performed by inserting the attenuator no. 3 in front of the interferometer. The nomenclature for other plot labels is

straightforward.

3 Consistency between sun and lamp ILSs

In Fig. 3, the typical interfering gases and the solar Fraun-
hofer lines within the HCI and HBr fitting regions are shown.
In the TCCON case, H;O and CH4 have non-negligible
absorptions in the same region as HCl. The NDACC case
is more complicated; both N,O and SO; show strong in-
terferences in HBr region. Furthermore, non-negligible so-
lar Fraunhofer lines within both HCl and HBr regions are
shown. Therefore, optical background removal is rather im-
portant, especially for the sun cell measurement. Since the in-
terfering items in the solar spectrum are not easy to quantify,
each target spectrum (with a cell inserted in the optical path)
is divided by a reference spectrum (without a cell inserted
into the optical path) to remove the optical background.

The default scenarios were used to examine the consis-
tency between the lamp and sun ILS retrieval. Typical lamp
and sun spectra used for TCCON and NDACC ILS retrievals
are shown in Fig. 4. The sun spectra in both HCI and HBr re-
gions exhibited more interference than the lamp spectra. The
lamp spectra are nearly free of interference except the non-
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constant transmission due to the glass body of the gas cells,
whereas the atmospheric structures are obviously shown in
sun spectra.

Figure 5 shows the fitted cases for TCCON and NDACC
ILS retrievals after removing the optical background. LIN-
EFIT achieved good ILS fittings for both TCCON and
NDACC regardless of lamp or sun spectrum. The ILS mod-
ulation efficiencies and phase errors deduced from Fig. 5 are
shown in Fig. 6. It concludes that the lamp and solar spec-
trum can achieve consistent ILS retrievals for both TCCON
and NDACC, though the solar spectrum is much more struc-
tured than the lamp spectrum. The three groups of experi-
ments deduced the same conclusion.

4 Sensitivity study

4.1 ILS retrieval sensitivity

The TCCON and NDACC ILS retrievals derived from each
group experiment are presented in Figs. 7 and 8, respectively.
The variation of the ILSs retrieved from lamp cell measure-
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Figure 9. Typical derivatives of attenuators no. 1-4 as potentials to
decrease the incident intensity. Panel (a) is a derivative of attenuator
no. 2, which restricts the diameter of a beam with a polygon. Panel
(b) is derivative of attenuator no. 3, which blocks a beam with an
arc of sector. Panel (¢) is a derivative of attenuator no. 4, which
partly blocks a beam.

ments are smaller than those retrieved from sun cell mea-
surements for two reasons: first, we performed more repeat
measurements for each lamp cell measurement than for sun
cell measurement; therefore the random noise is lower. In ad-
dition, the simpler measurement scenario makes the optical
background removal of the lamp cell measurement easier and
better.

The ILS variation caused by inserting attenuators no. 1—
4 is much less than attenuator no. 5. Both TCCON and
NDACC ILSs derived from inserting attenuators no. 1—
4 are close to the ILS derived from the default optical
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scenario, with a ME amplitude change of <3 % within
OPDax =45cm and <6 % within OPD,,x = 180 cm, re-
spectively. Both TCCON and NDACC ILSs derived from
attenuators no. 5 are larger than 8 % at the OPDp,x. This
is most likely because the routine alignment adjustment was
performed by using a specified 1 mm entrance field stop, and
the consistency between different field stops produces a non-
negligible optical misalignment if a field stop other than the
1 mm size was selected. Note that the different aperture size
was taken into account in the ILS determination. This is most
likely because of mechanical inaccuracies in the mechanics
of the entrance aperture.

It can be concluded that the ILS retrievals are very sensi-
tive to various attenuators. The phase errors are more noisy
than the ME amplitude. They indicate that the alignment of
the interferometer was changed after either attenuator was
inserted, and it caused more influence on optical modulation
phase than optical modulation efficiency.

4.2 Potential strategy to adapt the incident intensity
As the ILS asymmetry is less critical than ILS width, the
TCCON-prescribed maximal ME amplitude variation of 5 %

within OPDyp,,x =45 cm is taken as the upper limit (Wunch et
al., 2015). As a result, the insertion of any of the attenuators
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no. 1-4 in front of or behind the interferometer could poten-
tially be taken to adapt the incident intensity. Furthermore,
we also verified some derivatives of attenuators no. 1-4 as
shown in Fig. 9, which are also potential solutions. Selecting
a smaller (bigger) entrance aperture to decrease (increase) in-
coming intensities is not optimal since the mechanical errors
of different apertures may be non-negligible and inconsis-
tent. This may be different from one instrument to the other;
hence, the mechanical consistency of each field stop is rec-
ommended to be checked further before being used.

5 Summary

We investigated the sensitivity of ILS monitoring for ground-
based high-resolution FTIR spectrometers with respect to
various typical optical attenuators and positions. We con-
firmed that the ILS measurement using sun and internal lamp
returned consistent results for the Bremen instrument. ILSs
deduced from all scenarios of lamp cell measurements are
compared. We observed that the ILS retrievals are very sen-
sitive to various attenuators at different positions. The ILS
disturbances with respect to the insertion of various attenua-
tors in front of and behind the interferometer were quantified.
The insertion of any of the attenuators no. 1—4 or their
derivatives in front of or behind the interferometer did not
change the ILS much, and could potentially be taken to adapt
the incident intensity. Selecting a smaller (bigger) entrance
field stop (i.e., attenuator no. 5) to decrease (increase) in-
coming intensities is not optimal since the mechanical errors
of different field stops may be non-negligible and inconsis-
tent. This may be different from one instrument to the other;
hence, the mechanical consistency of each field stop is rec-
ommended to be checked further before being used.

Data availability. The LINEFIT12 software is obtained on request
from KIT Karlsruhe (http://www.imk-asf kit.edu/english/897.php)
(Hase et al., 1999). The used input files and the spectra are attached
as a Supplement.

The Supplement related to this article is available online
at doi:10.5194/amt-10-989-2017-supplement.
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