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Abstract

This study examines the possibility of ground-based remote sensing ozone total col-
umn amounts (OTC) from spectral signatures at 3040 and 4030 cm−1. These spectral
regions are routinely measured by the NDACC (Network for the Detection of Atmo-
spheric Composition Change) ground-based FTIR (Fourier Transform InfraRed) ex-5

periments. In addition, they are potentially detectable by the TCCON (Total Carbon
Column Observing Network) FTIR instruments. The ozone retrieval strategy presented
here estimates the OTC from NDACC FTIR high resolution spectra with a theoretical
precision of about 2 % and 5 % in the 3040 cm−1 and 4030 cm−1 regions, respectively.
Empirically, these OTC products are validated by inter-comparison to FTIR OTC refer-10

ence retrievals in the 1000 cm−1 spectral region (standard reference for NDACC ozone
products), using a 8 year FTIR time series (2005–2012) taken at the subtropical ozone
super-site of the Izaña Observatory (Tenerife, Spain). Associated with the weaker
ozone signatures at the higher wavenumber regions, the 3040 cm−1 and 4030 cm−1

retrievals show lower vertical sensitivity than the 1000 cm−1 retrievals. Nevertheless,15

we observe that the rather consistent variations are detected: the variances of the
3040 cm−1 and the 4030 cm−1 retrievals agree within 90 % and 75 %, respectively, with
the variance of the 1000 cm−1 standard retrieval. Furthermore, all three retrievals show
very similar annual cycles. However, we observe a large systematic difference of about
7 % between the OTC obtained at 1000 cm−1 and 3040 cm−1, indicating a significant20

inconsistency between the spectroscopic ozone parameters (HITRAN 2012) of both
regions. Between the 1000 cm−1 and the 4030 cm−1 retrieval the systematic difference
is only 2–3 %. Finally, the long-term stability of the OTC retrievals has also been ex-
amined, observing that both near infrared retrievals can monitor the long-term OTC
evolution in consistency to the 1000 cm−1 reference data.25
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1 Introduction

Atmospheric ozone concentrations (O3) are monitored by ground- and space-based re-
mote sensors, applying different measurement techniques. Very valuable is the ground-
based FTIR (Fourier Transform InfraRed) experiment, since it can observe total col-
umn amounts and mixing ratio profiles often with high precision. Within the NDACC5

(Network for Detection of Atmospheric Composition Change, www.acd.ucar.edu/irwg)
such FTIR experiments are operated at about 25 globally distributed sites. For NDACC
FTIR ozone observations, the wide spectral region between 1000 and 1005 cm−1 has
been established as the reference spectral region. It theoretically offers the largest
sensitivity and the smallest errors for retrieving atmospheric ozone (Barret et al., 2002;10

Lindenmaier et al., 2010). Furthermore, the high quality of the ozone products ob-
tained in this region (total column amounts and vertical profiles) have been extensively
documented by inter-comparing to other ozone measurement techniques (e.g., Dob-
son/Brewer/DOAS spectrometers and ozone sondes) (Barret et al., 2002; Schneider
et al., 2008a, b; Vigouroux et al., 2008; Lindenmaier et al., 2010; García et al., 2012).15

In this paper we examine the quality of ozone total column amount (OTC) time series
retrieved in the near infrared spectral regions of 3040 cm−1 and 4030 cm−1. The former
has demonstrated to provide the best quality of ground-based infrared ozone retrievals
at > 1800 cm−1 (e.g., Rinsland et al., 1996; Lindenmaier et al., 2010), and the latter
corresponds to the highest infrared frequency with ozone signatures being still strong20

enough for ground-based retrievals (at higher infrared frequency ozone lines are too
weak). This is of growing importance, since the number of FTIR instruments measuring
in the near infrared region is steadily increasing. Several FTIR spectrometers within the
TCCON (Total Carbon Column Observing Network, TCCON, www.tccon.caltech.edu,
Toon et al., 2009) measure near infrared spectra above 3000 cm−1, but not mid infrared25

spectra below 2000 cm−1. A contribution of these new instruments to the global ozone
dataset would be very desirable, but it is important to precisely examine the quality of
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these data and to document its degree of consistency with the standard NDACC FTIR
ozone data retrieved at 1000 cm−1.

The quality of OTC data obtained from near infrared solar absorption spectra have
already been empirically assessed in previous works (e.g., Rinsland et al., 1996; Lin-
denmaier et al., 2010; Virolainen et al., 2011). However, these studies have been5

mostly carried out in the context of campaigns of a few days, weeks, or months,
thereby constituting no satisfactory long-term assessment. In this context, this study
presents a theoretical and empirical long-term quality assessment of OTC obtained
during eight years applying two near infrared spectral windows (3041.47–3045.66 and
4026.50–4029.14 cm−1). For the empirical validation we use the middle infrared (1000–10

1005 cm−1) retrievals as the reference from the NDACC FTIR solar spectra recorded
at the Izaña Atmospheric Observatory (IZO) between 2005–2012. The FTIR Program
at IZO is described in Sect. 2 together with the FTIR ozone retrieval strategy. Sec-
tion 3 presents a theoretical quality assessment for the different ozone retrievals, while
the inter-comparison of the analysed infrared spectral regions is shown in Sect. 415

(measurement-to-measurement, annual cycles, and long-term stability). Finally, the
main results and conclusions are summarized in Sect. 5.

2 Ground-based FTIR ozone measurements

2.1 FTIR measurements at the Izaña Atmospheric Observatory

The Izaña Atmospheric Observatory (www.izana.org), run by the Spanish Meteorolog-20

ical Agency (AEMET), is a high mountain observatory at the Tenerife island (28.3◦ N,
16.5◦ W, and 2373 ma.s.l.) and offers excellent conditions for atmospheric observations
by remote sensing techniques (e.g., Sepúlveda et al., 2012; García et al., 2012).

Izaña’s FTIR activities started in 1999 with a Bruker IFS 120M spectrometer. In 2005
it was replaced by a Bruker IFS 120/5HR spectrometer. These activities have been25

contributing to the international networks NDACC and TCCON since 1999 and 2007,
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respectively. For NDACC, the solar absorption spectra are measured in the middle in-
frared spectral region (740–4250 cm−1, corresponding to 13.5–2.4 µm), whereby two
liquid nitrogen-cooled detectors are applied: a mercury cadmium telluride (MCT) for
wavenumbers below 1850 cm−1 and an indium antimonide photodiode (InSb) for higher
wavenumbers. The TCCON spectra are recorded in the near infrared spectral region5

(3500–9000 cm−1, corresponding to 2.9–1.1 µm) using a room-temperature indium gal-
lium arsenide (InGaAs) detector.

In general, the NDACC spectra are highly-resolved with a spectral resolution of
0.005 cm−1, while the resolution of the TCCON spectra is typically limited to 0.02 cm−1.
At IZO the average number of FTIR measurement days is about 100 per year (two or10

three days per week). For this study we only work with the IFS 120/5HR measurements
from 2005 onward.

2.2 Ozone retrieval strategy

This study examines the OTC retrieved from NDACC FTIR spectra in three dif-
ferent spectral infrared regions: 1000.00–1005.00, 3041.47–3045.66, and 4026.50–15

4029.14 cm−1, measured with a spectral resolution of 0.005 cm−1 (in the following re-
ferred as 1000 cm−1, 3040 cm−1 and 4030 cm−1, see Table 1). As aforementioned, the
1000 cm−1 region is the official NDACC ozone microwindow, thus, it will be our spec-
tral region of reference. The fitted spectral microwindows containing the O3 absorption
lines are shown in Fig. 1 (lower panel). The upper panel shows the O3 absorption20

signatures produced for typical measurement conditions at IZO.
For the different spectral regions we nearly use identical retrieval setups. We use

the ground-based FTIR retrieval code PROFFIT (Hase et al., 2004), where the O3
isotopologues are retrieved on a logarithmic scale using an ad-hoc Tikhonov-Phillips
slope constraint (TP1 constraint). In order to minimise interference errors due to water25

vapour (H2O, main interference specie), we apply a two-step strategy. First, we perform
a dedicated H2O retrieval in order to get an optimal estimation of the atmospheric H2O
state (Schneider et al., 2006a). Second, we perform the ozone retrieval simultaneously
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with a H2O scaling retrieval that uses the previously estimated H2O state as a priori.
This strategy reduces the interfering error due to H2O (see Sect. 3.2) and makes the
O3 inversion process more stable. The rest of interfering species are simultaneously
fitted with O3 (Table 1).

As a priori profiles of O3 as well as of the all interfering species, we take the clima-5

tological data from WACCM (Whole Atmosphere Community Climate Model-version 5,
http://waccm.acd.ucar.edu) provided by NCAR (National Center for Atmospheric Re-
search, J. Hannigan, private communication, 2009). The spectroscopic line parame-
ters for O3 are taken from the HITRAN 2012 database (Rothman et al., 2013) and for
the rest of interfering species from the HITRAN 2008 database (Rothman et al., 2009),10

with 2009 update for H2O (www.cfa.harvard.edu/hitran/).
As temperature and pressure profiles, we use the diurnal Vaisala R292 radiosondes

(launched about 15 km southeast of the Izaña Observatory on the coastline) and ex-
tended them by the NCEP (National Centers for Environmental Prediction) 12:00 UT
temperature and pressure profiles.15

There are some retrieval settings that are specific for each region. For the 4030 cm−1

spectral window methane (CH4) is also an important absorber. In order to reduce its
interference with the retrieved O3 amounts we make a profile fit of CH4, thereby an
additional CH4 microwindow has been added (see Table 1). For the 3040 cm−1 region
we enable our retrieval algorithm to disregard the residuals in the 3042.28–3042.4820

and 3043.72–3044.04 cm−1 ranges (dotted gray lines in Fig. 1). Thereby, we avoid
that the relatively high and not well understood residuals observed for these spectral
bins significantly affect our retrievals. For the 1000 cm−1 region a simultaneous optimal
estimation of temperature profile is performed, which assures very precise OTC and O3
profiles (Schneider et al., 2008a; García et al., 2012). This temperature retrieval is not25

necessary for the O3 retrievals in the 3040 and 4030 cm−1 spectral regions, since there
the temperature error is much smaller with regard to the total error (see Sect. 3.2). As
a priori temperature profiles, we use the aforementioned temperature profiles.
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In order to minimise errors due to uncertainties of the ILS (Instrumental Line Shape:
the interferometer’s modulation efficiency amplitude and phase error), the ILS is moni-
tored about every two months. These measurements consist in independent low pres-
sure N2O cell measurements and the ILS is retrieved by using the LINEFT code (ver-
sion 14) as described in (Hase, 2012). Our retrieval works with the so-obtained actual5

ILS (Fig. 2).

3 Theoretical quality assessment

Trace gas profiles can be retrieved by observing the pressure broadening effect from
highly-resolution FTIR solar absorption spectra. The atmospheric solution state x̂ can
be written down as a linear combination of the a priori state xa and the real state x, the10

estimated model parameters b̂, and the measurement noise ε:

x̂ = xa +A(x−xa)+GKb(b− b̂)+Gε (1)

where G represents the gain matrix, Kb a sensitivity matrix to model parameters, and
A the full averaging kernel matrix. Equation (1) will be the basis for the analytic error
estimation of the retrieval products (for more details see Rodgers, 2000).15

3.1 Averaging kernels and sensitivity

The full averaging kernel matrix (A) relates the real variability (x−xa) to the measured
variability of the considered atmospheric state (x̂−xa), such as (x̂−xa) = A(x−xa).
This full matrix comprises sub-matrixes describing the smoothing of the target absorber
profiles by the remote-sensing system (averaging kernel matrix of the target gas, avks),20

and the cross-dependence between the target absorbers and the interfering species.
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Thus, this matrix can be written as:

A =

AOO AOI1 ...
AI1O AI1I1 ...
... ... ...

 (2)

where AOO is the averaging kernel matrix of O3, AOI1 describes the cross-dependence
of the retrieved O3 on the interfering specie I1, like H2O, etc.5

The response of the O3 retrievals on real atmospheric variability is significatively dif-
ferent for the three analyzed regions. This fact can be observed in the AOO and can
be quantified by the trace of AOO (so-called the degrees of freedom for signal, DOFS).
The DOFS is a measure for the number of independent O3 partial columns that can
be retrieved by the remote sensing system. Thus, we observe a decrease of the FTIR10

vertical resolution for the high wavenumber regions (see the plots of AOO in Fig. 3 and
typical DOFS values as listed in Table 2), associated with the weaker O3 signature in
these regions. For the 1000 cm−1 region four independent O3 partial columns can be
well detected: the troposphere, the tropopause region, the lower/middle stratosphere
and the middle/upper stratosphere. For the 3040 cm−1 region the number of indepen-15

dent layers is limited to two and the FTIR system only distinguishes the upper tropo-
sphere/lower stratosphere and the middle/upper stratosphere. The spectral O3 signa-
tures at 4030 cm−1 are only sensitive to atmospheric O3 changes in the stratosphere.
The fact that the mid and near infrared regions do not contain the same amount of in-
formation has to be considered when comparing the O3 products obtained in the three20

spectral regions.

3.2 Error estimation

According to Eq. (1) the error in the retrieved profile can be calculated by summing
up three error classes: smoothing and interference errors, errors due to uncertainties
in the input parameters, and measurement noise. The covariance matrices of these25

errors are given by:
2078

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/2071/2014/amtd-7-2071-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/2071/2014/amtd-7-2071-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 2071–2106, 2014

Ozone total columns
from near infrared

spectrometry

O. E. García et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1. smoothing and interference errors: the covariance of the smoothing error can
be calculated by (AOO − I)Sa(AOO − I)T, where AOO is the O3 averaging kernel,
I is the Identity matrix and Sa the assumed a priori covariance of atmospheric
O3. The Sa matrix used here is obtained from a Electro Chemical Cell (ECC)
sonde climatology calculated from weekly measurements above IZO between5

1999 and 2006 (Schneider et al., 2008b). For the interference error, the error
covariance is AOISaIA

T
OI (Sussmann and Borsdorff, 2007), where AOI describes

the cross-dependences of O3 on the interfering species and SaI is the a priori
covariance of the interfering species. In all spectral regions the most important
interfering species is H2O. As aforementioned, and in order to minimise its cross-10

dependence on the retrieved O3, we use an H2O a priori specific for the con-
sidered spectra (the H2O a priori profile used has been obtained by a previous
dedicated H2O fit on the same spectra). Therefore, as SaI we can use the H2O
error covariance estimated for the dedicated H2O fit.

2. Errors due to uncertainties in the input parameters (instrumental characteristics,15

spectroscopy data, etc): GKbSbGTKT
b, with Sb being the error covariance matrix

of b. The assumed uncertainties in the input parameters are listed in Table 3.
We assume that each error source has a statistical and systematical contribution:
80 % and 20 % respectively, except for spectroscopic parameters (line strength
and pressure broadening coefficient), which are purely systematic (see also Gar-20

cía et al., 2012).

3. Retrieval error due to measurement noise: GSεGT, whereby Sε is the noise co-
variance matrix.

Table 4 shows our error estimations of OTC for the three analysed spectral regions
(the error estimations for the O3 profiles are included in Appendix A). The random errors25

are dominated by the ILS uncertainty (for the 1000 cm−1 and 3040 cm−1 retrievals) as
well as by the solar lines and the measurement noise (for the 4030 cm−1 retrieval). In
this study, the measurement noise depends on the quality of the fitted spectra (Hase
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et al., 2004). Thereby, we observe high values of measurement noise error, where the
fit residuals are slightly larger, especially in the 4030 cm−1 region (see Fig. 1). Also for
this region the solar absorption lines are stronger than the O3 lines and responsible for
a 1.1 % uncertainty of OTC product. Likewise, only for this region, the H2O interfering
error is noticeable (about 0.1 %), but not critical. Note that when H2O is simultaneously5

fitted with O3, using an optimal H2O estimation (O3 retrieval in one-step strategy), the
H2O interfering error is larger (about 0.3 %, in square brackets in Table 4). This fact
confirms our decision of using a two-step inversion strategy to estimate the H2O profile
in a dedicated H2O profile fit prior to the O3 retrieval. Finally, while the contribution of
the smoothing error to the total column random error is minor for the 1000 cm−1 region,10

it is dominating the error budget for the other regions due to the lower FTIR vertical
sensitivity.

Considering all the uncertainty sources, the smoothing and H2O interference error
as well, the total random error (TE) is about 2 % and 5 % for the 3040 and 4030 cm−1

retrieval, respectively, while it is only 0.7 % for the 1000 cm−1 region. Our theoretical15

quality assessment confirms that the 1000 cm−1 region is the optimal microwindow
for retrieving high-quality OTC. It offers the largest sensitivity and the smallest errors
whenever the temperature is simultaneously fitted with ozone. If not, the OTC error at
1000 cm−1 region is significantly larger (Schneider and Hase, 2008) and can be similar
to the other regions (see errors in brackets in Table 4).20

Regarding systematic errors, the spectroscopy is the major contributor. It determines
the total systematic error and is about 2–3 % for the three spectral regions, considering
2 % as uncertainty in the spectroscopy parameters.

4 Empirical validation

We empirically validate the near infrared retrievals taking the 1000 cm−1 retrievals as25

the reference from the NDACC FTIR solar spectra time series at IZO (2005–2012).
FTIR OTC observations are compared when they are made within 1 h of each other.
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The OTC comparison was addressed following two strategies: first, we directly com-
pare the OTC retrieved in each spectral region (unsmoothed OTC), so the influence of
the different sensitivities can be directly validated. Second, we convolve the vertically
highly-resolved O3 profile obtained from the 1000 cm−1 retrievals (x̂1000), applying the
averaging kernels of the vertically poorly-resolved profiles obtained from the near in-5

frared retrievals (x̂′
1000, smoothed OTC, Eq. 3). When comparing x̂

′
1000 with the near

infrared retrievals the different sensitivities are accounted for.

x̂′
1000 = A(x̂1000 −xa)+xa (3)

4.1 Measurement-to-measurement comparison

Figure 4 summarizes the comparison between the OTC obtained in the three spectral10

regions. The straightforward comparison between 1000 cm−1 and 3040 cm−1 regions
(Fig. 4a) shows a good agreement. More than 90 % of the OTC variance obtained for
the 1000 cm−1 and the 3040 cm−1 regions agree (correlation coefficient, R, of 0.96, i.e.,
R2 = 0.92). The agreement to the 4030 cm−1 retrieval is slightly poorer (R = 0.86, i.e.,
R2 = 0.74, meaning that about 75 % of the variances are in agreement, Fig. 4b).15

The relative differences among regions are not uniformly distributed, but they de-
pend on the season. For example, the relative differences between 1000 cm−1 and
3040 cm−1 regions show a marked annual cycle: maxima in spring/summer and minima
in autumn/winter (see Fig. 5a). This seasonality is due to the different O3 sensitivities
of the two retrievals: while the 1000 cm−1 retrieval is well able to capture tropospheric20

and stratospheric O3 variations, the 3040 cm−1 retrieval’s tropospheric O3 sensitivity is
rather limited. Thus, the 1000 cm−1 retrieval captures the tropospheric ozone season-
ality (maxima in spring/summer and minima in autumn/winter), but the 3040 cm−1 does
not. For the 4030 cm−1 region, we do not observe so clearly a seasonal cycle in the
relative difference time series, since it is masked by the high variability of the relative25

differences, 3.1 % (1σ, σ standard deviation with respect to the 1000 cm−1 retrieval).
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If we account for the different vertical resolutions and sensitivities, i.e. if we com-
pare to the smoothed 1000 cm−1 data (x̂′

1000, Eq. 3), we can document that the re-
trievals in the 3040 cm−1 and the 1000 cm−1 regions reflect almost the same variation
in OTC (Fig. 4c). Note, also, that the straightforward comparison improves (the slope
is closer to one and the bias decreases). The scatter observed between the smoothed5

1000 cm−1 and 3040 cm−1 retrievals is about 1 % (1σ of the relative differences) and
both retrievals observe similar seasonality (Fig. 5b, the peak-to-peak amplitude of the
relative differences is reduced from 3 % to 1 %). Part of this remaining scatter may be
due to instrumental error sources that are common for both spectral regions (e.g., the
ILS error may be correlated among regions), leading to the scatter found may slightly10

be lower than the real one. For the 4030 cm−1 region, the dispersion reaches 2 % (1σ
with respect to the smoothed 1000 cm−1 retrieval). These scatter values agree well with
our theoretical error estimation and with previous studies (e.g., Rinsland et al., 1996;
Lindenmaier et al., 2010). For example, Lindenmaier et al. (2010) found the same range
of uncertainty between OTC retrievals in 1000 and 3040 cm−1 regions (scatter between15

1–2 %), using FTIR spectra measured at the Eureka arctic site (80.0◦ N, 86.4◦ W).
However, we observe significant systematic differences, especially between the

1000 cm−1 and the 3040 cm−1 retrievals. The 3040 cm−1 region systematically gives
OTC 7 % lower than the 1000 cm−1 region. These systematic differences might in-
dicate discrepancies in the applied near and middle infrared spectroscopic parame-20

ters. In fact, when using the spectroscopic line parameters given by the HITRAN 2004
database (Rothman et al., 2005) the systematic difference between the OTC obtained
at 3040 cm−1 with respect to the OTC reference data is reduced to about +2 %, which
agrees with our theoretical error estimation (Table 4). For the 4030 cm−1 region the
systematic underestimation of the 1000 cm−1 OTC is within the expected uncertainty25

(about 2–3 %) and no significant differences are observed between the two HITRAN
spectroscopic databases (2004 and 2012).

Since 2007 the 4030 cm−1 region is also measured at IZO in the framework of
TCCON. A detailed comparison between the 1000 cm−1 (NDACC spectra) and the
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4030 cm−1 retrievals (TCCON spectra) is included in Appendix B. The TCCON’s ob-
jective is the monitoring of tropospheric greenhouse gases at a very high precision.
Despite the fact that TCCON is not meant to measure stratospheric trace gases, we
found a reasonable agreement between the OTC obtained from TCCON spectra in the
4030 cm−1 region and from NDACC spectra in the 1000 cm−1 region (R = 0.69, i.e.,5

R2 = 0.48, meaning that about 50 % of the variances agree). The scatter is about 4 %
(1σ of the relative differences between TCCON and NDACC OTC retrievals). To obtain
the TCCON OTC retrievals the ozone retrieval strategy was slightly modified, since
the resolution of the TCCON spectra (0.02 cm−1) is too low to perform an accurate O3
profile retrieval. Instead, we scale a O3 profile from the WACCM climatology.10

4.2 Annual cycle

The OTC annual cycle at subtropical latitudes is mainly controlled by the joint effect
of the annual shift of the tropopause’s altitude and the annual cycle of the O3 pho-
tochemical production, as a result of tropical insolation. These phenomena produce
a marked OTC annual cycle at subtropical latitudes: peak values in spring and mini-15

mum in autumn-winter, as observed in Fig. 6. This figure displays the annual cycle of
the OTC multi-year variability (multi-year monthly mean minus multi-year annual mean)
calculated for the 2005–2012 period.

The agreement between the OTC annual cycles from the different infrared spec-
tral regions is rather satisfactory and all regions show coherent results. The peak-to-20

peak amplitude of the OTC annual cycle is similarly captured by the three retrievals
(Fig. 6a and b) and the OTC variabilities are perfectly correlated (Fig. 6c and d),
with correlation coefficients higher than 95 %. The largest discrepancies occur be-
tween 1000 cm−1 and 4030 cm−1 data: the peak-to-peak amplitude calculated from
4030 cm−1 region is about 10 DU lower than the one retrieved by the unsmoothed25

1000 cm−1 region, 38 DU. A large part of this difference is due to the poor sensitiv-
ity of the 4030 cm−1 retrieval. The difference in the peak-to-peak amplitude is reduced
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to less than 1 DU when the smoothed 1000 cm−1 O3 profiles are considered. For the
3040 cm−1 region, the peak-to-peak amplitude is about 32 and 37 DU for unsmoothed
and smoothed 1000 cm−1 O3 profiles, respectively. The largest differences are ob-
served during summer and the late autumn-winter, due to the missing tropospheric
sensitivity of the 3040 cm−1 retrieval.5

4.3 Long-term stability

In this section the long-term stability of the near infrared retrievals is checked. For
this purpose, we examine possible drifts and discontinuities/change-points in the
3040 cm−1 and the 4030 cm−1 retrievals. We defined a drift as the linear trend of the
de-seasonalised monthly mean differences with respect to the 1000 cm−1 OTC data10

(reference data). The change-points (changes in the median of the difference time se-
ries) are analysed by using a robust rank order change-point test (Lanzante, 1996).
The Lanzante’s procedure is an iterative method that applies a (single) change-point
test, based on summing the ranks of the data from the beginning to each point in the
series, and followed by an adjustment step (the median computed for the segments15

enclosed by the change-points identified is used to adjust the series). In the subse-
quent iteration the change-point test is applied to the adjusted series and the iterative
process finishes when the significance of each new change-point is less than an a pri-
ori specified level. Since this test uses non-parametric, resistant and robust principles,
it is likely to be highly resilient in the presence of outliers and gaps in the time series20

(Lanzante, 1996).
A systematic change-point was detected in December 2009 in the monthly time se-

ries of the relative differences among regions at 99 % confidence level (both for un-
smoothed and smoothed 1000 cm−1 OTC time series, Fig. 7a and b). This discontinu-
ity coincides with the discontinuity detected in the de-seasonalised monthly DOFS time25

series (especially for the 1000 cm−1 retrievals, Fig. 7c and d) and in the signal-to-noise
ratio of the measured spectra time series (figure not shown). This is likely due to the
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increase of the noise level since the end of 2009, when we made modifications on
the FTIR instrument (failure of the interferometer’s scanner motor and its subsequent
replacement). Nevertheless, we observe that there are no significant drifts in the rel-
ative differences time series (Table 5) before and after this systematic change point
at 95 % of confidence level. This fact is also confirmed in the DOFS time series (data5

not shown). Therefore, we can assume, first, that the different FTIR’s sensitivities do
not seem to affect the multi-annual OTC evolution, and secondly, that the near infrared
retrievals are consistent over time. Furthermore, these findings show that the analy-
sis of the DOFS (or the instrumental signal-to-noise ratio) time series by homogeneity
tests (e.g., Lanzante’s method) offers additional tools for identifying inconsistencies and10

documenting the stability of long-term series.

5 Summary and conclusions

This paper documents, theoretically and empirically, the quality of the ozone (O3)
total column amounts (OTC) obtained by solar absorption spectrometry in the
near infrared spectral regions: 3041.47–3045.66 cm−1 (so-called 3040 cm−1) and15

4026.50–4029.14 cm−1 (so-called 4030 cm−1), measured with a spectral resolution of
0.005 cm−1. These retrievals become increasingly important, since the number of high
quality ground-based FTIR systems operating in these spectral regions has been con-
tinuously increasing during recent years.

The theoretical error assessment showed that uncertainties in the ILS (Instrumental20

Line Shape) are important error sources. Please recall that our error estimation con-
siders an uncertainty of the modulation efficiency of only 1 %. Such low uncertainty can
only be achieved if the ILS is carefully and continuously documented. Furthermore, the
measurement noise and the limitation of the remote sensing technique in resolving fine
vertical O3 structures (smoothing error) are important error factors for the near infrared25

retrievals. We estimate an overall precision of about 2 % and 5 % for the OTC obtained
by the 3040 cm−1 and 4030 cm−1 retrievals, respectively. Note that the FTIR’s precision
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for the OTC obtained in the 1000 cm−1 region, used as reference in this study, is less
than 1 % whenever a simultaneous temperature fitting is done. In addition, we estimate
that the H2O interference error is not critical and is reduced when a dedicated H2O fit
is performed previous to the ozone retrieval (two-step strategy). This finding demon-
strates that the presented near infrared OTC retrievals may work similarly well at more5

humid FTIR sites.
The theoretical quality assessment has been completed by a detailed empirical inter-

comparison study. For this purpose, we use the coincident FTIR measurements in the
1000 cm−1 region as a reference taken at the Izaña Atmospheric Observatory. During
the 8 year period between 2005–2012, we observe a good consistency between OTC10

variations (day-to-day and annual variability) obtained by the 3040 cm−1 and 1000 cm−1

retrievals. The scatter for the relative difference between the two regions is about 1 %,
when the different sensitives are accounted for, and agree well with our theoretical
estimation. However, significant systematic differences (about 7 %) were found. It is
likely that this discrepancy is caused by inconsistencies between the spectroscopic O315

parameters at 1000 cm−1 and 3040 cm−1 (HITRAN 2012). For the 4030 cm−1 region
the systematic differences are only 2–3 %, however, there the scatter is larger (about
2 %). This poorer agreement is associated with the weaker O3 signatures in this region
(the O3 signatures of the 4030 cm−1 region are one order of magnitude smaller than
the O3 signatures of the 1000 cm−1 region).20

An important but very difficult scientific task is documenting the long-term evolu-
tion of the OTC. The inter-annual OTC changes are rather small and any instrumental
drifts/changes might alter the OTC estimated trends. In fact, when analysing the long-
term stability of the different OTC retrievals, we find a discontinuity due to modifications
on our FTIR instrument. Nevertheless, both near infrared retrievals have shown to be25

consistent to the 1000 cm−1 retrieval over time, thereby they may be used for correctly
estimating the inter-annual OTC changes.

The final conclusion of our study is that solar absorption spectra of the 3040 cm−1

region – if measured at a high spectral resolution (about 0.005 cm−1) – are well suited
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for monitoring OTC. NDACC FTIR sites routinely measure this spectral region, but cur-
rently only a subset of TCCON FTIR operates an InSb detector to cover near infrared
spectra > 3000 cm−1. In the light of the above results, adding such detector might be
desirable and useful for TCCON sites. Hence, both NDACC and TCCON ground-based
FTIR experiments might contribute to global ozone databases.5

Appendix A

Error estimation for ozone profiles

The theoretical quality assessment for the ozone profiles retrieved in the spectral re-
gions of 1000 cm−1, 3040 cm−1, and 4030 cm−1 is shown in Fig. A1, considering the
assumed uncertainty sources listed in Table 3 and typical measurement conditions of10

Izaña spectrometer 120/5HR (25 October 2010). The error profiles are depicted as the
root-square of the diagonal elements of the error covariance matrix for the different
error sources considered. The smoothing error profile is also shown for each spectral
region.

Appendix B15

Long-term ozone retrievals in the 4030 cm−1 region from TCCON spectra
(spectral resolution of 0.02 cm−1)

This section presents the same ozone inter-comparison study in the 4030 cm−1 region
as shown in the paper, but for measured spectra that are a bit less well resolved (0.02
instead of 0.005 cm−1). This resolution is typical for TCCON spectra. For these mea-20

surement conditions, the theoretical error estimation reveals that the OTC from TCCON
spectra in the this spectral region can be estimated with an overall precision of about
7 % (Total Error, TE), where about 4 % comes from the smoothing error and about 6 %
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from all input parameters and measurement noise (assumed uncertainty sources listed
in Table 3).

Figure B1 shows the comparison of OTC retrievals and ozone variability annual cycle
obtained in the 4030 cm−1 region from TCCON spectra and the 1000 cm−1 retrievals
from NDACC spectra. The scatter between the two data sets is in good agreement with5

the theoretical error as estimated for the TCCON OTC data. Note that TCCON solar
absorption spectra are only measured at Izaña Atmospheric Observatory since 2007.

Appendix C

Multi-annual evolution

The multi-annual evolution of the relative differences and of the ozone total column10

amounts has been estimated by using a bootstrap re-sampling method (Gardiner et al.,
2008; Kohlhepp et al., 2011), which fits the following function to the corresponding time
series:

F (t) = fo + ftrendt+
p∑
i=1

[ai cos(ωi t)+bi sin(ωi t)] (C1)

where t is measured in days, fo is a baseline constant, and ftrend the linear trend in15

change per year. The annual cycle is modeled in terms of a Fourier series, where ai
and bi are the parameters of the Fourier series to be determined and ωi = 2πi/T with
T = 365.25 days. We consider frequencies up to 3 yr−1 (p = 3), since the third order
Fourier series provides the best overall results. The significance of linear trends is
estimated by assuming that the residuals are Gaussian and uniform over the whole20

analysed time period (Gardiner et al., 2008).
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Table 1. Spectral regions and interfering species considered in the FTIR ozone retrievals. MW1
stands for additional microwindows containing well-isolated CO2 lines allowing for a tempera-
ture fit: 962.80–963.80, 964.25–965.25, 967.20–968.20, 968.20–969.60 cm−1; MW2 stands for
an additional microwindow with CH4 lines: 4210.40–4211.70 cm−1.

MW designation Spectral region [cm−1] Interfering species

1000 cm−1 1000.00–1005.00 + MW1 666O3, 686O3, 668O3, 676O3,
667O3, H16

2 O, CO2, C2H4

3040 cm−1 3041.47–3045.66 666O3, H16
2 O, H17

2 O, H18
2 O,

HDO, CH4, HCl, CO2, solar

4030 cm−1 4026.50–4027.88 + 4028.30–4029.14 666O3, H16
2 O, H18

2 O, HDO,
+ MW2 CO2, CH4, solar
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Table 2. Mean (M) and standard deviation (σ) of the DOFS time series of the retrieved OTC of
Izaña IFS 120/5HR (2005–2012) for each spectral region.

Microwindow DOFS: M, σ

1000 cm−1 4.19, 0.21
3040 cm−1 2.33, 0.15
4030 cm−1 1.05, 0.05
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Table 3. Assumed experimental and temperature uncertainties.

Error source Uncertainty

Baseline Offset 0.1 %
Modulation Efficiency 1 %
Phase Error 0.01 rad
Line Of Sight (LOS) 0.1◦

Solar lines (intensity and scale) 1 %, 10−6

Temperature profile 2 K below 50 km
5 K above 50 km

Spectroscopic parameters 2 %
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Table 4. Estimated random and systematic errors [%] of OTC for typical measurement con-
ditions of the Izaña spectrometer 120/5HR (25 October 2010) for the three analyzed spectral
regions. ILS: joint error due to the modulation efficiency amplitude and phase error uncertain-
ties; TE: Total Error due to input parameters, measurement noise, smoothing error and H2O
interfering error. For the latter the error when H2O is simultaneously fitted with O3 (O3 retrieval
in one-step strategy) is shown in square brackets. Note that the OTC for the 1000 cm−1 region
is retrieved considering a simultaneous optimal estimation of the temperature profile (the error
when the temperature profile is not fitted with O3 is given in brackets).

Error source 1000 cm−1 3040 cm−1 4030 cm−1

Random Systematic Random Systematic Random Systematic

Baseline Offset 0.3 (0.1) < 0.1 (< 0.1) 0.4 < 0.1 < 0.1 < 0.1
ILS 0.5 (0.1) 0.1 (< 0.1) 1.0 0.2 0.1 < 0.1
Line Of Sight (LOS) < 0.1 (< 0.1) < 0.1 (< 0.1) 0.1 < 0.1 < 0.1 < 0.1
Solar lines < 0.1 (< 0.1) < 0.1 (< 0.1) 0.2 < 0.1 1.1 0.3
(intensity and scale)
Temperature 0.4 (2.3) < 0.1 (0.6) 0.3 < 0.1 0.6 0.1
Spectroscopy – 2.0 (2.0) – 2.7 – 2.1
Measurement Noise 0.2 (< 0.1) – 0.4 – 2.1 –
Smoothing Error (SE) 0.1 (0.1) – 1.7 – 4.2 –
H2O Interfering Error � 0.1 [< 0.1] – � 0.1[< 0.1] – 0.1[0.3] –

Total Error (TE) 0.7 (2.3) 2.0 (2.1) 2.1 2.7 4.8 2.1
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Table 5. Linear trends [%yr−1] of the de-seasonalised monthly relative differences with re-
spect to the 1000 cm−1 OTC data for the IFS 120/5HR time series (2005–2012): 1000 cm−1

unsmoothed (third column), and the 1000 cm−1 smoothed by the avks from 3040 cm−1 and
4030 cm−1 regions (fourth column). The significance interval of the linear trends is estimated
by assuming that the residuals are Gaussian and considering 2σ standard deviations (i.e., 95 %
confidence level).

Microwindow Period 1000 cm−1 1000 cm−1

Unsmoothed Smoothed

3040 cm−1 2005–2009 −0.05±0.11 −0.03±0.09
2010–2012 +0.01±0.22 +0.10±0.17

4030 cm−1 2005–2009 −0.09±0.23 +0.02±0.15
2010–2012 +0.11±0.55 +0.19±0.29
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Fig. 1. Example of simulated transmission spectra of most abundant ozone isotopologue, 666O3
(upper panel, green solid line), and the measured transmission spectra (blue solid line), sim-
ulated spectra (red dashed line) and residuals (black solid line) for the 1000, 3040, and 4030
regions and for typical measurement conditions of the Izaña spectrometer 120/5HR (25 Octo-
ber 2010) (bottom panel). The dotted gray lines enclose the spectral regions with less weight
in the ozone retrieval. Note that the 666O3 transmission spectra has been multiplied by a factor
of 2 and 10 for 3040 and 4030 cm−1 regions, respectively.
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Fig. 2. Times series of the modulation efficiency amplitude [%] and phase error [rad] at different
optical path differences (OPD) for the MCT detector of the Izaña spectrometer 120/5HR. Indi-
vidual data points indicate individual low pressure N2O cell measurements. The lines are the
smoothed efficiency/phase error curves used during the FTIR retrievals. Black at 38 cm, red at
85 cm, green at 133 cm and blue at 180 cm.
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Fig. 3. FTIR O3 averaging kernel matrix, avks, for the three analyzed spectral regions, ex-
pressed as ln[O3], for typical measurement conditions of Izaña spectrometer 120/5HR (25 Oc-
tober 2010). The dotted lines are the diagonals (x = y). The panel on the right hand side shows
the total sensitivity of FTIR system (Σrow) and the DOFS (degrees of freedom for signal).
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Fig. 4. Scatter plots of OTC [DU] retrieved in the 3040 cm−1 region (a, c, N = 2723) and in
the 4030 cm−1 region (b, d, N = 2300) vs. 1000 cm−1 region unsmoothed and smoothed by the
averaging kernels (avks) from 3040 cm−1 and 4030 cm−1 O3 retrievals. The black solid lines are
the linear regression line of the least square fits, whose parameters are shown in the legend
(S and B are the slope and the bias of the regression fit respectively, and R the correlation
coefficient). The dotted lines are the diagonals (x = y).
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Fig. 5. Consistency of OTC time series at Izaña between 2005 and 2012 using different spectral
regions: (a) Relative difference [%] between the 3040 cm−1 and 1000 cm−1 OTC. (b) Same as
(a), but after smoothing the 1000 cm−1 OTC data with the 3040 cm−1 averaging kernels (see
Eq. 3). (c) Time series of the 1000 cm−1 OTC. (d, e) Same as (a, b), respectively, but for the
OTC retrievals in the 4030 cm−1 region. The mean, the standard error of the mean (SEM) and
the standard deviation (1σ, in brackets) of the relative differences are shown in the legend
for each spectral region. The green solid line is the multi-annual evolution fitted according to
Eq. (C1) in Appendix C.
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Fig. 6. Annual cycle of the OTC variability [DU] for the three spectral regions: (a) 1000 cm−1

unsmoothed, 1000 cm−1 smoothed by the avks from 3040 cm−1 and 3040 cm−1, (b) same as (a)
but for the 4030 cm−1 region. The error bars indicate ±1SEM. Scatter plots of the OTC variability
[DU]: (c) 1000 cm−1 (unsmoothed and smoothed) vs. 3040 cm−1, and (d) same as (c) but for
the 4030 cm−1 region (SF = Scaling Factor). The dotted lines are the diagonals (x = y).
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Fig. 7. Time series of the de-seasonalised monthly relative differences with respect to the
1000 cm−1 OTC (a, 3040 cm−1 and b, 4030 cm−1). The solid and dashed green lines represents
the medians of the relative differences time series for the unsmoothed and smoothed 1000 cm−1

OTC, respectively. These medians are calculated for the periods before and after the systematic
change point detected in December 2009 (solid orange line). (c) and (d) same as (a) and (b),
but for the de-seasonalised monthly DOFS time series. The solid green lines represents the
medians of the DOFS time series for the 1000 cm−1 OTC and the dashed ones are for 3040
and 4030 cm−1 regions.
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Fig. A1. Random and systematic error profiles [%] for typical measurement conditions of
Izaña spectrometer 120/5HR (25 October 2010) for the spectral regions: 1000 cm−1 (a),
3040 cm−1 (b), and 4030 cm−1 (c). ILS means the joint error due to the modulation efficiency
amplitude and phase error uncertainties and TPE (Total Parameter Error, black line) is the
quadratic sum of all errors except for smoothing error.
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Fig. B1. Same as Figs. 4–6, but for OTC obtained from TCCON spectra in the 4030 cm−1 region
(InGaAs detector, spectral resolution of 0.02 cm−1, N = 2949).
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