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Abstract. Nitrous oxide (N;O) and methane (CHy) are two
important greenhouse gases in the atmosphere. In 2019, mid-
infrared (MIR) solar absorption spectra were recorded by a
Bruker VERTEX 70 spectrometer and a Bruker IFS 125HR
spectrometer at Sodankyld, Finland, at spectral resolutions
of 0.2 and 0.005cm™!, respectively. The N,O and the CHy4
retrievals from high-resolution MIR spectra have been well
investigated within the Network for the Detection of At-
mospheric Composition Change (NDACC) but not for MIR
spectra gathered with instruments operating at low spectral
resolution. In this study, NoO and CHg4 retrieval strategies
and retrieval uncertainties from the VERTEX 70 MIR low-
resolution spectra are discussed and presented. The accu-
racy and precision of the VERTEX 70 N>O and CHy re-
trievals are assessed by comparing them with the coincident
125HR retrievals and AirCore measurements. The relative
differences between the N,O total columns retrieved from
125HR and VERTEX 70 spectra are —0.3 £ 0.7 (10) % with
a correlation coefficient (R) of 0.93. Regarding the CHy4 total
column, we first used the same retrieval microwindows for
125HR and VERTEX 70 spectra, but there is an underesti-
mation in the VERTEX 70 retrievals, especially in summer.
The relative differences between the CH4 total columns re-

trieved from the 125HR and VERTEX 70 spectra are —1.3 %
1.1 (10) % with a R value of 0.77. To improve the VER-
TEX 70 CHy retrievals, we propose alternative retrieval mi-
crowindows. The relative differences between the CH4 total
columns retrieved from the 125HR and VERTEX 70 spectra
in these new windows become 0.0 = 0.8 (1o) %, along with
an increase in the R value to 0.87. The coincident AirCore
measurements confirm that the VERTEX 70 CHy retrievals
using the latter window choice are better, with relative mean
differences between the VERTEX 70 CHy retrievals and Air-
Core measurements of —1.9 % for the standard NDACC mi-
crowindows and of 0.13 % for the alternative microwindows.
This study provides insight into the N»>O and CHy4 retrievals
from the low-resolution (0.2cm™!) MIR spectra observed
with a VERTEX 70 spectrometer, and it demonstrates the
suitability of this kind of instrument for contributing to satel-
lite validation, model verification, and other scientific cam-
paigns with the advantage of its transportability and lower
cost compared to standard NDACC-type Fourier-transform
infrared (FTIR) instruments.
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1 Introduction

Nitrous oxide (N»O) and methane (CH4) are two impor-
tant atmospheric greenhouse gases, which contribute greatly
to global climate change (IPCC, 2013). The global mean
N>O concentration has been increasing continuously since
the pre-industrial era and reached up to 332.87 ppb in 2020,
as observed by National Oceanic and Atmospheric Adminis-
tration (NOAA; https://gml.noaa.gov/ccgg/trends_n20/, last
access: 1 January 2023) surface measurements (Hall et al.,
2007). Moreover, the NOAA surface measurements show
that the global annual growth rate of N>O has been increas-
ing recently. The N»,O annual growth rate has been about
1.0 ppbyr~! during the last 5 years (2015-2020) compared to
that of 0.9 ppbyr~—! from 2010 to 2015. The increasing N>O
concentration also contributes to stratospheric ozone deple-
tion (Park et al., 2012). Tian et al. (2020) used both bottom-
up and top-down methods to estimate the atmospheric NoO
emissions between 1980 and 2016 and highlighted that it is
urgent to mitigate human-induced N>O emissions, as their
measured growth rate exceeds some of the highest projected
emission scenarios. According to the surface in situ mea-
surements (WMO, 2020), the global mean CH4 concentra-
tion kept increasing from 1984 to 1999 and remained stable
between 1999 and 2006, but it started to increase again af-
ter 2007. It is not fully understood what caused the variation
in CH4 during the last few decades, as the sources of atmo-
spheric CHy are diverse and variable (Saunois et al., 2020).
Many factors can affect the atmospheric CH4 concentration,
such as natural wetland and fossil fuel emissions (Kirschke
et al., 2013), tropical biogenic sources (Schwietzke et al.,
2016), biomass burning emissions (Worden et al., 2017), and
the atmospheric OH level (Turner et al., 2017).

Mid-infrared (MIR) solar absorption spectra (2400-
3000 cm™!) recorded by ground-based Fourier-transform in-
frared (FTIR) spectrometers are used to retrieve the N>O and
CHy4 vertical profiles and total columns within the Network
for the Detection of Atmospheric Composition Change In-
frared Working Group (NDACC-IRWG) (De Maziere et al.,
2018). The NDACC N,O and CH4 measurements are widely
used for understanding their temporal variations (Angelbratt
et al., 2011; Zhou et al., 2018), for satellite validation (Bar-
ret et al., 2021; Sha et al., 2021; Zhou et al., 2023), and for
model comparison and verification (Bader et al., 2017; Zhou
et al., 2019b). The NDACC-IRWG sites are typically oper-
ated with either a Bomem DAS, a Bruker IFS 120 M/HR, or
a Bruker IFS 125 M/HR instrument to record the MIR spec-
tra with a high spectral resolution of 0.003-0.005cm™!. The
lower-spectral-resolution spectrometers, such as the Bruker
VERTEX 70, Bruker EM27/SUN, and Bruker IRcube with a
spectral resolution of 0.16-0.5 cm~!, have advantages such
as lower cost, higher temporal resolution, and transportabil-
ity.

Within the Fiducial Reference Measurements for Ground-
Based Infrared Greenhouse Gas Observations (FRM4GHG)
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project, carbon dioxide (CO,), methane (CH4), and car-
bon monoxide (CO) total columns retrieved from the near-
infrared (NIR) solar spectra recorded by these lower-
spectral-resolution spectrometers are proved to be com-
parable with the data products retrieved from the To-
tal Carbon Column Observing Network (TCCON) high-
spectral-resolution measurements (Sha et al., 2020). Inter-
comparisons between low- and high-resolution MIR spec-
tra and retrievals have been investigated in the past as well;
e.g., Taylor et al. (2008) used two FTIR instruments with dif-
fering spectral resolutions (0.004 cm™! for the Bomem DAS
and 0.2cm™! for the ABB Analytical DA5) over a period of
4 months in the summer of 2005, but they pointed out that rel-
atively poor correlations were observed for the N»O and CHy
column observed with high and low spectral resolutions, with
the median differences being —0.36 % for N, O and 3.7 % for
CHy.

The Bruker VERTEX 70 instrument is capable of mea-
suring NIR and MIR spectra quasi-simultaneously. However,
to our knowledge, the retrievals of NoO and CH4 from the
MIR spectra observed by the Bruker VERTEX 70 instru-
ment have not yet been investigated. To better understand
the N>O and CHy retrievals from the MIR spectra observed
by lower-spectral-resolution measurements, we operated the
Bruker VERTEX 70 and the Bruker 125HR next to each
other at Sodankyld in 2019 (March-November). The spec-
tral resolutions of the Bruker VERTEX 70 and the Bruker
IFS 125HR are 0.2 and 0.005 cm™!, respectively. Further de-
tails of the instrumental setup are provided in Sect. 2. The
retrieval is performed with the SFIT4 v0.9.4.4 code, updated
from SFIT4 (Pougatchev et al., 1995; Hase et al., 2004),
which is commonly used in the NDACC-IRWG community.
The retrieval strategies and retrieval uncertainties of N,O
and CHy are discussed in Sect. 3. In Sect. 4, the N>O and
CHy4 retrievals derived from the VERTEX 70 are compared
to those from the 125HR measurements following NDACC-
recommended retrieval strategies. In addition, the CHy re-
trievals are also compared to the coincident AirCore profiles.
Finally, conclusions are drawn in Sect. 5.

2 Site description and instrument configuration

The FTIR measurements used in this study are carried out
at the Sodankyld facility of the Finnish Meteorological In-
stitute (FMI), north Finland (67.4° N, 26.6° E; 180 ma.s.lL.).
The FMI site is located in a boreal forest region and is about
6 km south of the downtown. Due to the high latitude, the
site is located in the polar night in boreal winter, and the at-
mospheric components above the site are affected by polar-
vortex conditions in winter and spring (Kivi et al., 2007,
Ostler et al., 2014).

A Bruker IFS 125HR FTIR instrument has been operated
at Sodankyla since 2009. The 125HR initially only recorded
NIR spectra (4000—15000cm™") with indium gallium ar-
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Table 1. The main characteristics of the spectra observed by the
VERTEX 70 and 125HR at Sodankyld used in this study.

VERTEX 70  125HR
Detector InSb
Spectral range 2200 to 3500 cm ™!
Spectral resolution 0.2cm! 0.005cm ™!
Number of scans 12 2
Duration of one measurement 52 194 s

senide (InGaAs) and silicon (Si) detectors and has been af-
filiated to the TCCON network (Kivi and Heikkinen, 2016;
Waunch et al., 2015). In 2011, the 125HR started measur-
ing MIR spectra (2200-3500cm™") using an indium anti-
monide (InSb) detector as well, with a spectral resolution of
0.005cm~!. The NIR and MIR spectra at Sodankyli have
been observed quasi-simultaneously since then. Profiles of
N>O and CHy have been successfully retrieved from the
MIR spectra using the SFIT4 code following the NDACC-
IRWG guide, and the products are supporting the Copernicus
Atmosphere Monitoring Service (https://cams27.aeronomie.
be/, last access: 1 January 2023) and the TROPOMI satellite
validation (Sha et al., 2021).

During the ESA-funded FRM4GHG project, several
portable FTIR instruments (Bruker EM27/SUN, Bruker IR-
cube, and Bruker VERTEX 70) were operated between 2017
and 2019 close to the Bruker 125HR instrument at So-
dankyld. A schematic diagram of the VERTEX 70 measure-
ment is shown in Fig. 1. In 2017 and 2018, only NIR spectra
were recorded by the VERTEX 70 because the main objec-
tive of this campaign was to study the performance of CO»,
CHy4, and CO retrieved from the NIR spectra observed by
the portable FTIR instruments, and we compared them to
the TCCON NIR measurements (Sha et al., 2020). How-
ever, it is also important to understand the performance of
N>O and CHy retrievals derived from the MIR spectra ob-
served by the portable FTIR and to compare them with the
NDACC MIR measurements performed at a high spectral
resolution. Therefore, at the beginning of 2019, we added an
InSb detector to the VERTEX 70 instrument and performed
1 year of measurements to record MIR spectra. Note that the
implementation of MIR measurements for the IRcube and
EM27/SUN needs extra effects and has not been done yet.
Table 1 lists the main characteristics of the MIR spectra ob-
served by the VERTEX 70 and 125HR instruments; more
information about the instruments and the FRM4GHG So-
dankyld campaign can be found in Sha et al. (2021).

3 FTIR retrievals
N;O and CHy4 partial column profiles are derived from the

width and shape of their absorption lines in the solar spectra
(y) observed by the ground-based FTIR instrument, modeled

https://doi.org/10.5194/amt-16-5593-2023

5595

Figure 1. The Bruker VERTEX 70 system operated at Sodankyld
during the FRM4GHG campaign, including the weather station and
the solar tracker. The orange arrows shows the light path coming
from the sun till it enters the FTIR instrument. BIRA-IASB is the
Royal Belgian Institute for Space Aeronomy.

as
y=F(x,b)+e, (1)

where F is the forward atmospheric radiation transfer model,
x is the state vector (the retrieved parameters), b is the
forward-model parameters but not retrieved, and € represents
the measurement noise and forward-model uncertainty. In
this study, the SFIT4 algorithm is used to simulate the ob-
served spectrum and to minimize the residual between the
simulated and the observed spectra by looking for the opti-
mal state vector using an inverse model (optimal estimation
model or Tikhonov regularization). The inverse problem is
solved using the Levenberg—Marquardt Gauss—Newton iter-
ation in the SFIT4 algorithm, and the retrieved state vector
can be related to the actual state of the atmosphere by

Xr=Xg+Ax; —x,) +e, 2

where x, and x, are the a priori and the true state vectors,
respectively. A is the averaging kernel matrix (AVK), rep-
resenting the sensitivity of the retrieved vertical profile of
the target species to the true profile. € is the retrieval uncer-
tainty. The trace of the A is the degrees of freedom (DOFs),
indicating the number of independent pieces of information
(Rodgers, 2000). Following Eq. (2), the retrieved total col-
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umn can be written as
TC, =TCy + Acor - (PC —PCy) + &, 3)

where TC, and TC; are the a priori and retrieved total
columns, respectively. PC, and PC; are the a priori and true
partial columns, respectively. Ao is the column averaging
kernel (CAVK), representing the sensitivity of the retrieved
total column to the true partial column.

3.1 Retrieval strategy
3.1.1 N;O

The N,O retrieval strategy for the high-spectral-resolution
measurements from the 125HR is well harmonized within
the NDACC-IRWG community (Zhou et al., 2019b). Four
microwindows (2481.3-2482.6, 2526.4-2528.2, 2537.85-
2538.8, 2540.1-2540.7 cm™ 1) including the N> O absorption
lines are used to retrieve the NoO vertical profile (Fig. 2),
and the HITRAN2008 spectroscopy is adopted (Rothman
etal., 2009). To reduce the effect from the interfering species,
HDO, CO,, and CH4 columns are retrieved simultaneously
together with the N, O vertical profile. The a priori profiles
of the target species and CO;, and CHy interfering species
are created from the Whole Atmosphere Community Cli-
mate Model (WACCM) v4 monthly means between 1980
and 2020. Due to its high spatial-temporal variability, the
temperature vertical profile and the a priori profile of HDO
is derived from the National Centers for Environmental Pre-
diction (NCEP) 6-hourly reanalysis data with interpolation
to the measurement time. In this study, the same four win-
dows are used for VERTEX 70 and 125HR N,O retrievals.
The signal-to-noise ratio (SNR) of the spectra is calculated
from the observed spectra, and then the measurement uncer-
tainty S, is calculated as 1/SNR? for the diagonal values and
0 for the off-diagonal values. The regularization matrix R for
the N,O retrieval is created with the Tikhonov L; method
R= aLlTLl (Tikhonov, 1963), and the same regulation ma-
trix is applied to VERTEX 70 and 125HR retrievals. To de-
termine the regularization strength o, we tune it so that the
retrieved DOF is similar to the DOF obtained when retrieving
N>O with the optimal estimation method (Steck, 2002) and
where the a priori covariance matrix (S,) is derived from the
WACCM monthly means. The DOF of N,O profile retrievals
from 125HR spectra is about 2.5 derived by the optimal es-
timation method (OEM), so we set the o to 4000 to obtain a
similar DOF with the Tikhonov method.

3.1.2 CHy

First, we apply the standard NDACC retrieval strategy for
CHs from 125HR spectra. Six microwindows (2611.6—
2613.35, 2613.7-2615.4, 2835.55-2835.8, 2903.82-
2903.925, 2914.7-2915.15, and 2941.51-2942.22cm™!;
bands 1-6) are used (Sepilveda et al., 2014; Zhou et al.,

Atmos. Meas. Tech., 16, 5593-5608, 2023

. _ Band 1 . - Band 2
U1 le-2 J 1 le-2
© | 0] .
o] a0 Lot
" W ' !
3 3 -
1.0 4 1.0 1
c 081 c 08
o o
‘n ‘0
0 0.6 0 06
£ £
9] 192
C 04 C 04
E CH, E CHa
024 -—- CO 024 -—- CO,
— N,O (@) — N,0 (b)
0.0 - . 0.0 : .
2481.60 2482.40 2527.00 2528.00
wavenumber [em1] wavenumber [cm~1]
. Band 3 . Band 4
G 12 G 12
O " ©
Q o WW D 01 Mt el AT g
7] %]
3 - 3 -
1.0 1.0
c 038 c 038
o °
w w
0 06 0 06
£ £
%) w
C 04 C 04
© / ©
[ = \ |
024 — HDO M 02 \/
|
— N,O © (d) — N,O
0.0 " . 0.0 : .
2538.00 2538.50 2540.20 2540.50

wavenumber [cm~1] wavenumber [cm~1]

Figure 2. The four microwindows used for N7O retrieval. In each
band, the transmittances from atmospheric species, together with
the VERTEX 70 typical spectra, are shown in the upper part of each
panel, and the typical residuals for the VERTEX 70 (black) and
125HR (grey) spectra at Sodankylé are presented in the lower part
of each panel.

2018), and the columns of H,O, HDO, and CO, are re-
trieved together with the CHy profile. Figure 3 shows the
typical transmittances from the atmospheric species for CHy
retrievals at Sodankyld, together with the fitting residuals for
VERTEX 70 and 125HR spectra in each window. However,
there are only four and two samples in wavenumber space
in bands 3 and 4, respectively, for the VERTEX 70 low-
spectral-resolution spectra, and the signals in bands 3 and 4
for the VERTEX 70 low-spectral-resolution spectra are 2—
3 times weaker as compared to the high-spectral-resolution
spectra. Therefore, we also apply two other relatively
broad windows, including stronger CH4 absorption lines, to
provide more information. As a result, we apply two window
settings for VERTEX 70 CHy retrieval (Table 2): (i) band
1-band 6 (same as the 125HR), named V1, and (ii) replacing
band 3 and band 4 with band 3V2 (2875.15-2875.85cm™ 1)
and band 4V2 (2898.3-2898.93 cm™!), named V2. Regard-
ing the spectroscopic data, several line lists have been tested
for CHy retrievals within the NDACC-IRWG community.
Currently, ATM19 and HITRANOI are two recommended
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Table 2. The retrieval windows of the two VERTEX 70 CHy4 retrieval strategies.

\2!

V2

Retrieval windows (cm_l)
2613.7-2615.4 (band 2)

2835.55-2835.8 (band 3)
2903.82-2903.925 (band 4)
2914.7-2915.15 (band 5)
2941.51-2942.22 (band 6)

2611.6-2613.35 (band 1)

2611.6-2613.35 (band 1)
2613.7-2615.4 (band 2)
2875.15-2875.85 (band 3V2)
2898.3-2898.93 (band 4V2)
2914.7-2915.15 (band 5)
2941.51-2942.22 (band 6)

Notes

Same as 125HR bands 1-6

Replace bands 3 and 4 with bands 3V2 and 4V2

line lists (Chesnokova et al., 2020). In this study, we take the
atmospheric line list ATM19 for CHy retrieval. The fitting
residuals in the 3V2 and 4V2 bands are comparable to other
windows (bands 1, 2, 5, 6) for VERTEX 70. In fact, we
have tested many microwindows in addition to bands 3V2
and 4V2, but these two bands offer us the best result (close
to 125HR retrievals; see Sect. 4.2). Note that the observed
spectrum with a high spectral resolution (125HR) is not
well fitted in band 3V2. Therefore, we do not apply the
V2 retrieval strategy for 125HR spectra. As with the N>O
retrieval, the a priori profiles of CHy and CO; are created
as the average WACCM monthly mean between 1980 and
2020, and the a priori profiles of HyO and HDO are derived
from the NCEP 6-hourly reanalysis data with interpolation to
the measurement time. The SNR of the spectra is calculated
from the observations. The regularization matrix R for the
CHy retrieval is also created with the Tikhonov L method,
with ¢ = 10000, leading to a mean DOF of 2.1 for 125HR
retrievals.

3.2 Retrieval vertical sensitivity
321 N;O

Figure 4 shows both the CAVK and the AVK together with
the a priori and retrieved N»>O vertical profiles for 125HR
and VERTEX 70. The mean and standard deviation (SD) of
the DOF are 2.6 0.1 for 125HR and 1.6 £0.1 for VER-
TEX 70. As expected, more vertical information is derived
from the high-spectral-resolution spectra (125HR) as com-
pared to the low-spectral-resolution spectra (VERTEX 70).
The typical AVKs show that the retrieved N,O profile from
the 125HR has a good sensitivity between the surface and
25 km, while the retrieved N, O profile from the VERTEX 70
is mainly sensitive to the vertical range between the sur-
face and 20km. The CAVK of 125HR is close to 1 in the
whole vertical range and hardly varies with solar zenith an-
gle (SZA). The CAVK of VERTEX 70 is close to 1 in the
whole vertical range at a large SZA (> 70°), but it starts de-
viating from 1 above 20 km at a relatively small SZA. Since
the partial column of N>O above 20 km makes up only about
1.5 % of the total column, such deviation in the CAVK of

https://doi.org/10.5194/amt-16-5593-2023

VERTEX 70 does not affect the retrieved N>O total column
strongly, and the smoothing error of the N, O total column is
very small (see Sect. 3.3). The retrieved N, O vertical profiles
from the 125HR and VERTEX 70 are similar but not exactly
the same. Due to the limited vertical information, we will fo-
cus on the partial columns or the total column instead of the
vertical profile (see Sect. 4).

3.2.2 CHy

The CAVK, AVK, and retrieved profiles from the 125HR and
VERTEX 70 (V1 and V2) are shown in Fig. 5. The verti-
cal sensitivities of the retrieved CHy total column from the
125HR and VERTEX 70 V1 are similar, since they use the
same retrieval windows. There is no obvious SZA depen-
dence in the CAVK for the 125HR CHy retrievals. However,
for both VERTEX 70 V1 and VERTEX 70 V2 retrievals, the
CAVK varies with SZA, especially above 10km. The mean
DOF from 125HR CHy retrievals is 2.1, which is about twice
than that from the VERTEX 70 V1 retrievals (DOF ~ 1.0).
As for the Ny O retrievals, more vertical information can be
obtained with a higher spectral resolution. The CAVK of the
VERTEX 70 V2 retrieval shows that the retrieved CHy4 to-
tal column has better sensitivity in the lower troposphere as
compared to the VERTEX 70 V1 retrieval, and the mean
DOF is 1.3. The vertical information obtained in the VER-
TEX 70 V2 retrieval is higher than that in the VERTEX 70
V1 retrieval. Still, the DOFs indicate that we must focus on
the CH4 total columns for both the VERTEX 70 V1 and the
VERTEX 70 V2 retrievals.

3.3 Retrieval uncertainty

According to Rodgers (2000), the retrieval uncertainty of x,
can be written as

xr— %= (A =D (x — xa) + GyKp (b, — b) + Gyeénoise, (4)

where Gy is the contribution matrix, K is the Jacobian ma-

trix, b is the best estimate of the forward-model parameter,
b, is the true forward- model parameter, and e€ppise iS the
noise of the observed spectra. The items on the right side of
Eq. (4) are the smoothing error (first), the model parameter
error (second), and the measurement error (third).

Atmos. Meas. Tech., 16, 5593-5608, 2023
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Figure 3. The six microwindows (bands 1-6) used for 125HR
and VERTEX 70 V1 CHy retrieval, together with the other two
microwindows used for VERTEX 70 V2 CHy4 retrieval. In each
band, the transmittances from atmospheric species, together with
the VERTEX 70 typical spectra, are shown in the lower part of each
panel, and the typical residuals for the VERTEX 70 (black) and
125HR (grey) spectra at Sodankyli are presented in the upper part
of each panel.
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Table 3. The relative uncertainties (%) of N,O total column re-
trievals from 125HR and VERTEX 70 spectra at Sodankyld. “—” in-
dicates zero uncertainty contribution. See text for the interpretation
of SD (£ 1 h noon). The time zone throughout the text and figures
where applicable is local time.

125HR \ VERTEX 70
Systematic ~ Random ‘ Systematic ~ Random
Smoothing 0.1 0.1 0.1 0.2
Spectroscopy 3.5 - 3.6 -
Temperature 0.3 0.1 0.3 0.1
SZA 0.3 1.2 0.3 1.2
zshift 0.2 0.2 0.2 0.2
Measurement - 0.1 - 0.9
Total 3.6 1.5 3.7 1.8
SD (£1 h noon) 1.2 2.0

Regarding the smoothing error, the systematic uncertainty
of (x; —x,) for both NoO and CHy is set to 5 %, and the ran-
dom uncertainty of (x; — x,) is created from the covariance
matrix from the WACCM monthly means between 1980 and
2020. The important model parameters are the spectroscopy,
temperature, SZA, and zero-level shift (zshift). The system-
atic uncertainties of the N,O and CHy line intensities are set
to 3 %, and the systematic uncertainties of the spectroscopic
temperature and pressure broadening parameters are set to
5% (Rothman et al., 2009; Gordon et al., 2017). It is as-
sumed that there is no random uncertainty associated with the
spectroscopic parameters. The systematic and random uncer-
tainties of the temperature profiles are evaluated by calculat-
ing the mean differences and SD, respectively, of ERAS and
NCEP temperature profiles in 2019. The systematic and ran-
dom uncertainties of SZA are set to 0.1 % and 0.5 %, respec-
tively. The systematic and random uncertainties of zshift are
both set to 0.1 % (Zhou et al., 2016; Garcia et al., 2021). We
assume that the measurement noise has only a random un-
certainty component and evaluate it as €pgjse = 1/SNR, with
SNR the calculated signal-to-noise ratio of the spectra.

The systematic and random retrieval uncertainties of the
retrieved N>O and CHy columns retrieved from 125HR and
VERTEX 70 spectra are then evaluated according to Eq. (4)
with the above assumptions and are listed in Tables 3 and 4,
respectively. The systematic and random retrieval uncertain-
ties of the N»>O total column are 3.6 % and 1.5 % for re-
trievals from 125HR spectra and 3.7 % and 1.8 % for re-
trievals from VERTEX 70 spectra. The systematic and ran-
dom retrieval uncertainties of the CHy total column are 3.9 %
and 1.6 % for 125HR spectra retrievals, 4.1 % and 2.3 % for
VERTEX 70 spectra V1 retrievals, and 4.3 % and 2.4 % for
VERTEX 70 spectra V2 retrievals. For both N»>O and CHy
retrievals, the dominant systematic uncertainties come from
the spectroscopy. According to our estimations, the random
uncertainties in N,O retrievals between 125HR and VER-
TEX 70 are dominated by the SZA and measurement er-
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Figure 4. N, O retrievals: the column averaging kernels’ variation with solar zenith angles (in units of (mol cm_z) (mol cm_2)_ 1 ), the typical
averaging kernel matrix (in units of (vmrvmrfl) (ervmrfl)fl, where “vmr” denotes the volume mixing ratio), and the a priori profile
(black) and retrieved profiles (mean: solid red line; 1o: red-shaded area) between the surface and 50 km for 125HR retrievals (a—c) and for

VERTEX 70 retrievals (d-f).

Table 4. Same as Table 3 but for the relative uncertainties (%) of CHy total columns from 125HR and VERTEX 70 V1 and V2 retrievals at

Sodankyla.
125HR | VERTEX70V1 |  VERTEX70V2
Systematic  Random ‘ Systematic  Random ‘ Systematic  Random

Smoothing 0.1 0.3 0.2 0.5 0.1 0.1
Spectroscopy 3.6 - 3.6 - 3.6 -
Temperature 1.0 0.3 1.7 1.6 1.5 1.5
SZA 0.3 1.2 0.2 1.0 0.2 1.0
zshift 0.9 0.9 1.0 1.0 1.4 1.4
Measurement - 0.1 - 0.6 - 0.6
Total 39 1.6 4.1 23 43 2.4
SD (£ 1 h noon) 1.9 24 2.6

ror, while the random uncertainties in CHy retrievals from
125HR and VERTEX 70 spectra are dominated by the SZA,
temperature, zshift, and measurement error. To assess the es-
timated random uncertainty, we calculate the mean of all the
standard deviations (SDs) of the retrieved N,O or CHy to-
tal columns within 4+1h around noon (at least two avail-
able retrievals) on each measurement day. We find a good
agreement with the estimated random uncertainties for both
125HR and VERTEX 70 retrievals, indicating that our es-
timated random uncertainties are reasonable. The estimated
random uncertainties of retrievals from 125HR spectra are
smaller than those from VERTEX 70 spectra for both N,O
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and CHy4 retrievals, and this is confirmed by the SDs of the
retrieved total columns.

4 Results and discussions

41 N0

4.1.1 Total column

The time series of all the individual N,O total columns
retrieved from the 125HR and VERTEX 70 are shown
in Fig. 6, together with the relative differences ((VER-
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Figure 5. CHy retrievals: the column averaging kernels’ variation with solar zenith angles (in units of (mol cm™2) (molem™2)~1), the typical
averaging kernel matrix (in units of (vmr er_l) (vmr vmr_l)_ 1 ), and the a priori profile (black) and retrieved profiles (mean: solid red line;
lo: red-shaded area) between the surface and 50 km for 125HR retrievals (a—c), for VERTEX 70 V1 (d-f), and for VERTEX 70 V2 (g-i)

retrievals.

TEX — 125HR) / 125HR x 100 %) between the coincident
hourly means. The mean difference is —0.3 % (10 =0.7 %),
which is within the retrieval uncertainties of 125HR and
VERTEX 70 (Table 2). To reduce the impact of the vertical
sensitivities from the 125HR and VERTEX 70, we smooth
the retrieved N>,O 125HR profile by the VERTEX 70 aver-
aging kernel. The results with and without smoothing cor-
rection are very close to each other, with a relative differ-
ence of less than 0.1 %, because the smoothing error is very
small. Low-N»O total columns in spring are observed by both
125HR and VERTEX 70 measurements. There is no clear
seasonal variation in the relative differences. Figure 7 shows
that the Pearson correlation coefficient (R) between the co-
incident daily means is 0.93. The correlation coefficient R
between the H,O total columns and the relative differences
is —0.02 and between the SZAs and the relative differences
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is 0.05, thus demonstrating that there are no water vapor or
SZA dependences in the relative differences.

4.1.2 Partial columns

Apart from the total column, we also compare the 125HR
and VERTEX 70 N;O retrievals in two partial columns
(lower layer: 0—6 km; upper layer: 6-25km). The two par-
tial columns are selected as we can get a DOF of 0.8 in each
layer for the VERTEX 70 N,O retrievals. The DOFs of the
125HR N, O are 1.0 and 1.5 for the lower and upper partial
columns, respectively.

The correlation coefficients between the 125HR and VER-
TEX 70 coincident N> O partial column daily means are 0.86
and 0.94 for the lower and upper layers, respectively (not
shown). The time series of the N, O partial columns retrieved
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from the 125HR and VERTEX 70, together with their rela-
tive differences, are shown in Fig. 8. Seasonal variations in
N>O partial columns observed by 125HR and VERTEX 70
retrievals are consistent in both layers. The low N, O values
in the upper layer due to the polar vortex in spring (Zhou
et al., 2019b) are well captured by 125HR and VERTEX 70
retrievals. The mean (£ SD) of the differences between the
125HR and VERTEX 70 is 0.0+ 1.9 % in the partial column
between 6 and 25 km and —0.5 + 1.7 % between the surface
and 6 km. The mean differences in the partial columns are
close to that in the total column. However, the SDs of the
differences in the partial columns are larger than that in the
total column. Moreover, it is found that there is a seasonal
variation in the relative differences for both layers; e.g., the
125HR-retrieved N, O is larger/lower than the VERTEX 70-
retrieved N>O in spring/summer between 6 and 25km. As
the seasonal variations in the relative differences in the two
layers are opposed, they compensate for each other in the to-
tal column, for which there is almost no seasonal variation in
the relative difference. Keep in mind that the DOFs of the two
partial columns (0—6 km and 6-25 km) of N>O derived from
the VERTEX 70 spectra are both 0.8, indicating that neither
layer is truly independent. In summary, the partial columns
(0—6 km and 6-25 km) of N7 O can be derived from the VER-
TEX 70 spectra but with a larger uncertainty as compared to
the 125HR retrievals.

4.2 CHy
4.2.1 Total column

Since the mean DOF of the VERTEX 70 CHy retrievals is
relatively small (1.0 for V1 and 1.3 for V2), we only look
at the CHy4 total columns retrieved from the 125HR and
VERTEX 70 spectra. As for the previous comparisons, the
125HR CHy profile is smoothed with the VERTEX 70 AVK
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to reduce the impact of the different vertical sensitivities of
125HR and VERTEX 70 retrievals. The time series of the re-
trieved CHy total columns from the 125HR and VERTEX 70
V1 and V2 are shown in Fig. 9. The mean difference be-
tween the 125HR and VERTEX 70 V1 CHy4 total columns
is —1.3 £+ 1.1 %. The VERTEX 70 V1 CHy4 total column is
much lower than the 125HR-retrieved CHy in summer. The
mean difference between the 125HR and VERTEX 70 V2
CHy4 total columns is 0.0 0.8 %.

The scatterplots (Fig. 10) confirm that the VERTEX 70 V2
CHy total columns are much closer to the 125HR retrievals as
compared to the VERTEX 70 V1 results. The correlation co-
efficients between 125HR and VERTEX 70 coincident CHy
total column daily means are 0.77 for VERTEX 70 V1 and
0.87 for VERTEX 70 V2. The relative differences between
125HR and VERTEX 70 V1 CHy4 total columns vary with
the SZA (R =0.42) and H,O total column (R = —0.76).
The relative differences between 125HR and VERTEX 70
V2 CHy total columns have almost no SZA dependence
(R = —0.03). Besides, the linear regression between the rela-
tive differences and SZA total column show that the slope of
the regression line for V2 is very close to zero as compared
to the V1 value of 0.41 %°'. In addition, the correlation with
the HO total column is strongly reduced (R = —0.51). The
linear regression between the relative differences and H,O
total column shows that the slope of the regression line for
V2is —1.6 x 10723 % molec. cm™2, which is about 2.5 times
less that for V1 with —3.9 x 1072* % molec. cm 2.

4.2.2 Comparison with AirCore measurements

AirCore consists of a long tube system that ascends with a
balloon to reach the mid-stratosphere (~ 25-30 km). It starts
collecting the surrounding air when descending from the high
altitude to the surface. After landing, the sampled air inside
the long tube is passed through a gas analyzer and represents
a vertical profile of the atmospheric components if the anal-
ysis is performed before the air becomes mixed by diffusion.
For more information about the AirCore system, we refer
to Karion et al. (2010). AirCore launches have been regu-
larly operated by FMI at Sodankyli since 2013, and the data
have been used to compare with coincident FTIR and satel-
lite measurements (Zhou et al., 2019a; Tu et al., 2020; Sha
et al., 2020). There were six AirCore measurements in 2019
performed in the framework of the FRM4GHG campaign.
For the moment, only CO,, CHy4, and CO are observed by
the AirCore system at Sodankyl4.

On the AirCore launch days, the daily mean FTIR-
retrieved CH4 columns and the relative differences between
the FTIR-retrieved CHy total column and AirCore measure-
ments are listed in Table 5. There is no VERTEX 70 measure-
ment on 28 June 2019 and no 125HR measurement on 1 Au-
gust 2019. To account for the limited vertical sensitivity of
the FTIR retrievals, we smooth the AirCore profile with the
corresponding FTIR averaging kernels (Rodgers and Connor,
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Table 5. The daily mean FTIR-retrieved CH4 total columns (10" molec. cm—2) and their relative differences against smoothed AirCore,
(FTIR — AirCore) / AirCore x 100 %.

Date 125HR  Difference ‘ VERTEX 70 V1  Difference VERTEX 70 V2  Difference

10 April 2019 3.922  0.54% 3916 —-0.01% 3.920 0.12%

28 June 2019 3.803 0.17%

24 July 2019 3.884 0.01% 3.780 —3.26% 3.886 0.21%

1 August 2019 3.817 —0.99% 3.877 0.82%

28 August 2019 3933 1.15% 3.804 —2.85% 3.862 —0.65%

9 September 2019 3937 044% 3.844 —2.67% 3.907 —-0.16%
Mean 4+ SD 390+£0.05 046+0.39% 3.834+0.05 —-190+1.2% ‘ 3.89+£0.02 0.13+0.50%

2003).

Xcore,s — Xa +A(Xcore — Xa),

&)

where X core,s 15 the smoothed AirCore profile, xore is the ex-
tended AirCore profile, x, is the a priori profile of the FTIR
retrieval, and A is the FTIR averaging kernel matrix (125HR,
VERTEX 70 V1 or V2). Note that the original AirCore pro-
file is extended with a scaled FTIR a priori profile above its
maximum height to obtain the x ;. The scaling factor is cal-
culated by the ratio of the observed AirCore CH4 and FTIR
a priori CHs mean mole fractions between 20 km and the
AirCore profile’s maximum height.

The mean relative differences between the FTIR-retrieved
CHy4 total columns and the smoothed AirCore measurements
are 0.46 %, —1.90 %, and 0.13 % for 125HR, VERTEX 70
V1, and VERTEX 70 V2, respectively. Consistent with the
results shown in Fig. 9, the VERTEX 70-V1-retrieved CHy
total columns are generally close to the 125HR retrievals in
spring, but they become much lower than the 125HR re-
trievals in summer. As an example, the VERTEX 70-V1-
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retrieved CHy daily mean is 3.26 % less than the smoothed
AirCore on 24 July 2019. Several tests have been carried
out to understand why there is an underestimation in VER-
TEX 70 V1 retrievals on that day: (i) using ERAS5 reanalysis
data instead of NCEP for the water vapor and temperature a
prior profiles; (ii) using the coincident AirCore measurement
instead of WACCM as the a priori CHy profile; (iii) using
the VERTEX 70-V2-retrieved CO;, H>,O, and HDO instead
of WACCM as the a priori interfering species; and (iv) us-
ing HITRAN2001 or HITRAN2016 instead of ATM19 for
the spectroscopy. However, all these parameters only have a
small impact on the VERTEX 70-V 1-retrieved CHy4 total col-
umn, with a relative difference of less than 0.2 %. So far, it
remains unclear to us why the VERTEX 70 V1 retrievals un-
derestimate the total columns as observed by the coincident
AirCore measurements, but a similar bias is observed with
respect to the 125HR retrievals. For the moment, we recom-
mend using the V2 CHy4 retrieval strategy for analyzing the
VERTEX 70 MIR low-spectral-resolution spectra.
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Figure 11 shows the CHy total columns retrieved from
the 125HR and VERTEX 70 V2, together with the Air-
Core measurements on these six dates. We fit the coinci-
dent AirCore and FTIR data pairs using y = ax. The slope is
0.9952 4+ 0.0041 for 125HR and 0.9990 + 0.0048 for VER-
TEX 70 V2. In terms of the vertical profiles, the mean rela-
tive difference between the smoothed AirCore and 125HR-
retrieved CHy is within 2 % for all heights. However, the
mean relative difference between the smoothed AirCore and
VERTEX 70-V2-retrieved CHy is about —3.0 % in the lower
troposphere and larger than 5.0 % in the stratosphere. The
low DOF value (1.3) suggests that we could only get the total
column of CHy from the VERTEX 70 V2 retrieval, and the
AirCore measurements confirm that the CHy vertical profile
of the 125HR retrieval is closer to the observed one as com-
pared to the VERTEX 70 V2 retrieval.

4.3 N0 vs. CHy

The vertical profile shapes of N>O and CHy are similar: a
high but relatively constant mole fraction in the troposphere
and decreasing with altitude in the stratosphere. Most of the
N>O and CHy4 emissions are near the surface, so the mole
fractions of these two species are high in the troposphere.
The N>O and CH4 molecules are transported from the tro-
posphere to the stratosphere via the Brewer—Dobson circula-
tion. The long lifetimes of N»O and CHy4 cause a compact
correlation between their abundances in the stratosphere, as
has been confirmed by balloon, aircraft, and satellite mea-
surements (Herman et al., 1998; Sawa et al., 2015; Wang
et al., 2014). The 125HR and VERTEX 70 measurements
show that the N,O and CHy4 total columns have a positive
correlation (Fig. 12), with an R value larger than 0.9. To re-
duce the sampling uncertainty, we select the days for which
both 125HR and VERTEX 70 retrievals are available (83
in total). A larger scatter exists in the NO and CHy to-
tal columns from the VERTEX 70 as compared to 125HR,
because of the larger random uncertainties in VERTEX 70
retrievals (Tables 3 and 4). The slope of the linear regres-
sion (y = ax +b) is 5.27 £ 0.20 from the 125HR retrievals
and 4.91 £ 0.29 from the VERTEX 70 retrievals. The uncer-
tainty in the slope is calculated by the bootstrapping method
(Fox, 2008) using the daily SD as the random variability.
The difference in the slopes between the N,O and CHy4 total
columns observed by the 125HR and VERTEX 70 measure-
ments is within their combined uncertainties. To conclude,
the high correlations between N,O and CH4 total columns
at Sodankyli are confirmed by the 125HR and VERTEX 70
retrievals.

5 Conclusions

In this study, the atmospheric abundances of N>O and CHy
are retrieved from low-resolution (0.2cm™') MIR solar ab-
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Figure 11. Upper panels: the time series of the CHy total columns retrieved from the 125HR (light green) and VERTEX 70 V2 (cyan),
together with their corresponding smoothed AirCore total columns (triangle) on the six dates. The rightmost plot is the scatterplot between
the smoothed AirCore and FTIR CHy total columns. Note that there is no VERTEX 70 measurement on 28 June 2019 and no 125HR
measurement on 1 August 2019. On 28 August 2019, the smoothed AirCore (with 125HR and VERTEX 70 V2) CHy total columns are very
close to each other, so we can only see one triangle. Lower panels: the CH4 vertical profiles from 125HR and VERTEX 70 V2 retrievals,
together with the AirCore measurements and the smoothed AirCore profiles. The rightmost plot shows the mean and SD of the relative
differences between the smoothed AirCore and FTIR CHy4 vertical profiles.
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Figure 12. The correlation plot between the NoO and CHy total column daily means from the 125HR (a) and VERTEX 70 V2 (b). The error
bar is the daily SD. N is the number of days, R is the correlation coefficient, and a is the slope of the linear fit.

sorption spectra recorded by the Bruker VERTEX 70 spec-
trometer in 2019 at Sodankyld and are compared with stan-
dard NDACC retrievals from coincident 125HR spectra with
a spectral resolution of 0.005 cm~!. Moreover, the CHy re-
trievals from the 125HR and VERTEX 70 spectra are also
compared with the coincident in situ AirCore measurements.

We find that the standard NDACC retrieval strategy works
well for the VERTEX 70 N, O retrieval as well. The relative
differences between the N,O total columns retrieved from
the 125HR and VERTEX 70 spectra are —0.3 £0.7 %. The
correlation between the N>O total columns retrieved from
125HR and VERTEX 70 spectra is 0.93, and the relative
differences are almost independent of SZA or water vapor
content. However, the retrieval uncertainties of the N, O total
columns from the VERTEX 70 spectra are larger than those
of the total columns retrieved from 125HR spectra due es-
pecially to a higher measurement noise. What’s more, the
mean DOF of the N, O retrievals from the VERTEX 70 spec-
tra is 1.6, which is less than the DOF of 2.6 obtained for the
retrievals from the 125HR spectra. This agrees with the ex-
pectation that less vertical information can be derived from
the spectra with a lower spectral resolution. Inspection of the
N>O partial columns (0—6 and 6-25km) confirms that this
vertical information is captured by the VERTEX 70 measure-
ments, albeit with a larger uncertainty than what is obtained
from the 125HR measurements.

Unlike N> O, the recommended NDACC retrieval strategy
does not perform well for the CHy retrievals from VER-
TEX 70 spectra. Using the same retrieval windows (V1 re-
trieval strategy), the relative differences between the CHy
total columns retrieved from the 125HR and VERTEX 70
spectra are —1.3 &= 1.1 %, and they show a seasonal variation:
in spring the VERTEX 70-V1-retrieved CH4 total columns
are close to the ones retrieved from the 125HR spectra, but
in summer they are about 3.0 % smaller than the 125HR
retrievals. In addition, these relative differences vary with
the SZA and water vapor content. The DOF of V1-retrieved
CHy profiles from VERTEX 70 spectra is 1.0. The corre-

https://doi.org/10.5194/amt-16-5593-2023

lation coefficient between the CHy4 total columns retrieved
from 125HR and VERTEX 70 spectra is 0.77. The under-
estimation of the VERTEX 70-V1-retrieved CH4 columns
in summer is confirmed by the coincident AirCore pro-
files. In this study, we propose to replace two microwindows
of the recommended NDACC retrieval strategy (2835.55-
2835.8 and 2903.82-2903.925cm™!) with two alternative
ones, namely 2875.15-2875.85 and 2898.3-2898.93 cm™ !,
including stronger CH, absorption lines, to perform the CHy
profile retrievals from the VERTEX 70 spectra (V2 retrieval
strategy). The DOF of VERTEX 70 V2 CHy4 retrievals is
1.3, providing more vertical information as compared to
VERTEX 70 V1 retrievals. The relative differences between
the CHy total columns retrieved from 125HR and VER-
TEX 70 spectra are 0.0 £ 0.8 %, with a much reduced sea-
sonal variation. The correlation coefficient between the CHy
total columns retrieved from 125HR and VERTEX 70 spec-
tra increases to 0.87. The relative differences between the
CHy total columns from the coincident AirCore and VER-
TEX 70 V2 retrievals are 0.13 £ 0.50 %.

The NIR vs. MIR and low- vs. high-resolution per-
formance differences comprise an interesting measurement
technique topic to characterize, including how performance
differences have evolved over time, with various technologi-
cal and retrieval advancements. In the framework of the ESA
FRM4GHG 2.0 project, we intend to design a compact so-
lar tracker system and enclosure to make the Bruker VER-
TEX 70 even more convenient to transport and operate au-
tonomously. More campaigns will be carried out to better un-
derstand the performances of the CH4 and NoO VERTEX 70
retrievals with different conditions, such as at a humid or
a low-latitude site. Such kind of portable FTIR instruments
will help to fill the gaps of the NDACC network for CHy
and N»>O observations and contribute effectively to satellite
validation, model verification, and other scientific studies. In
the future, it is also planned to investigate the retrieval of ad-
ditional tropospheric species from the Bruker VERTEX 70
low-resolution MIR spectra.
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