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Abstract. We compare the atmospheric column-averaged
dry-air mole fractions of carbon dioxide (XCO;) and
methane (XCH,4) measured with a pair of COllaborative Car-
bon Column Observing Network (COCCON) spectrometers
at Kiruna and Sodankyld (boreal areas). We compare model
data provided by the Copernicus Atmosphere Monitoring
Service (CAMS) between 2017 and 2019 with XCHy data
from the recently launched Sentinel-5 Precursor (S5P) satel-
lite between 2018 and 2019. In addition, measured and mod-
eled gradients of XCO, and XCHy (AXCO; and AXCHy4)
on regional scales are investigated. Both sites show a similar
and very good correlation between COCCON retrievals and
the modeled CAMS XCO, data, while CAMS data are biased
high with respect to COCCON by 3.72 ppm (£1.80 ppm) in
Kiruna and 3.46 ppm (£1.73 ppm) in Sodankyli on average.
For XCH,4, CAMS values are higher than the COCCON ob-
servations by 0.33 ppb (£11.93 ppb) in Kiruna and 7.39 ppb
(£10.92 ppb) in Sodankyl4. In contrast, the S5P satellite gen-
erally measures lower atmospheric XCH4 than the COC-
CON spectrometers, with a mean difference of 9.69 ppb
(£20.51 ppb) in Kiruna and 3.36 ppb (£17.05 ppb) in So-

dankyld. We compare the gradients of XCO, and XCHy
(AXCO; and AXCHy) between Kiruna and Sodankyld de-
rived from CAMS analysis and COCCON and S5P measure-
ments to study the capability of detecting sources and sinks
on regional scales. The correlations in AXCO; and AXCHy
between the different datasets are generally smaller than the
correlations in XCO, and XCHy between the datasets at ei-
ther site. The AXCO; values predicted by CAMS are gen-
erally higher than those observed with COCCON with a
slope of 0.51. The AXCHy4 values predicted by CAMS are
mostly higher than those observed with COCCON with a
slope of 0.65, covering a larger dataset than the compari-
son between S5P and COCCON. When comparing CAMS
AXCH4 with COCCON AXCHy only in S5P overpass days
(slope = 0.53), the correlation is close to that between S5P
and COCCON (slope =0.51). CAMS, COCCON, and S5P
predict gradients in reasonable agreement. However, the
small number of observations coinciding with SSP limits our
ability to verify the performance of this spaceborne sensor.
We detect no significant impact of ground albedo and view-
ing zenith angle on the S5P results. Both sites show similar
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situations with the average ratios of XCHy (S5P/COCCON)
of 0.9949 £0.0118 in Kiruna and 0.9953 £0.0089 in So-
dankyld. Overall, the results indicate that the COCCON in-
struments have the capability of measuring greenhouse gas
(GHG) gradients on regional scales, and observations per-
formed with the portable spectrometers can contribute to in-
ferring sources and sinks and to validating spaceborne green-
house gas sensors. To our knowledge, this is the first pub-
lished study using COCCON spectrometers for the validation
of XCH4 measurements collected by S5P.

1 Introduction

Carbon dioxide (CO») concentrations in the atmosphere are
steadily increasing since industrialization. This rise is mainly
attributed to anthropogenic emissions as a consequence of
the use of fossil fuels. The global mean concentration of CO,
in 2018 reached 147 % of the abundance in 1750 (World Me-
teorological Organization, 2019). Methane (CHy), the second
most important anthropogenic greenhouse gas (GHG) after
COg, has increased by about 259 % since preindustrial times
(World Meteorological Organization, 2019). Since GHGs
have a major impact on global climate, scientific research
aims at accurate accounting of GHG exchanges for a better
understanding of the global carbon budget. Satellite measure-
ments of column-averaged greenhouse gas abundances are an
important source of information for this research. The satel-
lite validation at high latitudes is limited by the relatively
small number of ground-based stations (Wunch et al., 2017),
and the high air mass may introduce a higher level of spec-
troscopic uncertainties (Jacobs et al., 2020). Because strong
responses to climate change are expected at high latitudes, it
is important to obtain accurate observations of GHGs also at
high latitudes with high spatial and temporal coverage. Cur-
rently, both satellite and ground-based observations are used
to monitor GHG column-averaged abundances.

Sentinel-5 Precursor (S5P) is the first mission of the
Copernicus program, aiming to monitor air quality, cli-
mate, and ozone abundances with high spatiotemporal res-
olution and daily global coverage (Veefkind et al., 2012).
The mission fills in the gap in the continuity between SCIA-
MACHY (SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY) on board Envisat (Bovens-
mann et al., 1999) and Sentinel-5 (https://earth.esa.int/web/
guest/missions/esa-future-missions/sentinel-5, last access: 1
September 2020). The S5P satellite was launched on 13 Oc-
tober 2017 and operates in a low Earth polar orbit, with
an operational lifespan of 7 years. Its single payload, the
TROPOspheric Monitoring Instrument (TROPOMI) is a
nadir-viewing grating spectrometer that covers wavelength
bands from the ultraviolet to shortwave infrared (SWIR).
TROPOMI measures back-scattered solar radiation spectra
using a push-broom configuration, combining a swath width
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of 2600 km. The instrument features a very high spatial res-
olution of approximately 7km x 7km (5.5km x 7 km since
August 2019) in the SWIR spectral band at nadir, providing
global daily coverage. The SWIR module on TROPOMI cov-
ers the spectral range of 4190 to 4340 cm ™! (spectral resolu-
tion: 0.45 cm_l), and it is used to measure the concentration
of methane and carbon monoxide in the Earth’s atmosphere
(Butz et al., 2012; Hu et al., 2018).

To validate the SSP column-averaged CH4 observations,
the ground-based column-averaged CH4 measurements from
solar-viewing near-infrared spectrometers are comprehen-
sively used (Lambert et al., 2019). The Total Carbon Col-
umn Observing Network (TCCON) is a global network of
ground-based Fourier transform infrared (FTIR) spectrome-
ters, measuring solar absorption spectra in the near-infrared
region to retrieve column-averaged dry-air mole fractions of
CO; (XCO3y) and CH4 (XCH4) amongst other gases (Wunch
et al., 2011). The TCCON measurements have high preci-
sion, because the effect of surface properties and aerosols
on the measurements are minimal (Wunch et al., 2017). The
measurements are scaled to the World Meteorological Orga-
nization (WMO) reference scale applying a post correction
and thereby guaranteeing high accuracy (Wunch et al., 2015).
The high-resolution TCCON sites are distributed globally;
however, many of these are concentrated in Europe, North
America, and eastern Asia. The costs, logistic requirements,
and the need for qualified personnel on site have hindered the
expansion of the network to, for example, the African conti-
nent, South America, or central Asia (Wunch et al., 2011).
Remote sites and regions with high or low surface albedo are
generally poorly covered by TCCON. Ground-based mea-
surement stations in the abovementioned regions are needed
for satellite and model validation and carbon cycle science.

Recently, cheaper and portable spectrometers have been
developed and are now available for GHG measurements,
with the potential to complement TCCON (Frey et al., 2019;
Sha et al., 2019b). The EM27/SUN FTIR spectrometer was
developed by Karlsruhe Institute of Technology (KIT) (Gisi
et al., 2012) in cooperation with Bruker Optics GmbH, Et-
tlingen, Germany. It is available from Bruker as a commer-
cial device since spring 2014. The EM27/SUN instrument is
a portable ground-based FTIR spectrometer, consisting of a
spectrometer body with dimensions of 35cm x40cmx27 cm
and a solar tracker which is directly mounted on the spec-
trometer. The total weight is approximately 25kg, and the
instrument can be carried by one person. This solar-viewing
FTIR instrument has a resolution of 0.5 cm™!, similar to that
of TROPOMI. This compact and mobile instrument is ap-
propriate for field campaigns as well as for long-term de-
ployment at a site with the potential to complement TC-
CON. In addition, its excellent robust and reliable charac-
teristics have been demonstrated in several successful field
campaigns (Frey et al., 2015; Klappenbach et al., 2015; Chen
et al., 2016; Hedelius et al., 2016; Butz et al., 2017; Toja-
Silva et al., 2017; Vogel et al., 2019; Kille et al., 2019;
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Sha et al., 2019b; Luther et al., 2019). KIT performs final
optimizations, an expert review of instrument performance,
and a final calibration of each unit with respect to the refer-
ence EM27/SUN spectrometer operated at KIT and the TC-
CON site in Karlsruhe. In the framework of recent European
Space Agency (ESA) projects, codes required for the data
processing and analysis of EM27/SUN measurement spec-
tra have been developed by KIT, which are open source and
freely available (https://www.imk-asf.kit.edu/english/3225.
php, last access: 1 September 2020). If the operation of
the EM27/SUN spectrometers adheres to the described stan-
dards (use of calibrated units, processing using the provided
codes), then this practice is compatible with the requirements
of the COllaborative Carbon Column Observing Network
(COCCON; see Frey et al., 2019). The data presented in this
paper have been generated using a pair of EM27/SUN spec-
trometers following these requirements. For this reason, we
refer to these as COCCON spectrometers in the following.

This paper compares S5P observations to the ground-
based observations performed with two COCCON spectrom-
eters at boreal sites in Sodankyl4, Finland, and Kiruna, Swe-
den. The measurements from these two sites are highly valu-
able for investigating the gradients of the greenhouse gas
distribution on regional scales near the Arctic Circle. In ad-
dition to the COCCON and the S5P datasets, we investi-
gate the CO, and CHy4 products from the Copernicus At-
mosphere Monitoring Service (CAMS). CAMS is operated
by the European Centre for Medium-Range Weather Fore-
casts (ECMWF), providing near-real-time analysis and fore-
cast data with a spatial resolution of approximately 25km
(Agusti-Panareda et al., 2014; Massart et al., 2014, 2016).
The CAMS analysis dataset is the latest global analysis
dataset of atmospheric composition; though, a reanalysis for
greenhouse gases (CO,, CHy) is being produced separately
(Inness et al., 2019). This work uses CAMS 6-hourly anal-
ysis data of XCO, and XCHy, integrated from CAMS vol-
ume mixing ratio (VMR) profiles of CO, and CHy, respec-
tively. CAMS profiles of CO, and CHy4 are also used to
study the quality of a priori profiles used for the trace gas
retrievals and compared with the TCCON official a priori
profiles. We refer to the TCCON a priori profiles as “MAP”
files, following the naming convention used for the TCCON
processing. The profiles are derived from a stand-alone pro-
gram to generate profiles as described in Toon and Wunch,
2017. These profiles are based on temperature, pressure, and
humidity generated by the National Centers for Environ-
mental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) and empirically derived from MkIV FTIR
balloon flights (Toon, 1991) and in sitt GLOBALVIEW data
(GLOBALVIEW-CO2, 2006). The MAP profiles are up to
70 km and are sampled on an equidistant 1 km grid.

The following section gives a description of the sites and
data sources. The results and discussions are given in Sect. 3,
and the final conclusions are discussed in Sect. 4.

https://doi.org/10.5194/amt-13-4751-2020

4753

Figure 1. Map showing locations of the Kiruna and Sodankyli sites
in this study.

2 Sites and data sources

Multiyear measurements using two COCCON spectrometers
were performed from March 2017 until the end of 2019 at the
Finnish Meteorological Institute (FMI), Sodankyld, Finland
(67.37°N, 26.63° E; 181 ma.s.l.) and at the Swedish Institute
of Space Physics (IRF), Kiruna, Sweden (67.84° N, 20.41° E;
419ma.s.l.) (Fig. 1). The area around these two sites repre-
sents a typical northern boreal forest or taiga environment,
surrounded predominantly by coniferous forest with some
mixed or deciduous forest. Regular TCCON measurements
are performed at the Sodankyld site since 2009, providing
XCO;, and XCH4 measurements (Kivi et al., 2016). The
COCCON operation at the FMI observational station is per-
formed in the framework of the Fiducial Reference Measure-
ments for Ground-Based Infrared Greenhouse Gas Observa-
tions campaign (FRM4GHG:; http://frm4ghg.aeronomie.be/,
last access: 1 September 2020) funded by the ESA. The
COCCON instrument in Sodankyld was at the beginning op-
erated next to the campaign container by personnel on site;
it was then moved to the roof of the campaign container
(184 ma.s.l.) on 25 September 2018. Since then the measure-
ments were performed remotely using an automated enclo-
sure system, which was developed for the automatic remote
control and protection of the COCCON instrument (Heinle
and Chen, 2018; Dietrich and Chen, 2018). The cover of the
enclosure rotates during the course of the day following the
trajectory of the sun. In the case of bad weather, the cover
closes automatically to protect the instrument inside.

The public SSP CH4 data are only available since May
2018 (https://sSphub.copernicus.eu/dhus/#/home, last ac-
cess: 1 September 2020). The comparison between S5P and
the COCCON measurements started since May 2018. Cur-
rently, the level-2 (L2) products of S5P are released, includ-
ing the column-average dry-air mole fraction of methane,
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XCHy. This value presents the total column of methane in
the atmosphere from the surface up to the top of the atmo-
sphere divided by the corresponding dry-air column (Apit-
uley et al., 2017). S5P L2 products provide bias-corrected
XCHy retrievals, which are used in this work. The quality
control value (qa value) is given as part of the CHy data prod-
uct, and it is recommended to only use data with a qa value
of above 0.5 to exclude data of questionable quality. To com-
pare with the COCCON data, S5P data are collected from
the average value within a radius of 100 km around each sta-
tion. The radius criterion of 100 km was the best tested case
as discussed in Sha et al. (2019a). When comparing the bias-
corrected SSP XCH4 product with the NDACC (Network for
the Detection of Atmospheric Composition Change) and TC-
CON FTIR products, results show slightly higher correlation
when using the radius criterion of 100 km than those of using
50km. A 10 min average value of COCCON data (retrieved
from approximately 10 spectra) is obtained at the coincident
S5P overpass time. The overpass time for Kiruna and So-
dankyl stations is between 09:00 and 12:00 UTC. The stan-
dard error of mean is used as error bar, as it presents the esti-
mation of the standard deviation of its sampling distribution
and is calculated by using

Y %Zi(xi -X)?
T.

Here, x; is a single measurement in the defined area or time
range, X is mean value of data sample, and n is the number
of data points. This method is useful to distinguish the highly
scattered dataset, especially for SSP and CAMS data which
come from large areas.

The comparison between the CAMS analysis and the
COCCON observations starts from the beginning of the field
campaign (March 2017). The CAMS 6-hourly analysis data
of XCO; and XCHy are derived from CAMS VMR profiles
in defined areas around Kiruna and Sodankyld. These de-
fined areas resemble rectangles of 100km x 100km, cover-
ing 67-69° N and 18-23° E around Kiruna and 66.5-68.3° N
and 24-29° E around Sodankyli. In these defined areas there
are 476 data points in total in the area of Kiruna and 442 data
points in the area of Sodankyld within their respective mea-
suring periods. We use the average value from these points
as 6-hourly CAMS analysis data. The coincident COCCON
data are collected from 1h average at 06:00 or 12:00 UTC,
because the spectrometer measures only during daytime. Ad-
ditionally, selection criteria are applied to the COCCON data
as described in the work by Frey et al. (2015). Measurements
at solar zenith angles (SZAs) > 80° are filtered out to reduce
uncertainties associated with spectra recorded at very high
air masses. The data are also filtered based on Xair (column-
averaged amount of dry air), and the Xair range between
0.995 and 1.005 is required.

The chosen a priori VMR profiles are mainly based on
model data. To assess the quality of the model data, knowl-

ey
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edge of the actual profiles is required and might be obtainable
from in situ instruments on board aircraft performing pro-
file measurements or from in situ AirCore balloon launches.
The AirCore instrument launches were performed on sunny
days when the TCCON and COCCON instruments were tak-
ing measurements. There were 10 launches in 2017 and 9
launches in 2018, covering the spring to autumn period. We
add a table providing the launch dates and sampling times in
the appendix (Table Al). The AirCore, which was another
main activity in the FRM4GHG campaign, is a simple and
viable atmospheric sampling system to measure vertical pro-
files of greenhouse gases (Karion et al., 2010). The AirCore
system that was used in Sodankyld was built at the Univer-
sity of Groningen (UG) and at the Finnish Meteorological
Institute (FMI). It consists of a 100 m long coiled stainless-
steel tube, combining ~ 40 m of 0.25 in. (6.35 mm) tube and
~60m of 0.125in. (3.175mm) tube, along with an auto-
matic shut-off valve and custom-built data logger to record
temperature and pressure during the flight. A 3 kg meteoro-
logical balloon was used to launch the AirCore along with
a radiosonde and the payload positioning system. The air
is evacuated from the tube during ascent to an altitude of
~30km due to the pressure difference, while ambient air
flushes into the tube as it descends. Upon landing, the auto-
matic valve shuts off to prevent any further exchange of the
sampled air inside the tube with ambient air. A cavity ring-
down spectrometer (CRDS) manufactured by Picarro Inc. is
used afterwards to quantify the mole fractions of the target
gases (e.g., CO, and CHy) in the AirCore sample.

3 Results and discussions

3.1 Quality of a priori profiles and their influence on
the retrieval results

The choice of a priori VMR vertical profiles for the tar-
get gases is important for retrieving correct column abun-
dances from ground-based FTIR spectra. A preprocessing
tool developed by KIT in the framework of the COCCON-
PROCEEDS project, funded by the ESA, generates spectra
from raw interferograms and performs quality checks (Frey
et al., 2019; Sha et al., 2019b). The column abundances of
trace gases are subsequently retrieved from the spectra us-
ing the PROFFAST retrieval code. PROFFAST is a nonlin-
ear least squares spectral fitting algorithm, scaling the a priori
dry-air mole fraction gas profiles to generate the best spec-
tral fit to the measured spectrum. In the following section two
different sets of a priori profiles are used for investigating the
sensitivity of the retrievals with respect to the choice of the
profiles. One set of VMR profiles is the one used by TC-
CON (MAP). Another set of daily profiles (at 12:00 UTC) is
provided by CAMS. These daily CAMS profiles refer to 137
model levels from 0.1 km up to 80 km. The choice of altitude
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Figure 2. Profiles of MAP (left column), CAMS (middle column), and the difference between MAP and CAMS (right column) for CO, and

CH4 in 2017 and 2018.

levels is based on the 1976 version of the International Civil
Aviation Organization (ICAO) Standard Atmosphere.

3.1.1 Comparison of the MAP and the CAMS profiles
for the Sodankyli campaign site

The CO; and CHy profiles of MAP and CAMS in 2017 and
2018 for the Sodankyld campaign site are shown in Fig. 2.
The left column shows the MAP profiles, the middle col-
umn shows the CAMS profiles, and the right column shows

https://doi.org/10.5194/amt-13-4751-2020

the differences between the MAP and the CAMS profiles
as a function of the altitude. For CO;, both profiles present
similar seasonal changes; the highest near-ground concentra-
tions occur in winter and the lowest in summer. However,
the CAMS profiles show higher vertical variability and more
obvious seasonal changes over the whole year. Most of the
time, the MAP profiles have lesser CO, concentrations than
CAMS as seen in the difference plots for both 2017 and 2018
profiles (Fig. 2 right columns). The main differences between
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Figure 3. Differences between AirCore and CAMS for CO; (a, b) and CHy (¢, d) profiles in 2017 and 2018.

MAP and CAMS CO, profiles occur in the troposphere, and
the difference near the ground ranges from —15 to 12 ppm
for 2017 and from —21 to 12 ppm for 2018, showing peak-
to-peak variabilities of about 27 ppm in 2017 and 33 ppm in
2018. The MAP profile estimates are lower than the CAMS
estimates in the early part of the year and in autumn. The
largest difference at ground level is —14.9 ppm, occurring on
5 September 2017, and it is —21 ppm on 9 August 2018. In
the stratosphere the CAMS CO; profiles show smaller ver-
tical changes compared to the MAP profiles over the year;
however, they are generally higher in concentration than the
MAP profiles with over 40km in 2017 and over 30km in
2018. Altogether, the MAP a priori profiles agree quite well
with the CAMS profiles.

A much larger difference exists in CHy between the MAP
and the CAMS profiles. CAMS shows a significant seasonal
change, especially in the stratosphere, while MAP is more

Atmos. Meas. Tech., 13, 4751-4771, 2020

constant and overestimated relative to CAMS over the whole
year. In contrast to CO;, the highest differences between
MAP and CAMS appear in the lower stratosphere between
20 and 40 km as seen for both 2017 and 2018 plots (Fig. 2).
In the beginning of the year, the difference between MAP and
CAMS profiles is around 0.9 ppm at 28 km and reaches to
nearly 1 ppm at a lower level of 20 km in spring. The largest
difference reaches up to 1.0 ppm at 22km on 12 April 2017
and at 20km on 12 and 15 March 2018. The MAP pro-
files are close to CAMS, and the highest difference is around
0.35 ppm at 33 km in summer 2017 and 2018. In winter, the
differences are also obvious and near to 0.9 ppm at around
30km. The steeper vertical gradients together with the dy-
namical processes occurring in the polar atmosphere make
a climatological guess of a priori profile shape much harder
than for carbon dioxide; therefore, the MAP a priori profiles
are less realistic for methane. We will investigate to what de-
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Figure 4. Development of polar vortex in 4d in April-May 2017 and 4 d in March-May 2018, using N, O retrieved from the Aura/MLS
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gree CAMS is capable of following the actual profile vari-
ability in the next section using AirCore soundings.

3.1.2 Comparison of in situ AirCore profiles and
CAMS profiles for the Sodankyli campaign site

The in situ profiles are derived from the AirCore balloon
launches at the Sodankyld campaign site and up to an alti-
tude of approximate 30 km. Figure 3 shows the differences
between CO, and CHy between the AirCore and the CAMS
profiles for 10 measurement days in 2017 and 9 measure-
ment days in 2018. The AirCore launches cover the spring to
autumn period.

The CAMS CO; profiles are generally overestimated com-
pared to the AirCore profiles, with a mean difference of
1.35ppm in 2017 and 3.33 ppm in 2018. In the 10 AirCore
launched days in 2017, CAMS profiles are slightly overes-
timated in the stratosphere, while the tropospheric CAMS
profiles are closer to the AirCore profiles in summer than
those in autumn 2017. Two peak differences are found at al-
titudes of around 9 km with —5.98 ppm (AirCore — CAMS)
on 24 April and —9.46 ppm on 26 April and another peak
at around 1 km with —5.76 ppm on 5 September 2017. The
CAMS profiles show a slightly higher bias of CO; in the tro-
posphere during summer 2018 when a drought anomaly oc-
curred. During drought, the air is moving upwards, resulting
in an increasing CO, concentration in the mid-troposphere

Atmos. Meas. Tech., 13, 4751-4771, 2020

(Jiang et al.,, 2017), and this impact is overestimated in
CAMS data (Christophe et al., 2019). In general, CAMS pro-
files are overestimated over the whole vertical altitude range,
and differences in the stratospheric part are quite constant
throughout the year. The averaged difference over 10km is
about —1.7 ppm in 2017 and —2.9 ppm in 2018.

The significant differences for CH4 in the stratosphere
can be seen in the early part of the year when comparing
CAMS with in situ AirCore profiles. Two obvious differ-
ences occur on 21 and 26 April, whose plots are highlighted
with additional red and green dots in Fig. 3. CAMS under-
estimates (.16 ppm atmospheric CH4 abundances at around
19km on 21 April 2017 and overestimates approximately
0.34 ppm CH4 at around 22 km on 26 April 2017. The sig-
nificant stratospheric subsidence in April 2017 is probably
caused by the polar vortex. Figure 4 (first two rows) shows
N, O data from the Microwave Limb Sounder (MLS) on the
Aura satellite for 3d in April and 1d in May 2017 when Air-
Core flights were performed. Because of its long lifetime,
N>O is a good tracer for estimating the position of the po-
lar vortex (Loewenstein et al., 1990; Sparling, 2000; Urban
et al., 2004). Therefore, N,O concentrations at the 46 hPa
level, approximately at the height of 20 km, are used here
to study the XCH4 abnormal observations. Obvious strato-
spheric subsidence is clearly seen over Finland in April and
disappeared in May 2017. For the CHy profiles in the tropo-
sphere, CAMS profiles are slightly underestimated in spring

https://doi.org/10.5194/amt-13-4751-2020
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Table 1. A summary of statistics between two paired datasets is listed in terms of averaged bias and standard deviation (in brackets: R?

values).
CAMS - COCCON-CAMS S5P - COCCON
XCO; (ppm)  Kiruna 3.72 +1.80 (0.9530) -
Sodankyld 3.46£1.73 (0.9756) -
XCH4 (ppb)  Kiruna 0.334+£11.93(0.6236) —9.69 +20.51 (0.2947)
Sodankyld 7.39+£10.92 (0.5292) —3.36£17.05 (0.2909)
70 TCCON CO, 70 TCCON CH, height and reaches up to 0.13 ppm at 21 km; however, CAMS
Y R shows an underestimation at higher levels, with a peak value
60 o 60 o of 0.15 ppm at 27 km. Despite the remaining discrepancies,
50 ne 50 ne CAMS CHy profiles approximate the true state of the polar
€ sza71 € sZA 7L atmosphere considerably better than the MAP profiles.
~ 40 SZA 75 ~ 40 SZA 75
o —— SZA 78° o —— SZA78°
° —— SZA 81° T —— SZA 81°
230 — szass® 230 — szass® 3.1.3 Comparison of COCCON and TCCON datasets
< " < " with different a priori profiles
10 10 When directly comparing the measurements of different re-
mote sounders, it is necessary to account for differing observ-
%o oo av;r-gging el bo ol avelr-gging P ing system characteristics, particularly the a priori profiles
used and the different sensitivity characteristics (Rodgers and
70 COCCON €O, 70 COCCON CH, Connor, 2003). In the following, we discuss the impact of the
R R ey a priori profile choice.
60 Sass, 60 Szhss: Figure 5 shows the comparison of XCO; and XCHy be-
50 szase: 50 szaee tween COCCON and co-located TCCON as a reference in
T szAT1® T sza71° Sodankyld in 2017 and 2018. Since the same a priori pro-
=40 N =40 — G files are used, the differences between these two datasets
§30 R 530 R are mainly from the different smoothing error characteris-
< < tics. The partial column sensitivities of TCCON and COC-
20 20 CON are both imperfect and differ from each other. Exem-
10 10 plary averaging kernels are presented in Fig. 6. Therefore,
we expect that a more realistic a priori profile will bring the
%0 o5 10 15 %0 o5 10 15

Column averaging kernel Column averaging kernel

Figure 6. An example of the averaging kernels comparison at differ-
ent SZAs for the TCCON and COCCON instruments performed on
8 June 2017. The COCCON instrument is generally less sensitive
to changes in SZA.

and overestimated in summer 2017 as compared to AirCore
profiles, while the CAMS CHy profile is similar to that of
AirCore profiles from approximately 3 km up to 12 km, cou-
pled with an underestimated profile in the stratosphere on
9 October 2017. The tropospheric CAMS profiles for 2018
are very similar to the AirCore profiles for all measure-
ment days. However, the CAMS profile on 17 April 2018
has three obvious peaks with underestimations of 0.21 ppm
at 20km and 0.32ppm at 22km and an overestimation of
0.23 ppm at 21 km. CAMS overestimates the CH4 concen-
tration in the lower stratosphere on 3 October 2018. The dif-
ference between CAMS and AirCore profiles increases with

https://doi.org/10.5194/amt-13-4751-2020

results into better agreement. But it should be noted that the
MAP profiles used in TCCON have their own advantages.
It is much simpler to interpolate NCEP data than generating
high-resolution model output from every TCCON location.
Meanwhile, a high-resolution atmosphere model provides
near-realistic profiles, reducing biases due to the smoothing
error. The four left panels of Fig. 5 show results generated
with the MAP a priori profiles, while the four right panels
show the results achieved with the CAMS a priori profiles. To
distinguish the COCCON and TCCON data processed with
the MAP profiles, we use COCCON-CAMS and TCCON-
CAMS to refer to the data processed with the a priori profiles
derived from CAMS. The coincident data points are based
on a 10 min average, and the error bars are presented with
standard error of mean. Processed with the MAP profiles,
COCCON and TCCON data show a generally good agree-
ment in both XCO;, and XCHy. The COCCON instrument
measures 0.74 ppm (£0.49 ppm) lower XCO, and 0.17 ppb
(£3.77 ppb) lower XCHy on average than the TCCON re-
trievals in 2017. The XCO;, difference between COCCON

Atmos. Meas. Tech., 13, 4751-4771, 2020
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Table 2. Monthly averaged difference and standard deviation of XCHy4 (in ppb) between CAMS and COCCON-CAMS at two sites in 2017

and 2018.
Kiruna Sodankyld

2017 2018 2017 2018
February - —10.60£0.0 - -
March —6.75+7.18 —6.85+£6.60 —10.43+3.58 —7.88+£4.56
April —8.37£546 —0.63£390 —12.20£5.01 —5.42+4.60
May —11.02+5.10 —-3.12+£581 —19.53+£6.47 —6.12+6.47
June —23.06+898 —4.40+4.63 —29.42+6.81 —6.63+£4.00
July - —471£7.68 —10.66+9.86 —9.224+7.97
August —0.15+£1.31 14.33+£3.35 —5.62+448 4.54+£10.02
September 3.22+6.06 6.45+3.57 —3.13+£7.86 —0.79+0.29

and TCCON is slightly reduced in 2018, when COCCON re-
trievals are 0.57 ppm (£0.49 ppm) lower in XCO,. The dif-
ference in XCHy between COCCON and TCCON triples in
2018 compared to that of the previous year, when COCCON
measures a 0.57 ppb (£3.47 ppb) lower amount of XCHy4.
One reason for the change in XCH4 is because the obvious
biases in April 2017, which increases the yearly averaged
value of the COCCON XCHy.

When using CAMS profiles as the a priori informa-
tion, COCCON-CAMS data show better correlations with
TCCON-CAMS data compared to using MAP a priori pro-
files, especially in XCHy. This is mainly because CAMS pro-
files have better seasonal variations, especially for CHy. Sig-
nificant biases in XCHy4 in April 2017 and in March 2018
were found when using MAP a priori profiles, which is
mainly caused by the polar vortex (see Fig. 4). The strato-
spheric subsidence was not included in the MAP profiles,
resulting in high biases. However, these biases disappeared
in the data comparison when using CAMS profiles, and the
correlation improved due to the better modeled profile in-
formation from CAMS. Ostler et al. (2014) investigated the
stratospheric subsidence caused by the influence of the polar
vortex, and they found different impacts on mid-infrared and
near-infrared retrievals because of the differing sensitivity,
depending on the altitude, although the same a priori VMR
profiles were used. Here, a similar mechanism is at work, the
different sensitivities between TCCON and COCCON gen-
erate different smoothing errors. The more realistic CAMS
a priori information reduces these discrepancies. The COC-
CON data discussed below are using the CAMS profiles as
a priori profiles (COCCON-CAMS).

3.2 Comparing COCCON observations with CAMS
and S5P

321 XCO;
The XCO; intercomparison between CAMS and COCCON

retrievals at Kiruna (Fig. 7 left) and Sodankyla (Fig. 7 right)
sites from 2017 to 2019 is shown in Fig. 7. COCCON re-
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trievals (COCCON-CAMS) show a good and similar agree-
ment with CAMS data at both sites with R* values of 0.9530
in Kiruna and 0.9756 in Sodankyld. The CAMS data are bi-
ased high in comparison to COCCON-CAMS with a mean
bias of 3.72ppm and a standard deviation of 1.80ppm in
Kiruna and with a mean bias of 3.46 ppm and a standard
deviation of 1.73 ppm in Sodankyld. (A summary of these
statistics is listed in Table 1.) The increase in bias as a func-
tion of time can be clearly seen in Fig. 7. This is related
to the CAMS model overestimation and is also reported by
Christophe et al. (2019). The Orbiting Carbon Observatory 2
(OCO-2) satellite also provides global coverage of CO, ob-
servations. The CO;, comparison between the OCO-2 satel-
lite and the COCCON would be another subject of future
work and is not shown here.

3.2.2 XCHy

The correlation of XCH4 between CAMS and COCCON-
CAMS measurements is more scattered than that of XCO,
(see Fig. 8, upper panels). The R? value decreased by nearly
one-third to 0.6236 in Kiruna and by nearly half to 0.5292 in
Sodankyld. CAMS data on average are biased high by about
0.33 ppb (£11.93 ppb) in Kiruna and 7.39 ppb (£10.92 ppb)
in Sodankyld. The most significant high bias occurs at both
sites from March to June 2017. Though CAMS profiles show
better seasonal variability in CH4 compared to the MAP
profiles, they are still not perfect compared to the realistic
profiles, especially during a period of strong stratospheric
subsidence (see Fig. 3, compared with AirCore profiles).
These imperfect profile shapes of CAMS probably result
in the high bias in March and April. The highest differ-
ences are found in June 2017 with 23.06 ppb in Kiruna and
29.42 ppb in Sodankyld. However, the much higher bias in
June is more likely due to the bias from CAMS itself (as re-
ported in Christophe et al., 2019), and it is not found when
comparing COCCON and TCCON measurements for 2017.
This is because the hydroxyl radical (OH) is the primary
CHy sink in the troposphere via oxidization (Lelieveld et
al., 2016; Rigby et al., 2017), and its amount is generally

Atmos. Meas. Tech., 13, 4751-4771, 2020
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higher in summer. Wang et al. (2020) evaluated the CAMS
trace gases using aircraft observations and found an under-
estimation of OH concentrations in the Arctic. The underes-
timated concentrations of OH weaken the loss of CHy con-
centration in the CAMS model, which contributes to a higher
amount of CHy. The only exception is found in August 2018,
when COCCON-CAMS measures 14.33 ppb higher XCH4 at
Kiruna and 4.54 ppb higher at Sodankyli. Table 2 shows the
monthly averaged difference in XCHy4 between CAMS and
COCCON-CAMS at both sites in 2017 and 2018.

The comparison between S5P and COCCON-CAMS
measurements shows a different situation, where the S5P
satellite generally measures lower atmospheric XCH4 than
COCCON-CAMS, with relative biases of —0.51 % in Kiruna
and —0.47 % in Sodankyld. The S5P XCH,4 observations
have been validated with the measurements from TCCON by

Atmos. Meas. Tech., 13, 4751-4771, 2020

the S5P operational validation team, and SSP XCHy4 exhibits
arelative bias of —0.68 % with respect to the TCCON XCHy4
values (Lambert et al., 2020). However, obvious biases are
found in March and April 2019 (presented in yellow), when
S5P measured higher XCHy. Excluding the measurements
from these months, SSP measures 9.69 ppb (£20.51 ppb)
lower XCHy4 in Kiruna and 3.36 ppb (£17.05 ppb) lower in
Sodankyld. Compared to the correlation between CAMS and
COCCON-CAMS retrievals, the correlation between S5P
and COCCON-CAMS measurements is poorer, and the val-
ues of R? are nearly halved, with 0.2947 at the Kiruna site
and 0.2909 at the Sodankyla site. The error bar represents the
standard error of mean, caused by higher standard deviation
and/or a smaller number of observations. Higher error bars
are found at the Kiruna site, and this might be due to the more
complex terrain where mountains are located to the west of

https://doi.org/10.5194/amt-13-4751-2020
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Kiruna. For testing the resulting effects, we shifted the cen-
ter of the coincidence area 50 km to the east to reduce the
effects of mountains, but the higher scatters largely remain.
This is further investigated by comparing the ground pressure
derived from S5P to the values used by COCCON-CAMS.
The altitude measured by S5P satellite ranges approximately
from 220 to 960 m in the defined area around Kiruna, while it
ranges only from 118 to 358 m in the Sodankyld area. When
we interpolate the SSP pressure at the two sites to the alti-
tude of two COCCON locations separately, the correlations
at both sites show good agreement, and the R? is 0.9960 at
Kiruna and 0.9894 at Sodankylé (see Fig. 9).

3.2.3 Effects of albedo and viewing zenith angle on
XCHy4

The officially released SSP data also contain other param-
eters, such as albedo retrieved in the same SWIR region
and viewing zenith angle (VZA). The sensitivities of the ra-
tio of XCHy (S5P measurements divided by COCCON) to
albedo and VZA at each site are presented in Fig. 10. The
albedo ranges from 0.03 to 0.10 in the period of May 2018-
September 2019, showing no obvious effects on the ratio of
XCHy. Both sites show similar situations with the average
ratio of 0.9949 +0.0118 at Kiruna and 0.9953 +0.0089 at
Sodankyld. The VZA of the S5P satellite changes approxi-
mately from 2 to 60° in the available time period. The sen-
sitivity analysis shows that there are negligible changes in
measuring XCH4 when VZA changes.

3.3 Comparison of gradient measurements at two sites
between CAMS (or S5P) and COCCON-CAMS

To study the capability to measure the gradients of XCO,
(AXCO3) and XCH4 (AXCHy) on regional scales (between

https://doi.org/10.5194/amt-13-4751-2020
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Kiruna and Sodankyld), the AXCO; between CAMS and
COCCON-CAMS is presented in Fig. 11, and the AXCHy
between CAMS and COCCON-CAMS and between S5P and
COCCON-CAMS are presented in Fig. 12.

The AXCO, comparison between CAMS and COCCON-
CAMS shows a much poorer correlation (R?=0.3322)
than the comparison of XCO; between the two sites (R> =
0.9643, mean value of both sites over the whole measure-
ments), as to be expected: the AXCO, signals are very small
(on the order of 0.5ppm). Still, a positive correlation in
AXCO; and similar amplitudes are found in CAMS and
COCCON-CAMS data. If the comparison would be domi-
nated either by horizontal smoothing effects due to the lim-
ited resolution of the model (which would reduce the spread
along the y axis of Fig. 11) or by the uncertainties in the
COCCON measurement (which would amplify the spread
along the x axis of Fig. 11), the variability ranges would dif-
fer significantly.

For AXCH4, the comparison between CAMS and
COCCON-CAMS measurements (Fig. 12a) shows a bet-
ter correlation (R2 =0.4117) than that between S5P and
COCCON-CAMS (Fig. 12c). S5P results show higher scat-
tering, resulting in a poorer correlation (R? = 0.2078) with
COCCON-CAMS. This nearly half difference is probably
due to the smaller number of coincident measurements be-
tween S5P and COCCON. There are only 50 coincident mea-
surements between SS5P and COCCON in total, covering 17d
in 2018 and 16 d in 2019, while there are 86 coincident mea-
surements between CAMS and COCCON in total, covering
17d in 2017, 29d in 2018, and 26d in 2019. Figure 12b
shows the agreement between CAMS and COCCON-CAMS
for the subset of days with S5P observations. Appendix
Table A2 lists the statistics of S5P data coincident with
COCCON-CAMS data when S5P overpasses both sites in
1 d. The correlation in the restricted days is similar to the cor-
relation between S5P and COCCON-CAMS. CAMS, COC-
CON, and S5P seem to be able to detect methane gradients
on regional scales.

4 Conclusions

In this study, two COCCON instruments are used to perform
multiyear measurements at Kiruna and Sodankyld. The in-
struments demonstrate useful performance and accuracy in
measuring column-averaged greenhouse gas gradients on re-
gional scales. We first compared the profiles derived from
CAMS with the TCCON official profiles (MAP). For CO,
vertical profiles, both CAMS and MAP present similar sea-
sonal variations, though CAMS profiles show higher verti-
cal variability and more obvious seasonal changes over the
whole time period of analysis. The main differences between
them dominate in the troposphere, with a peak-to-peak vari-
ability of about 25 ppm. However, the CH4 profiles derived
from CAMS show a significant seasonal change, especially
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Figure 12. Difference in XCHy measured between Kiruna and Sodankyli. (a) Plot showing the comparison between CAMS and COCCON-
CAMS. (b) Plot showing the comparison between CAMS and COCCON-CAMS during the S5P overpass days. (c¢) Plot showing the com-
parison between S5P and COCCON-CAMS. The annotations follow those in Fig. 5.

in the stratosphere, while MAP estimates suggest less vari-
ability of CHy profiles in the course of the year. The CHy
difference reaches up to 1 ppm at around 25 km height in
April 2018. The AirCore balloon launches were performed as
another main activity during the Finland campaign. CAMS
profiles show a better agreement with the in situ measure-
ments derived from AirCore launches than the official TC-
CON MAP a priori profiles. CAMS especially presents bet-
ter profiles for CHy in April, while the MAP profiles do not
show the stratospheric subsidence caused by the polar vortex.

MAP and CAMS profiles are used as a priori information
in processing COCCON and TCCON data at the Sodankyld
and Kiruna sites. The correlation between COCCON data
(COCCON-CAMS) and TCCON data (TCCON-CAMS) im-
proved for both XCO, and XCH4 when using CAMS a priori
profiles. R? increased to 0.9925 in 2017 and 0.9863 in 2018
for XCO; and 0.9708 in 2017 and 0.9635 in 2018 for XCHy.
The obvious biases in April 2017 when comparing COCCON
to the TCCON data (using MAP profiles) are mainly caused
by the polar vortex. However, these outliers disappeared from
the data comparison when data are processed with CAMS
profiles. Different instruments show different sensitivities to
the a priori profiles, and the CAMS profiles might be a good
choice to improve the data accuracy.

We also compared XCO; and XCHy4 between COCCON-
CAMS and CAMS as well as XCHy between COCCON-
CAMS and the S5P satellite in Kiruna and Sodankyld. The
XCO; comparisons between COCCON-CAMS and CAMS
at both sites show good agreements. For Kiruna, there was
a mean bias of 3.72 ppm, standard deviation of 1.80 ppm,
and R? of 0.9530. For Sodankyld, there was a mean bias of
3.46 ppm, standard deviation of 1.73 ppm, and R? of 0.9756.
The correlations for XCHy between COCCON-CAMS and
CAMS are relatively poorer than the XCO, correlations,
with R? values of 0.6236 in Kiruna and 0.4673 in So-
dankyld. CAMS mostly overestimated XCH4 in comparison
to COCCON-CAMS (approximately 0.33 ppb (£11.93 ppb)
higher XCH4 in Kiruna and 7.39 ppb (£10.92 ppb) higher
XCHy in Sodankyld). In contrast, the S5P satellite generally
measures lower atmospheric XCHy than COCCON-CAMS.
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For Kiruna, there was a mean bias of 9.69 ppb, standard de-
viation of 20.51 ppb, and R? of 0.2947. For Sodankyli, there
was a mean bias of 3.36 ppb, standard deviation of 17.05 ppb,
and R? 0f 0.2909. In addition, no obvious variability is found
when albedo and viewing zenith angle of S5P changes.

When studying the possibility of measuring gradients of
XCO; and XCHy for the region between Kiruna and So-
dankyld, we compared the COCCON-CAMS results with
CAMS and S5P (only for XCH4). For AXCO,, CAMS
shows higher values and has a R’ value of 0.3322.
For AXCH4, COCCON-CAMS shows a better correlation
with the CAMS (slope =0.6482, R? =0.4117) than with
the S5P (slope =0.5791, R> =0.2078). When limiting the
COCCON-CAMS and CAMS data to the S5P overpass
days, the correlation of AXCH,4 between them decreased
(slope = 0.5304, R? = 0.2242) and is close to the correla-
tion between SSP and COCCON-CAMS. The lower corre-
lation between COCCON-CAMS and SS5P results is proba-
bly due to the smaller dataset. COCCON observations can
be used for the quantification of sources and sinks of green-
house gases and for the validation of spaceborne observa-
tions. To our knowledge, this is the first published study using
COCCON spectrometers for the validation of XCH4 mea-
surements collected by S5P.
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Table A1l. The statistics of SSP data coincident with COCCON data when S5P overpassed both sites in 1 d. The error indicates the standard

error of mean.

Kiruna Sodankyla
Overpass Overpass No. of No. of
date time measurements Error measurements Error
11 May 2018 09:46 1 - 30 9.5631x 1074
25 May 2018 12:04 2 0.00129 1 97769 x 1074
29 May 2018 10:48 11 0.00319 44 93367 x 1074
31 May 2018 10:10 21 0.00236 19 0.0014
08:31 58 0.00113 110  8.44187 x 10~4
2 Jul 2018 10:10 243 5.48425 x 10™* 404 3.25961 x 1074
11:51 89  9.28037 x 10~4 112 6.38277 x 10~4
10 Jul 2018 09:21 56 0.00134 190 5.23952 x 104
08:43 29 0.00211 61 0.00126
12 Jul 2018 10:23 200  5.9486 x 1074 310 4.79266 x 1074
12:04 55 0.00105 27 943214 x 1074
08:25 27 0.00152 16 0.00144
13 Jul 2018 10:04 72 0.00113 41 0.00111
11:45 6 0.00195 4 671639 x 1074
16 Jul 2018 09:08 14 0.00256 115 8.18677 x 10~
10:48 76 9.76244 x 10~4 228  4.38376 x 10~4
17 Jul 2018 08:50 58 0.00118 92  9.55501 x 10~4
10:29 85 8.76049 x 10~4 325 4.04797 x 1074
08:31 31 0.00132 92 9.66493 x 10~%
18 Jul 2018 10:11 112 7.06507 x 104 267 5.33282x 1074
11:51 8 0.0028 16 0.00116
19 Jul 2018 08:13 17 0.00256 70  8.93628 x 1074
09:52 6 0.00299 386 3.26368 x 10~4
20 Jul 2018 09:33 40 0.00131 280  4.6468 x 1074
27 Jul 2018 09:02 1 - 107 8.6095 x 10~4
8 Aug 2018 10:17 13 0.00179 2 0.00338
31 Aug 2018 09:46 27 0.00177 121 9.12589 x 10~4
11:26 8 0.00249 7 0.00172
3 Sep 2018 10:30 32 0.00172 143 9.18697 x 104
19 Mar 2019 10:36 231 0.00060 24 0.00146
22 Mar 2019 09:40 182 0.00070 452 0.00041
11:20 85 0.0012 229 0.00748
26 Mar 2019 10:05 283 0.00067 430 0.00060
5 Apr 2019 08:38 82 0.00101 139 0.00104
10:17 358 0.00060 468 0.00052
5 Apr 2019 11:58 106 0.00114 1 -
8 Apr 2019 09:21 38 0.00120 21 0.00170
10 Apr 2019 12:04 56 0.00125 1 -
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Kiruna Sodankyld

Overpass Overpass No. of No. of
date time measurements Error | measurements Error
14 Apr 2019 09:09 16  0.00542 1 -

10:49 22 0.00339 | -
15 Apr 2019 08:50 59 0.00269 1 -
16 Apr 2019 08:31 1 - 1 -

10:11 4 0.00504 1 -
18 Apr 2019 09:34 26 0.00267 1 -

11:14 3 0.01216 1 -
26 Apr 2019 10:23 2 0.00477 1 -
7 Jun 2019 08:56 4 0.00351 81 0.00102
12 Jul 2019 09:39 6 0.00212 191  0.00063
22 Jul 2019 09:52 56 0.00097 125 0.00076
25 Jul 2019 12:16 2 0.00487 1 -
19 Sep 2019 09:46 2 0.00067 2 0.00309
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Table A2. The dates and the start and end of sampling times of AirCore flights performed in 2017 and 2018 at the Sodankyl4 site.

https://doi.org/10.5194/amt-13-4751-2020

Start End

time time
Date (UTC) (UTC)
21 Apr 2017 07:39 08:23
24 Apr 2017 15:13 16:13
26 Apr 2017 09:16 10:00
15 May 2017 09:33 10:25
28 Aug 2017 09:13 10:10
4 Sep 2017 09:16 10:04
5 Sep 2017 09:23 10:06
6 Sep 2017 09:10 09:49
7 Sep 2017 08:52 09:40
9 Oct 2017 09:49 10:50
17 Apr 2018 10:23 11:07
28 May 2018 08:46 09:35
18 Jun 2018 08:53 09:30
19 Jun 2018 15:00 15:39
20 Jun 2018 10:23 11:03
25 Jun 2018 10:14 10:52
2 Jul 2018 10:55 12:25
1 Aug 2018 11:31 12:28
3 0ct 2018 07:48 08:47
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690755/Sentinel_Data_Legal Notice (last access: 1 September
2020; European Commission, 2020). The Aura/MLS dataset is pub-
licly available from https://disc.gsfc.nasa.gov/datasets/ML2N20_
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