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Abstract. Atmospheric column-average methane mole frac-spectral resolution (Kobayashi et al., 1999). Further studies
tions measured with ground-based Fourier-transform specwere carried out with satellite devices SCIAMACHY, AIRS,
troscopy near Saint Petersburg, Russia (58,929.8 E, IASI, TES (e.g., Xiong et al., 2010; Sussmann et al., 2005;
20ma.s.l.) are compared with similar data obtained withRazavi et al., 2009; Wecht et al., 2012). Despite extensive
the Japanese GOSAT (Greenhouse gases Observing SATalbservation programs, GHyeographical distribution and its
lite) in the years 2009-2012. Average &£khole fractions  sources are not known sufficiently (Solomon et al., 2007).
for the GOSAT data version V01.xx arel5.0+ 5.4 ppb Regular global satellite methane measurements could lead to
less than the corresponding values obtained from groundsolutions of the problem.
based measurements (with the standard deviations of biasesIn January 2009, the GOSAT (Greenhouse gases Observ-
at 130+ 4.2 ppb). For the GOSAT data version V02.xx, the ing SATellite) was launched. It is a joint project of the
average values of the differences ar¢.9+ 1.8 ppb with Japanese Aerospace Exploration Agency, Ministry of the
standard deviations of 18+ 1.3 ppb. This verifies that FTIR  Environment and the National Institute for Environmental
(Fourier transform infrared) spectroscopic observations neatudies in Tsukuba, Japan (Kuze et al., 2009). The satel-
Saint Petersburg have similar biases with GOSAT satellitelite is designed to monitor global distributions of column
data as FTIR measurements at other ground-based network®ntents of atmospheric G@nd CH, from space. Dry-air,
and aircraft CH estimations. column-average mole fractions of carbon dioxi#leo,, and
methane Xch, (called “column-averaged methane” below),
are retrieved from the data of TANSO-FTS (Thermal And
Nearinfrared Sensor for carbon Observation - Fourier trans-
1 Introduction form spectrometer), which is a Fourier Transform Spectrom-
eter for measurements of carbon-bearing gases in the infrared
Methane is the second most important anthropogenic greenynge from the GOSAT satellite (Yoshida et al., 2011).
house gas. Despite its low concentration in Earth’s atmo- Ground-based remote sensing optical measurements are
sphere, CH is responsible for about 15% of the anthro- made at the stations of international networks NDACC
pogenic contribution to the greenhouse effect. Currently,(Network for the Detection of Atmospheric Composition
there are networks for local flask ground and aircraft mea-Change) and TCCON (Total Carbon Column Observation
surements within GAW (Global Atmosphere Watch) and Network) which uses ground-based Fourier transform in-
NOAA CMDL/ESRL (Climate Monitoring and Diagnos- frared (FTIR) spectroscopy of direct solar radiation for reg-
tics Laboratory/Earth System Research Laboratory; Conyjjar measurements of column contents of CQH, and
way et al., 2003). The first global satellite data on the total gther climate-forming gases (Wunch et al., 2011). To ob-
methane content in the atmospheric column were obtaineggjn gas species contents, devices of the NDACC and TC-
using the IMG/ADEOS (Interferometric Monitor for Green- coN networks usually use, respectively, middle (MIR) and

house Gases/Advanced Earth Observing Satellite) equipmemfear (NIR) infrared spectral ranges. Sussmann et al. (2013)
measuring the outgoing thermal radiation spectrum with high
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described an intercalibration of the measurements at botimeasurements. We perform observations under a cloudless
networks. Several validations of GOSAT data were made resky, or in large enough cloud cover breaks. An InSb (indium
cently (e.g., Butz et al., 2011; Parker et al., 2011; Cogan etintimonide) detector usually records interferograms using
al., 2012; Schepers et al., 2012; Tanaka et al., 2012; Dils ebptical path differences of 180 cm. We obtain a single spec-
al., 2013). trum in about 12 min averaging ten spectral runs with appro-
In Saint Petersburg State University (SPbU), spectroscopi@riate times of accumulation.
measurements of total column methane were started in 1991 Several computer programs (e.g., SFIT, PROFFITT and
(Mironenkov et al., 1996; Makarova et al., 2009). These mea-GFIT) exist for retrieving atmospheric column gas abun-
surements up to the year 2009 were carried out using a sadances via fitting the spectra in ground-based FTIR network
lar IR grating spectrometer with resolution of 0.4-0.6¢m  observations. Comparisons of the first two algorithms and
Since January 2009, the Atmospheric Physics Departmers new approach (Kozlov information operator) showed very
of SPbU started ground-based solar FTIR measurements uslose estimates of the methane total content using the same
ing the Bruker IFS 125 HR interferometer giving high spec- a priori information (see, for example, Senten et al., 2012).
tral resolution. Results of atmospheric trace gas retrievals irin the present study, we performed retrievals of total col-
SPbU were described by Poberovskii et al. (2010), Polyakowmn contents of greenhouse gases in the atmosphere from
et al. (2011), Virolainen et al. (2011) and Yagovkina et FTIR spectrometry using the standard software SFIT2 v 3.92
al. (2011). (Pougatchev et al., 1995; Rinsland et al., 1998; Hase et al.,
Morino et al. (2011) have performed a preliminary valida- 2004) designed for the NDACC network. We used the opti-
tion of Xco, and Xcn, observed with the GOSAT satellite mal estimation technique in SFIT2 and retrievals of methane
comparing them with FTIR measurements from the TCCONcontent profiles with their subsequent integration.
network (see above). They found substantially lower satellite The main input data for SFIT2 are spectra of solar radia-
values compared to those obtained from ground-based oltion (including related information on interferometer param-
servations. Later, comparisons betwééfp, and XcH, ob- eters), and a priori profiles of atmospheric trace gases and
tained with other GOSAT retrievals and TCCON data gavetheir variations. These profiles (recommended by NDACC)
better agreements between satellite and ground-based meaere created using WACCM (Whole Atmosphere Commu-
surements (Cogan et al., 2012; Dils et al., 2013; Yoshida ehity Climate Model) for Peterhof’s latitude, longitude and
al., 2013). These comparisons were performed for groundaltitude (Garcia et al., 2007). Vertical profiles of atmospheric
based observation sites located at latitudes lower th&n 55 pressure and temperature required for greenhouse gas re-
Therefore, it is interesting to compare NIES (National Insti- trievals are taken from Voejkovo (Weather Web, 2013), the
tute for Environmental Studies)-GOSAT and ground-basednearest site of upper air soundings located 50 km eastward of
observations performed at higher latitudes and utilizing dif- Peterhof.
ferent retrieval algorithms. Different infrared spectral intervals were used by the
In this paper, we compar¥cH, obtained by the GOSAT NDACC FTIR network for retrievals of the atmospheric col-
satellite with ground-based FTIR spectroscopic observationsimn’s CH; content (Goldman et al., 1988; Schneider et al.,
near Saint Petersburg in the years 2009—-2012, which are pe2005; Griesfeller et al., 2006; Wunch et al., 2007; Angelbratt
formed at latitude~ 60° N using modified NDACC retrieval et al., 2011; Sussmann et al., 2011, 2012; Sepulveda et al.,
algorithms. In particular, such comparisons may give indirect2012). In the present study, we use the three spectral intervals
verifications of FTIR spectroscopic observations near Sain(2613.7-2615.4, 2835.5-2835.8 and 2921.0-2921:6m
Petershurg, as long as our station does not apply the formakcommended by Sussmann et al. (2011), as well as four
procedures required for inclusion into the measuring networkspectral intervals (2613.7-2615.4, 2650.6—2651.3, 2835.5—
NDACC. 2835.8 and 2903.6—-2904.03ch) recommended in the
NDACC documentation and used by Sepulveda et al. (2012).
Two of these microwindows are shared between the Suss-
2 Measurement and data processing mann and Sepulveda approaches. Mean signal-to-noise ratios
in these spectral bands are about 800. Following to Sussmann
The FTIR measurement site of SPbU is located at the Peet al. (2011), we used the HITRAN (high-resolution trans-
terhof campus (59.88\, 29.82 E, 20ma.s.l.), about 35km mission) 2000 (with additions of 2001) database of spectro-
southwest from the center of Saint Petersburg. This is ascopic line parameters (Rothman et al., 2003) for the above-
boundary between a megalopolis with a population of up tomentioned three spectral windows, and the HITRAN 2004
5 million people and surrounding rural areas covered withdatabase (Rothman et al., 2005) for the other four windows..
multiple swamps. Therefore, the atmosphere around the ob- The mean value of freedom degrees for CH4 FTIR mea-
servation site could be influenced by multiple anthropogenicsurements at the Peterhof station-isl.7. Total column
and natural methane sources. The measurement tools includeater content varies from-0.2gcnt? for cold seasons
an automatic solar tracking system, solar flux input systemup to ~4gcnt? for summertime. Random relative errors
and an analogous channel for cloud monitoring during theof individual Xcn, measurements do not exceed 0.3-0.5%
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Table 1. Average characteristics (in ppb) for the data shown in
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CH4’ppb ® @ o SPh Fig. 2. Shown uncertainties correspond to 0.95 confidence intervals.
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Fig. 1. Column-aver_age methane mole fractions measured neapmount of compared data, we analyzed the individual cou-
\S/th(Xpaer:(ejrf/%’Zrix‘)N'th FTIR (SPb) and GOSAT (data versionsyas of ground-based and satellker, values, for which the
' e difference in dates of their measurements do not exceed two
days. Figure 2 shows the corresponding pairs(ef,, srs
and Xch, cos for both versions of the GOSAT satellite
data. The solid line in Fig. 2 corresponds XgH, spe=
XcH,_cos One can see that almost all of the measuieg,
values for the GOSAT VO01.xx data lie below the solid line
in Fig. 2, while for the GOSAT V02.xx data the situation is
different.
3 Results of comparison Table 1 shows the mean, median characteristics and stan-
dard deviations; calculated for the ground-based and satel-
To compare ground-based and GOSXEH, near Saint Pe-  lite data presented in Fig. 2. Uncertainties of the parameters
tersburg, we found intervals of simultaneous measurements Table 1 reveal 0.95 confidence intervals. These intervals
in the years 2009-2012. For these time intervalsy, val- on the standard deviations assume gfedistribution and
ues measured with GOSAT in the3° latitude and longitude  are calculated using Eq. (6) from Dils et al. (2013). The 0.95
vicinity of the ground-based observation site were selectedconfidence intervals on the medians in Table 1 are calculated
from the database of National Institute of Environmental using the method described by Bland (2000, Sect. 8.9).
Studies in Tsukuba, Japan (NIES, 2012). The ground-based The mean and median values in Table 1 for both types
XcH, values taken for the comparison were obtained at timeof measurements are closer to each other for the GOSAT
intervals+3 h from the local noon, as long as the methaneV02.xx data. The long- and short-dashed lines in Fig. 2
retrievals near Saint Petersburg in the GOSAT database afeave shifts relative to the solid line according to the aver-
usually given at times close to the local noon. We used onlyages Xcn, values from Table 1 for the GOSAT data versions
XcH, within the 95 % confidence interval around the meanV01.xx and V02.xx, respectively. For the avera§j€cp,
values for the corresponding observation intervals. Becausen Table 1, values = [§XcH,_avel/(0s/+/n) ~4.3 and 2.1
the GOSAT satelliteXcp, is estimated for dry atmosphere for the GOSAT data versions VO1.xx and V02.xx, respec-
(without water vapor), we calculated ground-based dry-airtively. According to one sample test (Rice, 2006), these
XcH, using the reanalyzed meteorological information from values oft correspond to probabilities of the hypotheses
the ECMWF (European Centre for Medium-Range Weatherabout §XcH, aver=0 to be less than 0.001 and 0.05, re-
Forecasts; Dee et al., 2011). spectively. The same probabilities for the hypotheses that
Figure 1 presents individualcn, values from satellite and  §XcH, spB_ave= 8 XcH, GOs_averdive two sampler tests
ground-based measurements using the three spectral intdpased on the average values and standard deviations in Ta-
vals recommended by Sussmann et al. (2011). In many caseble 1. Verifications of the 0 hypothesespg = ocos using
the dates of measurements with those methods do not match test foro; andn from Table 1 give probabilities of 0.3
exactly. However, Fig. 1 shows a systematically loviejy, and 0.05 for the GOSAT data versions V01.xx and V02.xx,
for the GOSAT data version VO1.xx compared to the ground-respectively.
based measurements near Saint Petersburg. Figure 3 reveals histograms of differenéé&:n, between
At present, the number of days with simultaneous ground-pairs of measurements presented in Fig. 2. For the GOSAT
based Xn, measurements in Saint Petersburg and withdata version V02.xx the deviations are almost symmetrical
GOSAT (data version V02.xx) is about 20, which is not with respect to zero in Fig. 3b, while Fig. 3a demonstrates
enough for reliable statistical comparisons. To increase thesystematic underestimation of thécy, from the GOSAT

according to error matrix calculations within the optimal es-
timation method implemented in the SFIT2 software. Under
stable atmospheric conditions, variations of measufed,
throughout the day do not generally exceed 1 %.
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Fig. 2. Comparison ofXcp, (in ppb) measured near Saint Pe- 1
tersburg and with GOSAT satellite (data versions VO1.xx — 1 ]
and V02.xx — 2) when differences between the dates of measure- ] -
ments do not exceed 2 days. Line 3 correspondXdp, spe= 0 L
XCH4_Gos, lines 4 and 5 are shifted from line 3 by the average 60 0 5X
8XcH, presented in Table 1 for GOSAT data versions VO1.xx and - CH4

V02.xx, respectively.
Fig. 3. Histograms of differencesXcH, = Xco, cos—Xco, spB
between pairs of measurements presented in Fig. 2 for GOSAT data
VO01.xx data compared to the ground-based FTIR measureversions V01.xxa) and VO2.xx(b).
ments.
The results presented above were obtained using the three
spectral intervals listed in Sect. 2 and recommended by Suss: . - .
n?ann et al. (2011). Similar estimations using anotheryset o?he same day GOSAT data version VO1.xx. Similar analysis

four spectral intervals (see Sect. 2) have small difference O;s)égH;—snggdsﬁ_?_H“(a%?: f\%rrgi?)tr(\:h\llnogl?(?(gesrnfaiij()rirrfénts
from the results considered above. Absolute average differ- ]

ences between the two sets of data are about 0.2 % for oup 0Wed that the differencéXcy, = XcH,_cos— Xcr,_sps

. . . . __are negative in six of cases (up 43 ppb, or~ —2.4%).
measurements in Saint Petersburg. Average deviation (SImLi_he average for these nine casesisw. ~ -13 pob and its
lar to that in Table 2) of GOSAT version V02.xx GHlata verag ' TH, ~ — 2o PP '

from ground-based FTIR measurements using four spec_standard deviation- 26 ppb. The 0.95 confidence band for

, . o , - average VO1.xx values @fXcn, in Table 1 is—15.0+5.4,
’[Nrallén;ggvals 183X cH, 2ppb, and its standard deviation which overlaps with similar bands from Morino et al. (2011)

and Saitoh et al. (2012) biases. Therefore, optitah, ob-
tained from Earth’s surface near Saint Petersburg are compat-
ible with column-average methane measured with aircrafts
and ground-based FTIR networks.

Morino et al. (2011) made a comparison of the GOSAT ver-  Several algorithms foXcn, retrieval from GOSAT data
sion VO1.xx and FTIR spectroscopic¥, measurements in  were compared recently with ground-based FTIR spectro-
the years 2009-2010 at nine stations of the ground-based TGcopic observations, for example UoL (Parker, 2013) and Re-

4 Discussion

CON network at latitudes from 4% to 53 N. They found

methane witl§ Xcp, ~ —20+19 ppb 1.2+ 1.1 %). Deter-

CHy aircraft measurements in the troposphere gi¥en,
from —8+10ppb (Saitoh et al., 2012) te-39+ 11 ppb
(Tanaka et al., 2012). Values 6K cn, for GOSAT version

Atmos. Meas. Tech., 7, 1003t01Q 2014

moTeC (Hasekamp et al., 2013). Parker et al. (2011) com-
a systematic underestimation of satellite column-averaggared GOSATXcH, measurements with data from the TC-
CON network and with results of numerical modeling. They
minations of biases between the GOSAT V01.xx data andestimated relative deviations of individual satellite measure-
ments to be~0.1-0.9% depending on latitude. Dils et
al. (2013) analyzed several different algorithms of methane
retrievals and obtained average absolute values of differ-
V01.xx data in Table 1 fall within the specified ranges, with ences between GOSAT and ground-baXed, values in the

the mean and mediaX cH, ~ —(11-15) ppb with a standard

range of 0.2-1.5 % and their standard deviations of 2.4—4 %.
deviation of 13 ppb. Gavrilov and Timofeev (2013) compared Schepers et al. (2012) studied their influence of radiation
ground-based C®Omeasurements in Saint Petersburg with scattering and cirrus clouds and obtained average differences

www.atmos-meas-tech.net/7/1003/2014/
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between GOSAT and ground-based FTXRH, as low as  the NDACC network can reach a reasonable agreement with
—0.3 0r—0.4%. Butz et al. (2011) also showed the existenceGOSAT satellite data compatible with estimations at other
of systematic biases 6f0.3 %. TCCON stations.

Yoshida et al. (2013) made comparisons of the GOSAT The standard deviation of individuéX cy, values for the
version V02.xx data with FTIR observations at 13 ground- data version V02.xx in Table 1 is Bt 1.3 ppb, which is
based sites of TCCON. Global mean biases averaged for atompatible with compound errors of both types of measure-
individual pairs of spectral scans are5.9+ 0.9 ppb with ments and is comparable with the standard deviations ob-
standard deviations of 12+ 0.6 ppb (uncertainties corre- tained by Yoshida et al. (2013) and Dils et al. (2013). Such
spond to 0.95 confidence intervals). About 94 % of thesesubstantial standard deviations show that individual differ-
individual pairs belong to TCCON sites located at altitudes ences between satellite and ground-based, may be much
lower than 50 N and in the Southern Hemisphere. Results by larger than the respective average biases at any particular site.
Yoshida et al. (2013) show a broad range of changes in the The mentioned value of standard deviations of individ-
average biases at different sites freri2.3 to 10.3ppb and ual differences, 145+ 1.3 ppb, in Table 1 is larger than the
some dependence of biases on latitudes of observation siteglobal average value, 12+ 0.6 ppb, but it is smaller than
Biases averaged for 13 TCCON observation sites with equathe maximum standard deviations of 15 — 16 ppb obtained by
weights for each site are2.24+2.1 ppb with standard devia- Yoshida et al. (2013) for the Garmish and Lauder sites. It is
tion of 7.3 ppb. The 0.95 confidence band for average V02.xxalso larger than the standard deviations (8—10 ppb) of differ-
values of§ XcnH, shown in Table 1 overlaps with the respec- ences between the GOSAT version V02.xx and ground-based
tive band for the station bias and is somewhat smaller tharFTIR measurements at Bremen, Bialystok and Sodankyla
the single-scan bias obtained by Yoshida et al. (2013) and CCON sites obtained by Yoshida et al. (2013). One should
reflecting mainly low-latitude and southern TCCON sites. keep in mind that our measurements are carried out near

About 6 % of the GOSAT and ground-based TCCON datathe Saint Petersburg megalopolis, so the total methane vari-
compared by Yoshida et al. (2013) were obtained at four ob-ability there might be higher than that for background mea-
servation sites at latitudes higher tharf BD They show a  surements. Makarova et al. (2006) estimated that emissions
broad scattering of average biases betwe@nand 10ppb. from Saint Petersburg may contribute up to 2 % to the overall
The latitude of Saint Petersburg’s site of ground-based FTIRCH,4 column content. This enhanced variabilityXo¢H, near
observations is between the TCCON sites Bremen (38),L  Saint Petersburg may partly contribute to some differences
Bialystok (53.2 N) and Sodankyla (67¢AN). According to  in averageSXcH, and their standard deviations obtained in
average values, standard deviations and data numbers olle present paper compared to the estimations by Yoshida et
tained by Yoshida et al. (2013) the average biases betweeal. (2013) for different TCCON sites.
the GOSAT and ground-baseXicH, with 0.95 confidence The additional contribution to Saint Petersburg’s standard
intervals are £+ 6.4, 7.8+ 9.7 and—7.81+ 3.6 ppb for the  deviation of ground-basekcH, may lead to use of the mea-
mentioned TCCON sites, respectively. One can notice possuring instrument and algorithms similar to those of the
sible latitude dependence with more negative biases at th&IDACC network using a MIR spectral range. Sussmann et
more northern Sodankyla site. The 0.95 confidence band foal. (2013) showed that differences between MIR measure-
average VO02.xx values éfXcH, in Table 1 is between and ments and the respective NIR data obtained with the TC-
partly overlaps with the respective bands for for Sodankyla,CON network may have standard deviations of about 7.2 ppb
Bremen and Bialystok sites, although the uncertainties ardor standard a priori information at middle latitudes of the
big for all of these stations. Northern Hemisphere. Sussmann et al. (2013) recommended

Dils et al. (2013) made comparisons of different algo- corrections to a priori information decreasing this standard
rithms for CH,; retrieval from GOSAT and ground-based deviation to 5.2 ppb. As long as GOSAT performs NIR mea-
FTIR observations at TCCON network stations. They foundsurements, the standard deviation of differences between the
changes of the global mean biases between the GOSAT anshtellite and Saint Petersburg ground-based measurements
TCCON data between2.5 and 7.0 ppb depending on the re- can differ from that obtained from the TCCON network.
trieval algorithm. Average biases vary from 2.9 to 5.4 ppb for Sussmann et al. (2013) and Dils et al. (2013) also demon-
the Bremen site, and from 3.4 to 8.3 ppb for Bialystok. Thesestrated possible latitude and seasonal changes in biases be-
values lie within the above-mentioned, broad 0.95 confidencaween GOSAT and TCCON as well as between MIR and NIR
bands obtained by Yoshida et al. (2013). Some differences ofneasurements.
data in Table 1 from estimations by Yoshida et al. (2013) In our study, we comparefcH, measured with GOSAT
may be caused by substantial statistical errors (because @f the +3° latitude and longitude vicinity of the ground-
substantial variability and limited number of measurementsbased observation site. We also tried to dsk and £5°
at Saint Petersburg). However, the absolute values of averagm-location criteria. In these cases, we obtained differences
and median deviations in Table 1 for the data version V02.xx,0f biases between ground-based and satellite measurements
on the order of a few parts per billion, show that Saint Peters-within £2 ppb (or+0.1 %) compared to those in Tables 2
burg FTIR observations using the retrieval algorithms from
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