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Abstract: Methane (CH4) is a potent greenhouse gas with a large temporal variability. To increase
the spatial coverage, methane observations are increasingly made from satellites that retrieve the
column-averaged dry air mole fraction of methane (XCH4). To understand and quantify the spatial
differences of the seasonal cycle and trend of XCH4 in more detail, and to ultimately help reduce
uncertainties in methane emissions and sinks, we evaluated and analyzed the average XCH4 seasonal
cycle and trend from three Greenhouse Gases Observing Satellite (GOSAT) retrieval algorithms:
National Institute for Environmental Studies algorithm version 02.75, RemoTeC CH4 Proxy algorithm
version 2.3.8 and RemoTeC CH4 Full Physics algorithm version 2.3.8. Evaluations were made against
the Total Carbon Column Observing Network (TCCON) retrievals at 15 TCCON sites for 2009–2015,
and the analysis was performed, in addition to the TCCON sites, at 31 latitude bands between
latitudes 44.43◦S and 53.13◦N. At latitude bands, we also compared the trend of GOSAT XCH4
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retrievals to the NOAA’s Marine Boundary Layer reference data. The average seasonal cycle and the
non-linear trend were, for the first time for methane, modeled with a dynamic regression method
called Dynamic Linear Model that quantifies the trend and the seasonal cycle, and provides reliable
uncertainties for the parameters. Our results show that, if the number of co-located soundings is
sufficiently large throughout the year, the seasonal cycle and trend of the three GOSAT retrievals
agree well, mostly within the uncertainty ranges, with the TCCON retrievals. Especially estimates of
the maximum day of XCH4 agree well, both between the GOSAT and TCCON retrievals, and between
the three GOSAT retrievals at the latitude bands. In our analysis, we showed that there are large
spatial differences in the trend and seasonal cycle of XCH4. These differences are linked to the
regional CH4 sources and sinks, and call for further research.

Keywords: greenhouse gas; remote sensing; methane; seasonal cycle; trend; GOSAT; TCCON

1. Introduction

Methane (CH4) is the second most important greenhouse gas in our atmosphere [1]; the increase
of direct radiative forcing of methane in 2017 is 0.52 Wm−2 since preindustrial times [2]. Variations
in atmospheric methane concentration are profoundly linked to its sources and sinks. Regional-scale
fluxes of CH4 still have large uncertainties, especially in regions that have limited in-situ
measurements [3]. To increase the global coverage of methane observations and to ultimately reduce
the uncertainties related to its sources and sinks, methane observations are increasingly made from
satellites. Space-based observations of methane have obvious advantages compared to ground-based
measurements when considering the spatial coverage: in addition to a global view on atmospheric CH4

distribution and variability, satellite retrievals provide independent data on currently understudied
regions. For example, by studying the column mean dry air mole fraction of CH4 (XCH4) observed by
the Greenhouse Gases Observing Satellite (GOSAT), Peters et al. [4] were able to estimate regional
methane emissions from Bangladesh. In addition, by using GOSAT observations as a part of the study,
Ganesan et al. [5] showed that the emissions of methane are overestimated over India in current
bottom-up estimates. However, satellite observations have some disadvantages compared to in-situ
measurements; for example, only the radiance measurements can be calibrated, clouds and aerosols
can strongly affect the observations, and observations have potential biases that can vary regionally.

Atmospheric methane is produced mainly by wetlands, agriculture, waste, and fossil fuel
production and use. Methane is removed primarily by atmospheric oxidation initiated by reaction
with the hydroxyl radical (OH). More than half of methane emissions are from anthropogenic
sources [3]. OH oxidation in the troposphere contributes about 90% of the total methane sink [3],
but stratospheric oxidation has a minor impact on reducing methane. OH is produced photochemically
in the atmosphere and thus its concentration varies in middle and high latitudes with seasonal changes
in the UV actinic flux and humidity [6]. The atmospheric CH4 sink by OH is the largest in the tropics
where the OH concentration is high throughout the year compared to other parts of the world, due to
high UV flux over the year; also for this reason, most of CH4 is removed during the day [7]. The lifetime
of methane is relatively short, 9.8 year (with 2σ uncertainties 7.6–13.8 year [8]).

Methane concentration is in a long-term increase, although the growth rate of CH4 has recently
shown significant interannual variability [9]. We explored the growth rate of satellite-retrieved XCH4.
In addition to the long-term trend, XCH4 varies on shorter time scales, driven by seasonal, synoptic
and diurnal time scale phenomena. The seasonal cycle of XCH4 is strongly affected by the seasonal
cycle of OH radicals, and the cycle of OH is dictated by seasonal variations in the OH production.
In addition, the seasonality of emissions causes local and regional variations to the seasonal cycle
of XCH4. These local factors in emissions can be, for example, rice paddies or wetlands, and the
effect of these local factors on the seasonal cycle also depends on atmospheric transport. Stratospheric
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chemical processes can also affect seasonal variability of XCH4 [7], as may the seasonal variations in
the height of the tropopause [10]. Aalto et al. [11] showed that synoptic-scale weather events and
meteorological variables, especially wind direction, affect local tropospheric methane abundance.
In addition, stratospheric circulation has a significant contribution to vertical distribution of methane
during winter and spring in northern polar regions (e.g., [12,13]).

We evaluated and analyzed the seasonal cycle and variability of the trend of XCH4 retrieved
by three different retrieval algorithms from GOSAT observations. Although the retrieval biases
have been previously assessed (e.g., by Yoshida et al. [14], Schepers et al. [15], Buchwitz et al. [16]
and Dils et al. [17]), and the GOSAT observations have been used, for example, to evaluate wetland
CH4 emissions and estimate their impact on the interannual variability on the observed XCH4 [18],
or to analyze methane trends observed over Canada, US and Mexico [19], a systematic and
comprehensive study and analyses of space-based XCH4 growth rate and seasonal cycle has not
been undertaken before. Such a study is particularly necessary before applying the temporal XCH4

variability to infer information on fluxes. We evaluated the growth rate and averaged seasonal cycle
at 15 Total Carbon Column Observing Network (TCCON) sites using the TCCON GGG2014 XCH4

retrievals. At the TCCON sites, XCH4 is retrieved from the ground to the top of the atmosphere. In
addition, we studied the latitudinal dependence of the seasonal cycle and the trend in the GOSAT
XCH4 retrievals. The growth rate and seasonal cycle are quantified, for the first time, by applying
dynamical regression time series analysis methods [20] to consider non-linear trends and constant
average seasonal cycle. A systematic evaluation of the seasonal cycle and the growth rate of XCH4 lays
an important base for further methane studies that employ satellite observations, retrieval algorithm
development and understanding regional methane budget, and the analysis helps to understand in
more detail the regional features of the seasonal cycle of methane.

2. Data Description

2.1. GOSAT

The Greenhouse Gases Observing Satellite (GOSAT) is the first satellite dedicated to observing
greenhouse gases from space. GOSAT does near-global greenhouse gas observations from a polar
orbit [21]. The satellite was launched in January 2009 and it is operated as a joint project of the Japanese
Aerospace Exploration Agency (JAXA), Japan National Institute for Environmental Studies (NIES) and
the Ministry of the Environment, Government of Japan (MOE). GOSAT overpasses at 13:00 (local time)
every three days, and the diameter of the footprint in nadir is approximately 10 km. The Thermal And
Near-infrared Sensor for carbon Observation Fourier Transform Spectrometer (TANSO-FTS) onboard
GOSAT measures short-wavelength infrared (SWIR) radiance reflected from the Earth’s surface and
atmosphere. GOSAT nadir mode retrievals are used above land areas and sun glint mode is generally
used over the oceans. Over land, in nadir-mode, GOSAT uses two different gains: medium gain
(Gain-M) over bright surfaces such as deserts and high gain (Gain-H) elsewhere. Most of the data are
Gain-H land data.

In this study, we evaluated three commonly used GOSAT XCH4 retrieval algorithms: National
Institute for Environmental Studies algorithm v02.75 (NIES; [14,22]), RemoTeC CH4 Proxy algorithm
v2.3.8 (RemoTeC Proxy) and RemoTeC CH4 Full Physics algorithm v2.3.8 (RemoTeC FP) [15,23,24].
Figure 1 shows as an example the coverage and variability of the GOSAT XCH4 nadir observations,
retrieved by the three retrievals, in April and October 2015. RemoTeC Proxy and FP retrievals are
jointly developed by Netherlands Institute for Space Research (SRON) and the Karlsruhe Institute
for Technology (KIT). The algorithms differ in multiple details; first, NIES is based on optimal
estimation [25] and RemoTeCs on Phillips-Tikhonov regularization [26–28]. In addition, the retrievals
use different filtering criteria and bias correction, and they consider scattering by aerosol particles
and clouds differently.
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Figure 1. GOSAT nadir-mode XCH4 observations for: NIES (top panel); RemoTeC Proxy (middle panel)
and RemoTeC FP (lower panel), for April 2015 (left column) and October 2015 (right column).

Yoshida et al. [22] presented in detail the physics behind the NIES retrieval, and Yoshida et al. [14]
described the modifications made for NIES v02.xx after version 01.xx. The NIES retrieval retrieves
aerosol parameters, surface pressure, XCO2 and XCH4 simultaneously to represent the equivalent
optical path length [14].

The RemoTeC Proxy retrieval algorithm uses carbon dioxide (CO2) for scaling XCH4. The retrieval
takes the ratio of dry-air mole fractions of CH4 and CO2, retrieved under the assumption of a
non-scattering atmosphere, and multiplies the ratio with a prior XCO2, which is taken from LMDZ
flask-based inversions [29]. RemoTeC FP retrieves three aerosol parameters simultaneously with XCH4

to consider optical light path modification [23].

2.2. TCCON

The Total Carbon Column Observing Network (TCCON) is a global network of ground-based
Fourier Transform Spectrometers (FTS) that measure the spectrum of near-infrared radiation of direct
sunlight. The column-averaged mole fractions of methane and other atmospheric trace gases are
retrieved from the measured spectrum [30]. Currently, the TCCON consists of 20 operational stations in
the Northern Hemisphere (NH) and five in the Southern Hemisphere (SH). Because TCCON instrument
measure direct sunlight, the measurements are not affected by surface properties (e.g., albedo) and are
less sensitive to atmospheric scattering, which are the largest benefits of this measurement technique
with respect to satellite retrievals. TCCON measurements are evaluated against aircraft mounted in
situ analysis and balloon-based AirCore sampling system [31] vertical profile measurements (e.g., [32])
on the World Meteorological Organization (WMO) CH4 standard scale, and therefore they provide an
essential validation source for XCH4 retrievals from space [33].
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The seasonal cycle and variability of the trend of XCH4 observed by TCCON have not been
directly validated, but comparisons with WMO-scale in situ profiles have shown only small variability
among the TCCON sites, over several years, and at different times of year. The seasonal cycle of XCH4

observed by TCCON has been shown to agree very well with NDACC mid-infrared retrievals [12,34].
Therefore, we assumed for the purposes of this study that the seasonal cycles and trends presented by
the TCCON data represent the truth. This assumption has been made in multiple previous studies for
column-averaged carbon dioxide (XCO2) (e.g., [35–37]).

To study the differences between GOSAT and TCCON retrieved XCH4, we used data from eleven
TCCON sites in the NH and four TCCON sites in the SH. The selection criteria for the included
TCCON sites were: (1) at least four years of simultaneous observations from TCCON and GOSAT
before the end of 2015l and (2) enough co-located GOSAT soundings over the year so that most
of the year is covered by observations and the seasonal cycle can be evaluated. The first criterion
eliminated JPL, Ascension, Indianapolis, Edwards, Four Corners, Pasadena, Rikubetsu, Paris and
Manaus, and the second criterion eliminated Ny-Ålesund and Eureka TCCON sites, where there
were only few co-located measurements due to the high latitude and, therefore, the lack of sunlight
during winter months.

The TCCON sites considered in this paper are shown on a map in Figure 2. TCCON stations in
this study in the NH are Bialystok [38,39], Bremen [40], Garmisch [41], Izaña [42], Karlsruhe [43],
Lamont [44], Orléans [45], Park Falls [46,47], Saga [48], Tsukuba [49,50] and Sodankylä [51,52],
and in the SH are Darwin [53,54], Lauder [55,56], Réunion Island [57] and Wollongong [58]. We
used the newest GGG2014 retrieval version [32] for each studied TCCON site. The average TCCON
retrieval XCH4 precision at the studied TCCON sites is 2.9 ppb.

Figure 2. TCCON sites used to evaluate GOSAT XCH4 retrievals.

2.3. NOAA Marine Boundary Layer Reference

U.S. National Oceanic and Atmospheric Administration (NOAA) produces a zonally-averaged
Marine Boundary Layer (MBL) reference [59]. MBL reference data contain weekly measurements
of surface air samples from representative sites of its Cooperative Global Air Sampling Network.
The sites are typically in remote marine locations that have prevailing onshore winds. The MBL
reference measurements are smoothed to reduce noise due to synoptic scale variability by using the
methods in Thoning et al. [60]. To produce the two-dimensional (latitude and time) MBL reference
atmospheric CH4 product, the weekly observations are gap-filled and smoothed in time and latitude.
The MBL reference can be used to study the seasonal cycle and growth rate of methane at the boundary
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layer. The seasonal cycle of CH4 MBL reference is not directly comparable to the seasonal cycle
of column-averaged CH4, but the growth rate of MBL and satellite observations should be similar.
The reason for this is that methane sources are at the surface and sinks are mostly in the troposphere,
and stratospheric processes affect XCH4 values less than those in the troposphere.

2.4. CarbonTracker Europe–CH4

The CarbonTracker Europe–CH4 (CTE–CH4; [61]) model optimizes global methane fluxes
from the natural biosphere (e.g., wetlands and peatlands) and anthropogenic sources. The model
is based on an ensemble Kalman filter based optimization method [62] and uses the TM5
chemistry transport model as an observation operator [63]. The optimized biospheric and
anthropogenic emission estimates are constrained by global in-situ atmospheric CH4 measurements.
The CTE–CH4 model runs globally, but it focuses over Europe with a smaller grid resolution by
running TM5 at 1◦ × 1◦ resolution. The resolution of the model fields used in this study is
24 h × 6◦ in longitude × 4◦ in latitude × 25 altitude levels. The 3D atmospheric methane fields
used in this study were derived from TM5 with CTE–CH4 optimized (for up to 2014) and prior
(for 2015) emission fields. XCH4 fields were calculated from the three-dimensional methane fields.

3. Methods

3.1. Co-Locating GOSAT and TCCON

Co-location of satellite soundings is necessary to collect the data that correspond spatially and
temporally to the ground-based observations. A co-location technique is an assumption about the
geographical region over which the space-based XCH4 observations are assumed to be measuring the
same column of atmosphere as the ground-based observations, to within some tolerance. To match
the TCCON observations with GOSAT overpasses, we used a dynamical co-location method: we
applied the NOAA/Basu co-location technique, originally developed for CO2 [24,35], to consider
XCH4. In this method, we used modeled XCH4 from CTE–CH4 to define a region around a TCCON
site over which we expect XCH4 to be constant within some tolerance. The tolerance used in this
study was set to ±5 ppb, after experimenting with several different values. The main benefit of the
dynamical co-location technique is a high number of co-located soundings. The technique does not
depend on the absolute values of the modeled XCH4 but considers the daily spatial gradient of the
modeled concentrations, the methodologically of which takes into account that XCH4 depends on both
atmospheric transport and surface fluxes.

The maximum spatial limits for the co-location region were set to ±22.5◦ in longitude and ±7.5◦

in latitude from the TCCON site. We further defined a subregion within ±5 ppb airmass, based
on daily CTE–CH4 model fields, from which the corresponding GOSAT soundings were selected.
The co-location technique is demonstrated with NIES soundings in Figure 3 at Park Falls TCCON site
on 2 September 2009. Figure 3 shows all GOSAT soundings near Park Falls during the day, and the
XCH4 field derived from CTE–CH4. Temporally, we considered all TCCON soundings within ±1 h
from the GOSAT sounding that passed the spatial co-location limits. The criteria used in the dynamical
co-location technique can, in some cases, affect the results, which is discussed more in Section 4.1.4.
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Figure 3. An example of the dynamical co-location technique at the Park Falls TCCON site on
2 September 2009. All GOSAT/NIES v02.75 soundings from that day are shown with white, green and
yellow filled dots, while the black dot denotes the location of the TCCON station. The background
is the difference between the modeled XCH4 field and modeled XCH4 at the TCCON location, both
from the CTE–CH4 model, i.e., ∆XCH4 = XCH4,j − XCH4,T , where j denotes any grid box and T the
grid box of the TCCON site. The dashed line shows the maximum geographical limits around the site,
and the solid black line denotes the ±5 ppb air mass. White dots are NIES soundings rejected by the
maximum geographical limit, yellow dots are eliminated by the modeled air mass and the green dots
denote the NIES soundings that passed the co-location criteria.

3.2. Data Processing

All satellite retrievals were first filtered (following the method discussed below) before co-locating.
NIES Level 2 data were pre-filtered when acquired, and we used the bias-corrected observations of the
product version. For RemoTeC Proxy and RemoTeC FP retrievals, we used bias-corrected observations
that passed the quality filters. From all three retrievals, we used only soundings taken over land in
nadir mode to avoid the possible differences between marine and continental sites that the usage
of both modes could cause; Zhou et al. [64] showed at five marine TCCON sites that the GOSAT
retrievals have a smaller relative bias in glint mode than in nadir mode. At the Sodankylä TCCON
site, we filtered out the measurements that were taken under strong polar vortex conditions; a similar
filtering has been applied before, for example, by Ostler et al. [12]. These polar vortex observations
cause significant interannual variability to the seasonal cycle and therefore complicate the analysis of
an average seasonal cycle. Here, we used potential vorticity values from 425 K potential temperature
surface and filtered out measurements from days when the potential vorticity over Sodankylä was over
30 PVU (potential vorticity units). This limit value was chosen based on experiments with multiple
values. The meteorological calculations were based on ERA-Interim reanalysis wind fields [65]. Other
sites were not strongly affected by the polar vortex.

To compare two different remote-sensing observations, the retrieval averaging kernels have to
be taken into account [66]. When the a priori profiles of the remote sounders differ from each other,
the differences can be taken into account by using a common prior profile for the averaging kernel
correction [25]. This method has been previously used, for example, to compare mid-infrared and
near-infrared observations of CH4 [12,34], and to compare space-based XCO2 and XCH4 observations
to ground-based FTS observations [67–69]. For the results presented in this paper, we used the TCCON
CH4 prior profile as the common prior, i.e., we corrected GOSAT observations with the TCCON prior.
More about the effect of the averaging kernel correction and justification for the used common prior
can be found in Appendix D.

After the averaging kernel corrections, we calculated daily averages for all co-located GOSAT
and TCCON retrievals. For the temporal co-location, we considered all TCCON observations from
a day that were ±1 h from the GOSAT soundings. With daily averaging, the days with multiple
soundings cannot dominate the seasonal cycle fit over the days with fewer soundings. Averaging
also attenuates any potential diurnal variability. In addition, the dynamical time series analysis



Remote Sens. 2019, 11, 882 8 of 31

method (DLM; see Section 3.3) is set up to analyze the data taken with constant time intervals, and
by calculating the standard error of the mean of the daily XCH4 we estimated the uncertainty for the
daily average for the seasonal cycle fit.

3.3. Seasonal Cycle and Trend by the DLM Approach

We applied dynamical regression analysis in the form of the Dynamic Linear Model (DLM) to
analyze the time series of XCH4. Laine et al. [20] defined that, in the DLM approach, “dynamic” means
that the regression coefficient can evolve in time, and with a time-evolving regression coefficient,
it is possible to quantify the small changes in the growth rate of methane. Laine et al. [20] described
the mathematics within the DLM in detail and provide a publicly available toolbox to facilitate the
use of this time series analysis method. The fundamentals of the method, from the point of view of
this study, are also presented in Appendix B. The method by Laine et al. [20] has been previously
used to study, for example, long-term stratospheric ozone trends [70] and the ionosonde trend in
Sodankylä [71]. The DLM output includes variables that describe the mean level, the local background
trend, and annual and semiannual oscillations that model the seasonal cycle (see Appendix B,
Equation (A3) and Figure A3 for further information). Annual and semiannual variations are presented
with harmonic functions.

The uncertainties related to the observations that are given for the DLM toolbox as an input
(in our case for the daily averages, see Section 3.2), were estimated by calculating the standard error
of the mean of the daily XCH4. This was done to make the daily GOSAT retrieval error estimates
comparable as the GOSAT retrievals are based on, for example, different retrieval methods and a priori
CH4 profiles that affect the individual retrieval uncertainties.

The calculated daily averages and the corresponding DLM fits for the RemoTeC Proxy retrieval
are shown in Figure 4 at each of the 15 TCCON sites. Similar figures for NIES and RemoTeC FP
retrievals can be found in Appendix A (Figures A1 and A2).

For further analysis, we separated the time series into the trend and the average seasonal cycle.
We did not allow the cycle to change between years because we wanted to study and identify potential
seasonal biases and patterns in the average XCH4 cycle and to facilitate the comparisons between
different GOSAT retrievals. We recognize that there can be interannual variability in the amplitude
and phase of the seasonal cycle, and that our results can be affected by that variability. Especially, we
can expect sites with shorter time series to be more sensitive. The seasonal cycle and its amplitude
and phase were studied after detrending the fitted time series. The peak-to-peak amplitude of the
seasonal cycle was calculated numerically from the detrended seasonal cycle (seasonal cycle terms ut,1
and kt,1; see Appendix B, Equation (A3) and Figure A3d). Dates of minimum and maximum XCH4

were also calculated from the fitted seasonal cycle. Uncertainties for the seasonal cycle amplitude
and phase were calculated from the sample of states of the DLM fit using a Monte Carlo approach.
We sampled 200 states ( xt; see Equation (A3)) from a joint distribution of states, and calculated the
peak-to-peak amplitude and phase for each member of the sample. The uncertainties are described by
the standard deviations. At the TCCON sites, we also evaluated the trend fitted by the DLM (local trend
αt; see Appendix B, Equation (A3) and Figure A3c). For each latitude band, yearly growth rates were
calculated by subtracting the local mean on the last day of the year from the local mean on the first day
of the year (local mean µt; see Appendix B, Equation (A3) and Figure A3b). Trends were compared for
latitude bands for 2010–2015, from which we had GOSAT observations over the whole year.
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Figure 4. Daily averages and DLM fits of XCH4 for RemoTeC Proxy retrievals at the 15 TCCON
sites. The sites are arranged by their latitude from the northernmost (Sodankylä, 67.37◦N) to the
southernmost (Lauder 45.04◦S).

In addition to the DLM method, we experimented with several other fits to the XCH4 time
series: a traditional Fourier series fit with annual and semiannual cycles, the six-parameter function
that Lindqvist et al. [35] used for the seasonal cycle of XCO2, and its simplified versions. With the
assumption of a linear trend, these parameterizations failed to describe the growth rate of XCH4 even
at a time scale of seven years (the longest co-located time series in this study). Therefore, the DLM
with the time-varying nonlinear trend component was better suited for the task. As for the seasonal
cycle, the other methods showed similar cycles to the DLM when the fit was well constrained by the
daily averages of XCH4; nevertheless, during a time with no co-located soundings, the other methods
could result in unrealistic seasonal cycles.

4. Results and Discussion

4.1. Evaluation Against TCCON

Detrended seasonal cycles and variability of the trend of XCH4 were studied at 11 TCCON
sites in the Northern Hemisphere (NH) and at four TCCON sites in the Southern Hemisphere (SH)
for co-located TCCON GGG2014 and GOSAT/NIES v02.75 (henceforth, NIES), GOSAT/RemoTeC
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Proxy v2.3.8 (RemoTeC Proxy) and GOSAT/RemoTeC Full Physics v2.3.8 (RemoTeC FP) retrievals.
Figure 5 shows the number of individual soundings and daily averages at each site for each retrieval.
The number of individual soundings in the seven-year period varies from hundreds to 25,000
depending on the TCCON site and GOSAT retrieval. Generally, there are considerably more individual
RemoTeC Proxy soundings than NIES and RemoTeC FP soundings, but in the daily averages the
difference is not as notable.
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Figure 5. Number of individual soundings and daily averages for three GOSAT XCH4 retrievals
studied at 15 different TCCON sites. The sites are organized based on their latitude.

4.1.1. XCH4 Growth Rate

As allowed by the DLM, we analyzed the XCH4 growth rate separately from the averaged seasonal
cycle. The local trends of XCH4 for the three GOSAT retrievals and co-located TCCON retrievals at the
15 TCCON sites are shown in Figure 6. For the NIES retrieval, the growth rate of XCH4 varies between
−2.0 and 14.1 ppb year−1, for RemoTeC Proxy between −5.2 and 13.2 ppb year−1 and for RemoTeC FP
between 0.1 and 15.6 ppb year−1, depending on the TCCON site and the year. For co-located TCCON
retrievals, the growth rate of XCH4 varies between −5.3 and 19.5 ppb year−1, depending on the site
and time. At every site, except Tsukuba, the growth rate of XCH4 from the GOSAT retrievals and
co-located TCCON retrievals agree within the uncertainty ranges, if the few first and last months of the
time series are ignored. The uncertainty ranges of the growth rate of XCH4 increase towards both ends
of the time series, partly because of the different times of the year, i.e., different phase of the seasonal
cycle (Figure 6).

The globally averaged growth rate of methane [9,72] was close to 5 ppb year−1 from 2009 to
2013, peaked at 12.7 ± 0.5 ppb year−1 in 2014, then decreased a little to 10.1 ± 0.7 ppb year−1 in
2015, and after that decreased to close to 7 ppb year−1 for 2016 and 2017. All TCCON sites located in
Europe show a somewhat similar pattern to the globally averaged growth rate of methane (Figure 6):
an almost constant growth rate for the first years of the time series, then the peak, and then smaller
growth rates. Differently to the globally averaged growth rate, the peak appeared at most European
sites and retrievals in 2013 instead of 2014. At the sites that are located in the SH, the growth rate peaks
or is high and close to the globally averaged growth rate in 2014, but in other years the growth rates
are different to the NH.
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Figure 6. Variability of the trend for three GOSAT XCH4 retrievals (solid lines) and co-located TCCON
retrievals (dashed lines) evaluated at 11 sites in the Northern Hemisphere and four sites in the Southern
Hemisphere. The sites are arranged by their latitude from the northernmost (Sodankylä) to the
southernmost (Lauder). Grey areas describe the 1σ, i.e., 68.3%, uncertainty ranges given by the DLM fit.

At Tsukuba, the co-located TCCON retrievals show different variability of the trend from the
GOSAT retrievals: the GOSAT retrievals interestingly agree on a slower increase. The TCCON growth
rate might result from high XCH4 anomalies over northeast Asia in August and September 2013.
Ishizawa et al. [73] showed that both TCCON and NIES retrievals observed this anomalous growth
rate but we see the feature more clearly for TCCON retrievals at Tsukuba. The reason for this difference
between the GOSAT results of our study and Ishizawa et al. [73] might be explained with our larger
maximum co-location area: Ishizawa et al. [73] used a tighter box, which was 15 degrees in longitude
by 10 degrees in latitude. In our results, this feature cannot be seen from the TCCON observations
at Saga. This is logical, because, before the high anomalies in autumn 2013, XCH4 at Tsukuba were
generally lower than at Saga, and, after the episode, the concentrations were almost at the same
level [73]. The difference might also be partly due to inherent problems in analyzing the growth rate of
a short time series. To some extent, and concerning the increasing uncertainties near the ends of the
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time series, changes in the growth rate of XCH4 can also be caused by interannual variability in the
seasonal cycle amplitude that we do not currently consider with the DLM.

4.1.2. XCH4 Seasonal Cycle Amplitude

Average detrended seasonal cycles for GOSAT and TCCON retrievals are shown in Figure 7.
At Sodankylä, RemoTeC FP results are not available because the limited amount of soundings caused
the fitted seasonal cycle to be unrealistic during winter (Figure A2). Figure 7 shows that generally
the TCCON retrievals at any site agree well together, showing only small differences due to satellite
retrieval co-location. Overall, the seasonal cycles of TCCON and GOSAT agree well, especially during
summer and autumn. The best agreement can be seen at Lamont among all retrievals. The number of
co-located observations was the largest for Lamont. Next, we analyzed the cycles in more detail.

Figure 7. Detrended seasonal cycle fits for three GOSAT XCH4 retrievals (solid lines) and for co-located
TCCON retrievals (dashed lines) evaluated at 11 sites in the Northern Hemisphere and four sites in the
Southern Hemisphere. The sites are arranged by their latitude from the northernmost (Sodankylä) to
the southernmost (Lauder). Shaded areas refer to the periods with no co-located soundings.

The seasonal cycle is analyzed quantitatively in terms of its amplitude and phase. The seasonal
cycle peak-to-peak amplitudes of XCH4 are presented in Figure 8a and, in addition, the seasonal cycle
peak-to-peak amplitudes for the three GOSAT retrievals and co-located TCCON retrievals and their
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1σ uncertainty ranges are shown in Figure 9. For NIES and RemoTeC FP, the GOSAT retrievals show
generally larger amplitude than the TCCON retrievals, based on Figures 8 and 9. For RemoTeC Proxy,
the sites are scatter evenly around the one-to-one line. In addition, Figure 8 shows that, at Tsukuba,
Izana and Darwin, the peak-to-peak amplitudes of TCCON retrievals are close to each other and also
the peak-to-peak amplitudes of GOSAT retrievals are close to each other, but the TCCON and GOSAT
differ by several ppb. This suggests that, at those sites, the TCCON and GOSAT retrievals represent
somewhat different regions.
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Figure 8. Comparison of GOSAT XCH4 retrievals and co-located TCCON retrievals at 11 sites in
the Northern Hemisphere and four sites in the Southern Hemisphere. The studied parameters are:
(a) peak-to-peak amplitude, (b) root-mean-square (RMS) error, (c) day of minimum XCH4 and (d) day
of maximum XCH4. The northernmost site is in each panel on the left and the southernmost site is
on the right.

Figure 9 shows that, in general, at most of the sites, the seasonal cycle amplitude from the
GOSAT retrievals agrees with the TCCON to within 5 ppb, considering the uncertainty ranges.
The 1σ uncertainty ranges are the smallest for RemoTeC Proxy, which means that the sampled
states are close to each other and the DLM fit models the observations well (Figure 9). For NIES,
the peak-to-peak amplitudes are more often close to the one-to-one line than for the RemoTeC retrievals.
The variability in the fitted amplitude is largest among the GOSAT retrievals at Bialystok with a
12.9 ppb difference between RemoTeC FP and RemoTeC Proxy. Interestingly, the GOSAT-to-TCCON
and retrieval-to-retrieval agreement is, however, very good at the other Central European sites at
Karlsruhe and Orleans. Reason for these differences between the GOSAT retrievals at the other
Central European sites might be related to the missing observations during winter. In addition, good
agreement on the amplitude between all GOSAT and TCCON XCH4 is achieved at Lamont, Park Falls,
Réunion and Wollongong.
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Figure 9. XCH4 seasonal cycle peak-to-peak amplitude: (a) for NIES; (b) for RemoTeC Proxy; and (c)
for RemoTeC FP, at all 15 TCCON sites studied. The amplitude for co-located TCCON retrievals is on
the vertical axis. The dashed lines correspond to the one-to-one line and dotted lines correspond to
±5 and ±10 ppb.

However, at some sites, there are differences between TCCON and GOSAT. The sites where the
differences are largest, when considering the peak-to-peak amplitude, are Sodankylä, Tsukuba, Izaña
and Darwin. The reasons for the differences between TCCON and GOSAT at those sites depends
on the site. For example, at the TCCON sites that are located on a small island (Izaña and Réunion),
the co-located soundings are mainly or partly from continental areas, due to the relatively large
maximum spatial limitation. In continental areas, methane fluxes can differ significantly from fluxes
near the site, for example if the site is located in a city surrounded by a natural area (e.g., Darwin),
which can have an effect on the cycle. The effect could not be directly determined, as we did not
consider wind direction, but this is at least to some extent taken into account by the co-location method.
At Izaña, the high altitude of the TCCON site may also affect the results. These are considered more
in Section 4.1.4, where also the impact of sampling and co-location are discussed. Finer resolution
in the model fields used for the dynamical co-location method could further improve the agreement.
The resolution we used was relatively large (6◦ in longitude × 4◦ in latitude). In addition, there may
be some fitting problems at the sites where the XCH4 variability between consecutive days can be
almost as large as the seasonal cycle and the RMS error is large (e.g., Tsukuba, see Figures 4 and 8).
At the sites located at the higher latitudes (e.g., Sodankylä), the lack of observations during winter
causes problems when fitting the cycle.

4.1.3. Phase of the XCH4 Seasonal Cycle

We analyzed the phase of the XCH4 seasonal cycle by evaluating the dates of minimum and
maximum XCH4. These are shown in detail in Figure 8c,d for each TCCON site and GOSAT retrieval.
Based on Figure 8, generally, the NIES retrieval shows the earliest days of minimum and maximum
XCH4. This is particularly systematic for the Central European sites, where NIES has an earlier phase
compared to the TCCON and RemoTeC retrievals (see Figures 7 and 8). RemoTeC FP shows generally
the latest days of minimum and maximum XCH4 with a good agreement to the TCCON. RemoTeC
Proxy phase shows the best agreement with TCCON and is also fairly similar to RemoTeC FP phase,
except at Tsukuba and Saga. For all other sites except Darwin and Réunion, the GOSAT and TCCON
retrievals agree better for the day of maximum XCH4 than for the day of minimum XCH4. For the day
of the minimum, the differences between the retrievals can be several months.

One of the reasons why the day of maximum XCH4 is captured generally better is that the shape
of the cycle is flatter near the minimum than the maximum, as seen for example in Figure 7 for the
seasonal cycle at the Park Falls TCCON site. The reason Darwin and Réunion differ from the other
sites can be found in Figure 7: for these sites, there are two local maxima at the XCH4 anomaly and
the shape of the cycle is more flat near the maximum than near the minimum, unlike the other sites.
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At Darwin and Réunion, the TCCON retrievals show that the earlier local maximum is higher than the
later maximum, while generally the GOSAT retrievals show that the later maximum is higher, and this
causes the large differences in the day of maximum XCH4 in Figure 8.

4.1.4. Considering the Sources of Uncertainties

In this section, we address different sources of uncertainty that may affect the interpretation
of the results presented. First, we estimated the single-sounding errors (biases) and compared
these to previously published results. Then, we assessed the quality of the DLM fits through the
root-mean-square (RMS) errors. Finally, we estimated the impact of sampling and co-location.

When comparing the detrended average seasonal cycles, the possible constant biases cannot be
seen systematically from the results. To check if there were any systematic biases, we calculated the
mean single-sounding errors (biases) for each GOSAT retrieval at every TCCON site in our study,
by calculating the average of the GOSAT–TCCON differences between the individual soundings.
When considering these calculated biases, it should be noted that the difference between TCCON and
GOSAT is sensitive to the applied averaging kernel correction. When we experimented with different
common priors for the correction (see Section 3.2 and Appendix D), we found that the bias depends
strongly on the used averaging kernel correction method and what is chosen as the common prior.
These averaged single-sounding errors and their standard deviations are shown in Appendix C in
Table A1. The RemoTeC FP retrieval has the largest bias at each site, excluding Wollongong, and the
RemoTeC Proxy retrieval bias is most often closest to zero: at nine TCCON sites the single sounding
error is positive and for six it is negative. The standard deviation of the retrieval single-sounding
errors varies between the sites; at a single site, the standard deviations are comparable among the
retrievals with none of them systematically better than the other retrievals.

At Izaña, the single-sounding error is considerably large for all three retrievals, i.e., the GOSAT
retrievals have a large, over 20 ppb positive bias. This feature can be seen in Figure 4, as well as in
Figures A1 and A2. The Izaña TCCON site is located on the mountain slope of Mount Teide at 2.37 km
altitude and, therefore, the co-located soundings are typically from a lower altitude. In addition, they
may occasionally be from continental Africa due to the high maximum limitation in the co-location,
as discussed in the context of seasonal cycle amplitude of XCH4. For these reasons, the results at
Izaña should be viewed somewhat critically. At Wollongong, NIES and RemoTeC Proxy have a large
negative bias, while RemoTeC FP is closest to unbiased. This might be explained by an opposite effect
on altitude than at Izaña: the Wollongong TCCON site is located about 30 m above the sea level, while
the co-located soundings are partly from the surrounding mountains.

Schepers et al. [15] determined that the bias of RemoTeC Proxy varies among 12 TCCON sites from
−0.31% to 0.42% and for the RemoTeC FP from −0.84% to −0.08%. We converted our single-sounding
errors to percentages and found that the single-sounding error for RemoTeC Proxy varies from −0.25%
to 1.22% and, for RemoTeC FP, from 0.11% to 1.43%. For RemoTeC Proxy, the initial validation
showed that the bias varies from −6.17 ppb to 4.63 ppb [74] and, for RemoTeC FP, from −2.78 ppb
to 8.04 ppb [75]. In addition, Dils et al. [17] and Buchwitz et al. [16] compared and validated
RemoTeC XCH4 algorithms as part of European Space Agency’s (ESA) Greenhouse Gas Climate
Change Initiative (GHG-CCI) project, and concluded that in general the differences between all GOSAT
retrieval algorithms they studied are comparable to each other. For NIES v02.xx, Yoshida et al. [14]
showed that the average bias at 13 TCCON sites was −5.9 ppb. Our single-sounding errors are on
the same order of magnitude as the biases reported by Schepers et al. [15], Detmers [74,75] and
Yoshida et al. [14]. The differences are mainly caused by different averaging kernel corrections,
co-location methods, data versions, our longer time series and different TCCON sites considered.

To ensure the quality of the DLM fits and to see if the biases we found had any seasonal
dependencies, we checked the fit-data residuals as a function of time for all GOSAT and co-located
TCCON retrievals. We could not identify any yearly or seasonal systematic patterns from
the calculated residuals.
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Figure 8b shows the daily-averaged RMS error with respect to the fitted seasonal cycle. Based
on Figure 8, RemoTeC FP has generally the largest, and RemoTeC Proxy the smallest, RMS errors
at the sites. The largest errors are generally at Sodankylä, Bialystok, Tsukuba, Saga, and Lauder,
which indicates that at those sites the fitted average seasonal cycle does not represent the true cycle
as well as at those sites where the RMS error is small. Sodankylä is the northernmost site in this
study, and the lack of observations during winter can well explain the high RMS error. Lauder is the
site with the lowest number of co-located nadir soundings, and the daily averages at Tsukuba and
Saga are widely scattered based on Figure 8, which can explain the high RMS errors at those sites. In
addition, the time series at Tsukuba and Saga are generally shorter than at other sites, and the number
of co-located NIES and RemoTeC FP soundings for the time period from summer 2014 to summer 2015
is low. At some sites, the high RMS error could also indicate that the used co-location method is not
sufficiently accurate, but on the other hand, a tighter co-location method would reduce the amount of
soundings at those sites, which is already now a limiting factor to represent the seasonal cycle correctly.

To study the effect of co-location, we compared the amplitude and phase of the seasonal cycles of
the co-located TCCON retrievals. Co-located TCCON retrievals can be thought of as three samples of
TCCON observation, because of different matching of soundings with valid retrievals. To study the
effect of co-location, we compared these three samples. At Sodankylä, Bialystok, Bremen and Lauder,
the difference in the peak-to-peak amplitude of the seasonal cycle among the TCCON retrievals is more
than 5 ppb and therefore we assume that the co-location has a significant effect on the cycle at these
sites. We also found that, at the Sodankylä, Saga and Wollongong TCCON sites the minimum day
of XCH4 differs at the sites among the three TCCON retrievals by more than 20 days. At other sites,
the effect of co-location is small, when considering the minimum day of XCH4, because the difference
between co-located TCCON retrievals is equal to or fewer than 20 days and at seven sites fewer than
10 days. These small differences between the TCCON retrievals are at most sites less than the 1σ

uncertainty ranges for the minimum day of XCH4. The maximum day of XCH4 differs by more than
20 days at Sodankylä, Bremen, Karlsruhe, Garmisch and Tsukuba TCCON sites among the co-located
TCCON retrievals. At seven sites, the difference among the TCCON retrievals is equal to or fewer
than 10 days.

In addition, we compared the seasonal cycle amplitudes of co-located TCCON retrievals to
the seasonal cycle amplitudes calculated for the full TCCON time series. This comparison showed
that at most sites the co-located TCCON observations represent the full TCCON time series well,
and the amplitudes agreed within 1σ uncertainty ranges. In this comparison, Sodankylä, Bialystok
and Bremen performed surprisingly well, but at Tsukuba, Saga, Darwin and Lauder the seasonal cycle
amplitude of full TCCON time series were smaller than the amplitudes of co-located TCCON retrievals.
Especially the difference between TCCON observations co-located with RemoTeC FP differed from the
seasonal cycle amplitude of the full TCCON time series. This is likely related to the limited amount of
RemoTeC FP retrievals, and therefore limited amount of co-located TCCON observations, at those sites
(see Figure 5 and number of daily averages at those sites), and highlights the fact that a limited amount
of retrievals (either ground-based or satellite-based) cannot represent the seasonal cycle correctly.

4.2. Evaluation at Latitude Bands

To study the latitudinal dependence of the seasonal cycle and variability of the trend of XCH4,
latitudes between 44.43◦S and 53.13◦N, i.e., latitudes between sine of latitude −0.7 and 0.8, were
divided into 0.05 sine of latitude bands (see the map in the top panel of Figure 10). The total number
of latitude bands studied was 31. For each band, the GOSAT soundings were collected together and
daily averages were calculated for each retrieval. The number of individual soundings and daily
averages for each latitude band and GOSAT retrieval are shown in the lower panel of Figure 10.
In Figure 10, it can be seen that the number of RemoTeC Proxy soundings is much larger than the
number of RemoTeC FP and NIES soundings also in the latitude bands, in addition to the co-locating
with TCCON sites. The difference is especially large in the tropics, where there are ten times more
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RemoTeC Proxy soundings than RemoTeC FP or NIES soundings. Generally, the number of individual
soundings is similar for RemoTeC FP and NIES retrievals, but between sine of latitude 0.3 and 0.5 the
number of NIES soundings is much larger. The number of individual days with a successful retrieval
correlates with the number of individual soundings. We also checked the fraction of common GOSAT
soundings for all three retrievals. With a common sounding, we mean that the retrieved XCH4 is
calculated from the same TANSO-FTS measurement. In the SH, approximately half of the RemoTeC FP
and NIES soundings are shared between the retrievals, but for RemoTeC Proxy, less than one third of
the soundings are common. In the NH, the number of common soundings varies between bands more
than in the SH, varying between one third and half of the total number of RemoTeC FP soundings.
This indicates that, to perform a comprehensive study that utilizes satellite data over large regions,
it might be useful to consider the different GOSAT retrievals, to increase the coverage and amount of
the soundings over the study region and to find out the differences between the retrieval products.
For a monthly resolution, the ensemble median product EMMA [76] could also be useful.
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Figure 10. Illustration of the studied latitude bands (the uppermost panel). Bands are in intervals of
0.05 sine of latitude between sine of latitude −0.70 to 0.80, i.e between latitudes 44.43◦S and 53.13◦N.
Number of individual soundings and daily averages for NIES, RemoTeC Proxy and RemoTeC FP
retrievals at all of the studied latitude bands.

We compared the seasonal cycle differences between NIES, RemoTeC Proxy and RemoTeC
FP retrievals, and the variability of the trend was also compared to NOAA’s MBL reference [59].
The seasonal cycles of the GOSAT XCH4 retrievals were not comparable to the MBL reference seasonal
cycle because the MBL reference presents the cycle at the surface while GOSAT retrievals describe it in
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the total column that is also affected by transport in addition to local fluxes. However, the trends can
be compared qualitatively because of the long atmospheric lifetime of methane.

Annual increases of XCH4 in the latitude bands are presented for 2010–2015 in Figure 11. The 1σ

uncertainty ranges for the yearly GOSAT growth rates varies from 0.8 ppb year−1 to 2.1 ppb year−1,
depending on the retrieval and latitude band, for 2010–2014. For 2015, the 1σ uncertainty range varies
from 1.7 ppb year−1 to 3.8 ppb year−1, the mean 1σ uncertainty range over all years, retrievals and
latitude bands is 1.5 ppb year−1. All three retrievals and the MBL reference are generally in a good
agreement over the six-year period in the SH but, in the NH, we found large differences between the
GOSAT retrievals and the MBL reference between the Equator and 50◦N, almost for every year studied.
The difference in the NH followed an interesting pattern: first all three GOSAT retrievals observed
larger growth rates than the MBL reference near the Equator but, year by year, the difference moved
towards the North and became smaller, until in 2013, when the MBL reference showed larger growth
rates than the GOSAT retrievals. In the SH, consistently low growth rates can be seen in 2012 and a
considerable increase in the growth rates in the following years. This is shown by all three GOSAT
retrievals and the MBL reference. Reasons for these low growth rates might be, for example, transport
phenomena in the upper parts of the atmosphere or some strong altitude or latitude dependence
in the OH sink. These differences call for a dedicated study on the altitude dependence of the CH4

growth rates.
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Figure 11. Yearly growth rates at each latitude band for NIES, RemoTeC Proxy and RemoTeC FP
GOSAT XCH4 retrievals and NOAA’s MBL reference [59].



Remote Sens. 2019, 11, 882 19 of 31

When comparing the growth rates at the latitude bands (Figure 11) to the globally averaged
growth rate of methane [9,72], which was close to 5 ppb year−1 from 2009 to 2013, peaked at
12.7 ± 0.5 ppb year−1 in 2014, and decreased to 10.1 ± 0.7 ppb year−1 in 2015, we note that the
differences between GOSAT retrievals and the globally averaged growth rate are largest in both
hemispheres in 2014, when the GOSAT retrievals show generally smaller growth rates. For 2010–2013,
GOSAT retrievals in NH were either close to or larger than the globally averaged growth rate, while in
SH the GOSAT retrievals showed higher than the globally averaged growth rate in 2010, close to it in
2011 and 2013, and lower than the global growth rate in 2012. Generally the GOSAT retrievals and the
globally averaged growth rate agreed best in 2013.

Figure 12 shows the phase and the peak-to-peak amplitude of the seasonal cycle of XCH4 for
the 31 latitude bands. The dates of maximum XCH4 generally agree better between the GOSAT
retrievals than the dates of minimum XCH4. A common feature for the dates of minimum and
maximum XCH4 is that in the NH tropics all three, NIES, RemoTeC Proxy and RemoTeC FP agree
well. In addition, all three GOSAT retrievals show a clear displacement in the day of maximum XCH4

near 20◦S. This displacement is likely related to the change in the relative amplitudes between the
two local maxima at the XCH4 anomaly that were observed at Darwin and Réunion TCCON sites
(see Section 4.1.3). The day of minimum XCH4 agrees between the retrievals within four weeks for
all three retrievals only at six latitude bands in the NH and four in the SH. The maximum difference
between the retrievals is 156 days in the latitude band centered at −0.15 sine of latitude. Reason
for this large difference between the retrievals are two local minima in the seasonal cycle, and the
retrievals disagree on which one of the minima is deeper. The day of maximum agrees between the
retrievals within four weeks at every latitude band, except the northernmost and three bands in the
SH. Generally, the phase of the seasonal cycle agrees better in the NH than in the SH, and this same
feature can be seen at the TCCON sites (Figure 8), but not as clearly because the sites are unevenly
distributed between the hemispheres.

Figure 12. Latitudinal dependence of the minimum day, the maximum day, and the XCH4 seasonal
cycle peak-to-peak amplitude for all three GOSAT XCH4 retrievals studied. Shaded areas show the
calculated uncertainty ranges for the studied variables (for uncertainty ranges see Section 3.3 and
Appendix B).

The largest differences in the peak-to-peak amplitude between the retrievals are near the Equator
where the difference is almost 23 ppb. The difference in the amplitudes cannot be explained solely
by the different number of data near the Equator because the amplitudes of both RemoTeC retrievals
are close to each other while the numbers of soundings for NIES and RemoTeC FP retrievals are
closer to each other. To investigate this considerable spread, we looked at the individual soundings
of the retrievals, and found that the dominating reason might be that the soundings taken during
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summer (June, July, August, i.e., JJA), are taken over different regions. Especially over tropical Africa,
there are large differences in the locations of the soundings: RemoTeC Proxy soundings are evenly
distributed over tropical Africa, while the NIES soundings are generally taken over eastern Africa.
For eastern Africa, XCH4 in the GOSAT retrievals is generally lower during JJA than in western
Africa, and therefore NIES observes generally lower XCH4 during JJA, which makes the cycle deeper,
and therefore increases the amplitude.

5. Summary and Conclusions

Methane abundance in the atmosphere varies on different time scales driven by changes in its
emissions and sinks. Satellite observations have the potential to vastly improve the spatial coverage of
methane observations and ultimately help to reduce uncertainties in the estimates of CH4 emissions
and sinks. For this purpose, the accuracy and precision of space-based XCH4 retrievals need to be
systematically evaluated. In this paper, we quantified, evaluated and analyzed the seasonal cycle
and variability of the trend for three different Greenhouse Gases Observing Satellite (GOSAT) XCH4

retrievals (NIES v02.75, RemoTeC Proxy v2.3.8 and RemoTeC Full Physics v2.3.8). The evaluation and
analysis were made against 15 ground-based Total Carbon Column Observing Network (TCCON)
sites for 2009–2015. Eleven sites are in the Northern Hemisphere and four in the Southern Hemisphere.
To extend the analysis to a more general view on the seasonal changes of XCH4 and the differences
between the retrievals, we studied the latitudinal dependence of the XCH4 seasonal cycle and trend by
comparing the three GOSAT retrievals and NOAA’s Marine Boundary Layer (MBL) reference [59].

Evaluation against TCCON showed that GOSAT observations can be used to study the seasonal
cycle and trend of methane. However, the results also reveal large differences between the sites,
including both TCCON-to-GOSAT and retrieval-to-retrieval differences. In general, caution should be
exercised when interpreting the seasonal variability of XCH4 from satellite retrievals if the number
of soundings is very limited or if the focus region is not homogeneous, for example, if it includes
large point sources or altitude variability. Part of these TCCON-to-GOSAT and retrieval-to-retrieval
differences were consequences of the different retrieval methods and a priori methane profiles of
the GOSAT retrievals. The peak-to-peak amplitude of the seasonal cycle could be captured within
the uncertainty ranges at those TCCON sites and GOSAT retrievals where these conditions are met.
The day of maximum XCH4 was captured well with the GOSAT retrievals, but the day of the minimum
turned out to be more challenging: in the Northern Hemisphere, the number of soundings was small
due to the lack of sunlight during winter months, and in the Southern Hemisphere, limiting factors
were altitude and locations on an island. In addition, more flat seasonal cycle near the minimum
than near the maximum complicated the detection of the day of minimum XCH4. The growth
rate of methane was captured within the 1σ uncertainty ranges at 14 TCCON sites and it varied
considerably in the six-year time. We quantified that the variation during 2009–2015 was between
−5.2 and 15.6 ppb year−1, depending on the retrieval, location and time.

The latitudinal dependence of the seasonal cycle amplitude generally agreed well among the
three retrievals, except in the tropics, where the NIES retrieval showed much higher peak-to-peak
amplitude, likely due to different areas where the soundings are from. Generally, the peak-to-peak
amplitude increases in both Hemispheres from high latitudes torward the Equator, which is partly
explained by the rice paddies in the tropics. The growth rates of XCH4 agreed well in the Southern
Hemisphere for GOSAT retrievals and the MBL reference, but in the Northern Hemisphere, between
the Equator and 50◦N, they differ almost in every year studied. To some extent, these differences may
reflect changes in CH4 at different altitudes of the atmosphere. In the Southern Hemisphere, we found
that the growth rate of methane decreased during 2010–2011, had a minimum in 2012 and then had
increased again or remained constant since 2013. This similar pattern was observed also at the TCCON
sites located in the Southern Hemisphere.
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Based on our results, we conclude that GOSAT observations can be used to quantify and diagnose
the seasonal cycle and trend of XCH4, and further to improve methane models in regions with limited
in-situ measurements but with multiple satellite observations. In the paper, we point out differences
between the retrievals and advise to consider and compare several retrievals, as their variability can
indicate systematic uncertainties related to the different retrieval methods that are usually challenging
to analyze. Differences in the growth rates at the surface and in the total column may lead to further
studies using model runs, and may also help to evaluate models in regions where there are differences.
In addition, our results show that there are large spatial differences on the seasonal cycle and trend
of column-averaged methane, which depend on the regional sources and sinks, and atmospheric
transport. Some of these regional differences were analyzed and explained, but some of them need
further research, and benefit from the use of model data. Overall, this paper benchmarks the abilities
of current space-based CH4 retrievals, and therefore provides valuable information for interpretation
of new CH4 satellite retrievals from TROPOspheric Monitoring Instrument (TROPOMI) and GOSAT-2.
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Appendix A. Daily Averages and Fitted Cycles
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Figure A1. Daily averages and DLM fits of XCH4 for NIES v02.75 retrieval algorithm at the
TCCON sites. The sites are arranged by their latitude from the northernmost (Sodankylä) to the
southernmost (Lauder).
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Figure A2. Daily averages and DLM fits of XCH4 for RemoTeC Full Physics v2.3.8 retrieval algorithm
at the TCCON sites. The sites are arranged by their latitude from the northernmost (Sodankylä) to the
southernmost (Lauder).

Appendix B. Computations for Dynamic Linear Model

We applied dynamical regression analysis to model the variability of the observations by using
Dynamic Linear Model (DLM) [20,77]. In dynamical regression, the regression coefficient can evolve
in time where the evaluation is controlled by model variance parameters that are estimated from the
data. DLM is especially useful in cases where the background trend cannot be described as linear.
DLM is a statistical method that statistically models the processes that generate the variability in the
time series. DLM has, in our case, two basic components: slowly varying background trend and
seasonal variability.
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DLM is best described as a general linear state space model:

yt = Htxt + εt , εt ∼ N(0, Rt) , (A1)

xt = Mtxt−1 + Et , Et ∼ N(0, Qt) , (A2)

where, for each time step t, xt is a vector of the hidden and unobserved model states that are transformed
by the observation operator Ht to the observation yt. The model evaluation operator Mt provides
the dynamics of the unobserved model states. The observation uncertainty εt and model error Et are
assumed to follow a Gaussian distribution with covariance matrices Rt and Qt. The hidden states
vector xt has elements for each time series process in the model. In our case, it has seven elements: local
background level, local trend, four seasonal components and an autoregressive component, and can
be written as

xt = [µt αt ut,1 ut,2 kt,1 kt,2 ηt] , (A3)

where µt is state for the local mean, αt for local trend, seasonal components are ut,1, ut,2, kt,1, and
kt,2, and ηt is the state for the autoregressive component. In what follows, we present the state space
formulation of the DLM used in the paper.

The background level is modeled as a random walk process, which is defined by two states
that are the local background level and local trend. In state space formulation, these two states
can be written as:

Mtrend =

[
1 1
0 1

]
, (A4)

Htrend = [1 0] , (A5)

Etrend =

[
0 0
0 δ2

trend ,

]
, (A6)

where δ2
trend is the error variance term of the trend. Annual and semiannual variations are modeled

with harmonic functions. Model operator, observation operator and model error covariance matrices
for the seasonal components can be written as:

Mseas =


cos(2π/s) sin(2π/s) 0 0
− sin(2π/s) cos(2π/s) 0 0

0 0 cos(4π/s) sin(4π/s)
0 0 − sin(4π/s) cos(4π/s)

 , (A7)

Hseas = [1 0 1 0] , (A8)

Eseas = diag(δ2
seas, δ2

seas, δ2
seas, δ2

seas) , (A9)

where the δ2
seas terms are the error variance terms of the four seasonal components and s refers to

the number of seasons, which in daily averages refers to the length of the year. We defined that
s = 365.242 days, to count in the effect of leap years.

We allowed autocorrelation in the residuals by using a first-order autoregressive model, for which
we can write model evaluation operator, observation operator and model error covariance matrices as:

MAR = [ρ] , (A10)

HAR = [1] , (A11)

EAR = [δ2
AR] . (A12)

When combining the trend term, seasonal term and autoregressive component, the model
equations become:
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M =

Mtrend 0
0 Mseas 0
0 0 MAR

 , (A13)

H = [Htrend Hseas HAR] , (A14)

E =

Etrend 0
0 Eseas 0
0 0 EAR

 . (A15)

The DLM toolbox proceeds the estimations of variance and other parameters in the model
formulations and the estimation of the model states by Kalman filter and smoother methods. Figure A3
shows the components of the state vector xt used in our analysis; the cycle is presented over daily
averages with the local mean µt and seasonal components ut,1 and kt,1 (Figure A3a). In our analysis,
µt (Figure A3b) and αt (Figure A3c) are used to study the variability of the trend and to present the
average seasonal cycle we use ut,1 and kt,1 (Figure A3d). The seasonal cycle terms ut,1 and kt,1 do not
directly define the peak-to-peak amplitude, and minimum and maximum days of the cycle; instead,
they have to be calculated numerically from the fitted cycle, by finding numerically the minimum
and maximum and their timings. When the trend term and terms of seasonal variations are separate,
the detrending of the cycle is easy.
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Figure A3. Example of DLM state vector xt components (Equation (A3)) for GOSAT NIES retrieval at
Park Falls TCCON site.

The model error parameters θ = [δlevel, δtrend, δseas, δAR] were assigned by experimenting with
different values and chosen so that after the choices the DLM residuals were not autocorrelated and
the residuals were close to one. The δlevel was set to zero, δtrend term was 0.001 ppb day−1, and δseas

were set close to zero to obtain a constant amplitude. The δAR parameter was set to 5 ppb so it would
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be sufficiently large to represent the non-modeled features and of the same order of magnitude than
the observation uncertainties. The autoregressive coefficient ρ was set to 0.8 after experimenting
with several values. The observation uncertainties δobs were calculated from the observations as the
standard error of the mean of the dailyXCH4, if the number of the observations per day was two
or more. For those days with only one observation for a site or a latitude band, the δobs were set to
8 ppb. The δobs were on purpose assigned larger than individual retrieval errors, to reflect the fact
that sometimes the retrieval error estimates are fairly small. The chosen model with δlevel = 0 and
δtrendl > 0 correspond for a spline smoother for the trend, with smoothness depending on the value of
δtrendl/δobs [78]. We chose this value in such a way that it represents the smoothness level we expected
to find in the data by our preliminary analyses and estimates. Furthermore, the analyses were also
quite robust to changes in δtrendl and the model diagnostics showed that the model residuals were
consistent with the assumptions.

Appendix C. Calculated Biases

Table A1. Average biases (ε, in ppb) and their standard deviations (σ) for GOSAT retrievals at
the TCCON sites. Average biases, i.e., single-sounding errors, were calculated as an average from
GOSAT-TCCON differences of individual soundings after averaging kernel correction.

TCCON Site
NIES RemoTeC Proxy RemoTeC FP

ε σ ε σ ε σ

Sodankylä 8.49 14.33 −2.38 16.00 16.75 13.17
Bialystok 6.28 14.68 0.46 15.17 13.815 14.43
Bremen 7.37 13.25 0.52 14.80 14.54 14.26

Karlsruhe 2.29 13.59 −3.46 14.04 10.15 13.21
Orléans 5.53 13.44 0.85 13.21 14.51 13.48

Garmisch 7.23 14.94 2.41 14.21 15.53 15.01
Park Falls 5.71 14.26 3.41 14.77 13.67 13.98
Lamont −1.63 14.60 −0.99 14.92 7.20 14.67
Tsukuba 6.69 14.42 −2.09 15.36 17.47 16.23

Saga 4.60 16.32 −3.99 16.89 15.03 15.96
Izaña 20.52 15.02 21.75 11.29 25.61 13.06

Darwin −5.07 8.36 0.05 10.51 8.21 10.28
Réunion 3.56 8.20 6.96 9.47 16.15 10.31

Wollongong −9.53 13.43 −4.37 11.90 1.93 13.69
Lauder −1.17 13.71 3.33 11.89 11.06 15.90
Mean 4.06 13.50 1.50 13.63 13.44 13.84

Appendix D. Detailed Information about the Averaging Kernel Correction

The averaging-kernel-corrected XCH4 values ccor are calculated by

ccor = ĉ +
1
p0

m

∑
j=1

(1 − aj)(xj
common − xj

prior)∆pj, (A16)

where ĉ is the retrieved XCH4, followed by the correction term, which is scaled with the surface
pressure p0. The correction term is based on the column averaging kernel a, which is multiplied with
the difference between the common prior profile xcommon and the retrieval prior profile xprior, and the
pressure layer ∆p for each layer j.

For the results presented in this paper, we used the TCCON CH4 prior profile as the common
prior, i.e., we corrected GOSAT retrievals with the TCCON prior. We also experimented with several
alternatives for the common prior: (i) we used CTE–CH4 model profiles as a common prior for both
satellite and ground-based retrievals; and (ii) GOSAT/RemoTeC FP prior or GOSAT/NIES prior as a
common prior to correct the co-located TCCON observations. Based on our experiments, the correction



Remote Sens. 2019, 11, 882 27 of 31

affects more on the biases (Table A1) than for the seasonal cycle time series. For the seasonal cycle,
the effect of the correction is relatively small, but it improved slightly the evaluation of the phase of
the seasonal cycle, at some sites. For RemoTeC Proxy, the correction was not implemented because of
the inherent differences in the retrievals.

The magnitude of the averaging kernel corrections for individual soundings was studied by
calculating the differences between the retrieved GOSAT and corrected GOSAT (corrected–retrieved)
XCH4 values. The mean differences and their standard deviations are listed in Table A2 for the
15 TCCON sites. For both NIES and RemoTeC FP retrievals, the effect of the correction is positive, i.e.,
the corrected GOSAT XCH4 values were larger than the non-corrected. For RemoTeC FP, the corrections
were larger than for NIES. These results are, however, dependent on the chosen common prior.

Table A2. Average difference (Diff.) between non-corrected GOSAT XCH4 and the averaging-kernel-
corrected, and its standard deviation (std). The difference is calculated from GOSAT XCH4 (corrected)–
GOSAT XCH4 (retrieved). All units are in ppb.

TCCON Site
NIES RemoTeC FP

Diff. std Diff. std

Sodankylä 5.45 1.67 13.26 2.25
Bialystok 3.66 1.38 11.90 3.30
Bremen 3.87 1.55 11.99 3.59

Karlsruhe 3.19 1.23 11.05 3.43
Orléans 3.11 1.30 10.93 3.38

Garmisch 3.10 1.27 11.15 3.77
Park Falls 2.43 0.92 8.74 3.06
Lamont 2.10 0.87 8.25 3.16
Tsukuba 2.82 1.00 11.41 3.89

Saga 2.62 1.19 12.01 3.39
Izaña 1.60 0.77 8.01 2.22

Darwin 1.19 0.32 9.39 0.71
Réunion 1.26 0.52 8.78 1.12

Wollongong 0.83 0.62 6.73 2.21
Lauder 1.52 0.68 7.10 2.04
Mean 2.58 1.02 10.05 2.77
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