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Technical Document
1. Intent of This Document

This document is intended for users who wish to compare satellite-derived observations with
climate model output in the context of the CMIP5/CMIP6//IPCC experiments. It summarizes essential
information needed for comparing this dataset to climate model output. References and useful
links are provided.

This document describes a satellite-derived atmospheric column-average dry-air mole fraction
methane (CHy), i.e., XCHy, Level 3 (i.e., gridded) product (in Obs4MIPs format). This product has
been obtained from an ensemble of individual Level 2 (i.e., swath) XCH, products as retrieved from
the satellite sensors SCIAMACHY/ENVISAT and TANSO-FTS/GOSAT within the context of the
GHG-CCI project (http://www.esa-ghg-cci.org/) of the European Space Agency’s (ESA) Climate
Change Initiative (CCI). The versions of the Level 2 GHG-CCI data products used as input for this
Obs4MIPs product are those of the GHG-CCI “Climate Research Data Package No. 3” (CRDP#3)
data set (Buchwitz et al., 2016b; data available from http://www.esa-ghg-cci.org/).

The Level 3 Obs4MIPs XCH, product described in this document has been specifically
generated for comparisons with climate model output.

Dataset Filename:
xch4_ghgceci 13 v100 200301_201412.nc
Link (preliminary):
http://www.iup.uni-bremen.de/~mreuter/xch4 ghgcci 3 v100 200301 201412.nc
Ancillary Files:
None
Technical Point of Contact:
Maximilian Reuter, Inst. of Environmental Physics (IUP), Univ. Bremen, Germany,
mreuter@iup.physik.uni-bremen.de
Michael Buchwitz, Inst. of Environmental Physics (IUP), Univ. Bremen, Germany,
buchwitz@uni-bremen.de

2. Data Origin and Field Description

The main quantity / data field is the column-average dry-air mole fraction of atmospheric methane
(CHy,), denoted XCHy, as retrieved from the two satellite instruments SCIAMACHY/ENVISAT
(Burrows et al., 1995; Bovensmann et al., 1999) and TANSO-FTS/GOSAT (Kuze et al., 2009). XCH,
is a dimensionless quantity (unit: mol/mol) defined as the vertical column of CH, divided by the
vertical column of dry air (= all air molecules except water vapor) (see, e.g., Buchwitz et al., 2005, for
details). For example, if XCH, is 0.0000018 (i.e., 1800 ppb, parts per billion) at a given location this
means that there are 1800 CH,4 molecules above that location per 1 billion air molecules (excluding
water vapor molecules).

XCHjy is retrieved from radiance spectra located in the near-infrared/short-wave infrared (NIR/SWIR)
spectral region of the electro-magnetic spectrum using (mostly) Optimal Estimation (Rodgers, 2000)
retrieval algorithms (see Tab. 2). Each algorithm has an underlying radiative transfer model and a
number of fit parameters (the co-called state vector elements), which are iteratively adjusted until the
simulated radiance spectrum gives an optimal fit to the observed radiance spectrum (considering, e.g.,
instrument noise and a priori knowledge on atmospheric parameters). For details please see the
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Algorithm Theoretical Baseline Documents (ATBDs) as given on the GHG-CCI website for each
individual Level 2 data product (see links to ATBDs in product tables on GHG-CCI main data
products website: http://www.esa-ghg-cci.org/sites/default/files/documents/public/documents/GHG-
CCI_DATA . .html).

The key characteristics of this Obs4MIPs XCH, data product are shown in Tab. 1:

CF variable name, Long name: column-average dry-air mole fraction of atmospheric methane
units Standard name: dry_atmosphere_mole_fraction_of methane
Units: dimensionless (mol/mol)

See also: CF Standard Name Table, Version 31, 08 March 2016
(http://cfconventions.org/Data/cf-standard-names/31/build/cf-standard-name-table.html)

Spatial resolution 5° equal angle

Temporal resolution Monthly average, from January 2003—-December 2014

Coverage Global (November 2005 — March 2009: land only)

Tab. 1: Main characteristics of the XCH, Obs4MIPs product.

Note that a resolution of 5°x5° has been selected (instead of, e.g., 1°x1°) to ensure better noise
suppression (note that the underlying individual satellite retrievals are noisy and sparse due to very
strict quality filtering).

The main variables as contained in the XCH,; Obs4MIPs product file are:

xch4:
Satellite retrieved column-average dry-air mole fraction of atmospheric methane
(Note: typical values are << 1.0 (typically close to 0.0000018) and 1.0E20 = no data)

xch4_nobs:
Number of individual XCH, Level 2 observation (per 5°x5° grid cell) used to compute the reported
Level 3 XCH, monthly average value (0 = no data)

xch4_stderr:
Reported uncertainty defined as standard error of the average including single sounding noise and
potential seasonal and regional biases

xch4_stddev:
Average standard deviation of the underlying XCH,4 Level 2 observations

time:
Time in days since 1-Jan-1990

lat:
Center latitude in degrees north (-90.0 to +90.0)

lon:
Center longitude in degrees east (-180.0 to +180.0)
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3. Data Product Algorithm Overview

As already mentioned, the Obs4MIPs product has been generated using individual satellite sensor
Level 2 XCH, products as input. These input data, which are all part of the GHG-CCI CRDP3 data set
(Buchwitz et al., 2016b), are the following XCH, Level 2 data products:

GHG-CCI Level 2 XCH, algorithms / products used as
input data for the generation of the Obs4MIPs product

Algorithm ID Sensor Algorithm Comment
(Version) Institute (Reference)
CH4_SCI_WFMD | SCIAMACHY/ WFM-DOAS Coverage: global (land only after 10.2005),
(v3.9) ENVISAT IUP, Univ. 1.2003-12.2009
Bremen (Schneising et al., 2011)
CH4_SCI_IMAP SCIAMACHY/ IMAP Coverage: global (land),
(v7.1) ENVISAT SRON/JPL 1.2003-12.2009
(Frankenberg et al., 2011)
CH4_GOS_OCPR | TANSO/GOSAT UoL-PR Coverage: global, 4.2009-12.2014
(v6.0) Univ. Leicester (Parker et al., 2011)
CH4_GOS_SRPR | TANSO/GOSAT RemoTeC Coverage: global, 6.2009-12.2014
(v2.3.7) SRON/KIT (Butz et al., 2010)
CH4_GOS_OCFP | TANSO/GOSAT UoL-FP Coverage: global, 4.2009-12.2014
(v1.0) Univ. Leicester (Parker et al., 2011)
CH4_GOS_SRFP | TANSO/GOSAT RemoTeC Coverage: global, 6.2009-12.2014
(v2.3.7) SRON/KIT (Butz et al., 2011)

Tab. 2: Overview of the Level 2 XCH, products used as input for the generation of the Level 3
Obs4MIPs XCHj, product.

From the individual sensor/algorithm Level 2 (L2) XCH, input data the Level 3 (L3) Obs4MIPs
product has been generated as follows: To correct for the use of different CH, a priori assumptions in
the independently retrieved products, all products have been brought to a common a priori using a
“climatology” based on 3 years (2003-2005) of TM5 model (“MACC-II reanalysis (S1 NOAA)” from
P. Bergamaschi, JRC, Ispra, Italy) output plus global annual growth rates from NOAA (climatology
generated by O. Schneising, University of Bremen, personal communication). After this a gridded L3
product is generated for each L2 product by averaging all soundings falling into 5°x5° monthly grid
cells. Only those grid cells are further considered having a standard error of the mean of smaller than
16 ppb. The grid cell uncertainty is computed from the reported L2 uncertainties and a term
accounting for potential regional / temporal biases (see Buchwitz et al., 2016a). To avoid potential
“jumps” in the Obs4MIPs product, each L3 product has been offset corrected in the overlap period
using the mean of the products as reference (conserving the mean value). The observed offsets are
small and always between -5 ppb and +5 ppb.

The Obs4MIPs XCHj, value in a given grid cell is computed as the mean of the individual L3 values
and the corresponding reported uncertainty is the root-mean-square of the individual L3 uncertainties.
Finally a filtering procedure has been applied to remove “unreliable” grid cells considering the overall
noise error (12 ppb) and total uncertainty (14 ppb) of each cell.

4. Validation and Uncertainty Estimates

As described in Sect. 2, an XCH, uncertainty value (xch4_stderr) is contained in the Obs4MIPs file
for each grid cell with valid data (xch4 < 1.0E20 and/or xch4_nobs > 0, see above). How this
uncertainty has been estimated is described in Sect. 3.

In order to validate this product it has been compared with Total Carbon Column Observation
Network (TCCON, Wunch et al., 2011) ground-based XCH, retrievals using version GGG2014
(Wunch et al., 2015) at six TCCON sites (2 in the USA (Park Falls and Lamont), 2 in Europe (Bremen
and Bialystok) and 2 in Australia (Darwin and Wollongong)).
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Fig. 1 shows a summary of the results. As can be seen, the agreement with the reference data is within
2 +/- 11 ppb (1-sigma). As can also be seen, the distribution of the errors can be roughly approximated
by a normal distribution with mean value 2.0 ppb and standard deviation 10.74 ppb.

The mean value of the reported uncertainty (“Mean Serr”) is 5.8 ppb. Note that the standard deviation
of the difference to TCCON is larger (11 ppb) than this value, e.g., due to the uncertainty of the
TCCON reference data (approx. 4 ppb) but also for other reasons, e.g., non-perfect spatio-temporal
colocation of the satellite and the TCCON data, representativity error (see Sect. 5) and for other
reasons.
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Fig. 1: Summary of the validation of the Obs4MIPs product using TCCON ground-based XCH,4
retrievals. As can be seen, the mean value of the difference (satellite-TCCON) is 2 ppb and the
standard deviation of the difference is 10.74 ppb. The mean value of the reported uncertainty (“Mean
Serr”) is 5.8 ppb and the correlation coefficient, R, is 0.94. The inserted figure top-left shows the
distribution of the satellite-TCCON differences (red bars) compared to a normal distribution with
mean 2 ppb and standard deviation 10.74 ppb.

5. Considerations for Model-Observation Comparisons

Satellite XCH, products are typically used in combination with CH, surface flux inverse modelling
approaches to obtain information on CH, surface fluxes by using a (global or regional) transport model
with free fit parameters (primarily regional surface fluxes) (e.g., Bergamaschi et al., 2013; Alexe et al.,
2015) or similar approaches (e.g., Schneising et al., 2014). The satellite data have also been used for
comparisons with global chemistry-climate models (e.g., Shindell et al., 2013; Hayman et al., 2014).

Strictly speaking, this requires taking the exact time and location of the satellite observations into
account as well as the altitude sensitivity. Note for example, that the satellite retrievals are limited to
clear sky observations around local noon and that this needs to be considered for satellite — model
comparisons.

The altitude sensitivity can be considered by applying the satellite XCH, averaging kernels to the
model CH, vertical profiles (see, e.g., Buchwitz et al., 2014, for details). User who would like to
consider all this should use the available Level 2, i.e., individual observation, data products. Level 2
XCHy, products from SCIAMACHY and GOSAT are available via the GHG-CCI website
(http://www.esa-ghg-cci.org/), and GOSAT XCH;, is also available from NIES
(http://www.gosat.nies.go.jp/en/). Note that the XCH, Level 2 products used for the described
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Obs4MIPs product are the ones from GHG-CCI and that the NIES product has been generated using a
different retrieval algorithm.

Due to the gridding / averaging process needed to generate Obs4MIPs products detailed time/location
information is not available in the Obs4MIPs data product. Also averaging kernels are not (yet) part of
these products (it requires research to find out how to generate appropriate averaging kernels for
Obs4MIPs products and related information, which is also needed in order to properly use averaging
kernels). Note that the Obs4MIPs satellite — model comparison philosophy is based on generating
satellite and model parameters (such as XCH,) which can be compared directly. This approach has
pros and cons — it is convenient but has limitations, depending on application.

Fortunately, the satellite XCH, averaging kernels are close to unity (especially in the lower
troposphere, where the CH, variability is typically largest). Therefore applying the averaging kernels
typically changes the XCH, values by only a few ppb (see, e.g, Dils et al., 2014). However, how large
this “correction” is depends (also) on the difference between the a priori CH, profile used for satellite
retrieval and the model CH, profile. The larger this difference, the large the averaging kernel
correction. If the model profiles are “reasonable” other error sources are likely more relevant for using
the Obs4MIPs product such as the representativity error. A representativity error originates from the
fact that the “true” XCHj field is variable within a given month in a given grid cell but the Obs4MIPs
values are derived from averaging sparse satellite observations, i.e., are not representative for the
“true” monthly mean value of a given grid cell. Note that the validation results reported in the previous
section (agreement with ground-based observations within 2 +/- 11 ppb (1-sigma)) have also been
obtained without considering the averaging kernels and the established difference includes (at least to
some extent) the representativity error as well as other error sources (e.g., the uncertainty of the
TCCON reference observations, which is 4 ppb (1-sigma)). It still needs to be investigated in detail
how large exactly these error sources are for a typical application of this Obs4MIPs product but for
now it is recommended to use the reported overall uncertainty range of 2 +/- 11 ppb (1-sigma) (see
Sect. 4) and/or the reported uncertainties for each grid cell as given in the Obs4MIPs product file.

Overall it can therefore be expected that model minus satellite differences larger than approximately
30 ppb point to significant issues with the model XCHy, values (differences are significant at the 5%
significance level if outside of the 2-sigma (95%) uncertainty range of [-20 ppb, 24 ppb]).

Note however that the XCH,4 Obs4MIPs product is new and that not all possible assessments have
been carried out yet. The product has been generated by merging an ensemble of underlying Level 2
products (see Tab. 2 and consult the relevant publications referred to in Tab. 2 and additional technical
information available on http://www.esa-ghg-cci.org/ for details on each algorithm / product). No
obvious issues have been identified (see, e.g., figures in this document) but it cannot be excluded that
there are potential issues (depending on data usage / application) due to merging different data sets
(see, e.g., following section with Fig. 5, bottom, showing the drop of the number of observations
beginning 2012 due to the loss of data from SCIAMACHY/ENVISAT).

How to compute XCH, from model data depends on the model but here a general procedure how to
compute model XCH,4 for comparison with the satellite-based Obs4MIPs product:

Xng: CcH,

XCH, = S

Here, ccy, represents the modeled CH, dry air mole fraction on model layers (i.e., layer centers or full

levels) and n, the number of dry air particles (air molecules excluding water vapor) within these
layers. The summations are performed over all model layers. The number of dry air particles can be
computed as follows:

_ N dp-(1-¢)
mg-g
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N, is the Avogadro constant (6.022140857 - 1022 mol~1) and m, the molar mass of dry air
(28.9644 - 1073 kg mol™1). Ap is the pressure difference (in hPa) computed from the model‘s
pressure levels (i.e., layer boundaries or half levels) surrounding the model layers, g is the modeled
specific humidity (in kg/kg), and g the gravitational accelaration approximated by:

g=95+2-f ¢

This includes the model’s geopotential ¢ (in m?s~2) on layers, the free air correction constant
f =3.0825958- 107° s~2, and the gravitational acceleration g, on the geoid approximated by the
international gravity formula depending only on the latitude ¢:

go = 9.780327 - [1 + 0.0053024 - sin?(¢) — 0.0000058 - sin?(2¢)]

5.1 Monthly XCH, Distribution and Time Series Examples

Figure 2 shows as an example the XCH, distribution, the number of observations, the reported XCH,
uncertainty and the XCH, standard deviation for September 2009. As can be seen, XCHj, is typically
somewhat higher over the northern hemisphere, as most methane sources are located in the northern
hemisphere. Major source regions such as India and China are clearly visible. Methane is also elevated
over parts of the USA (e.g., wetlands, ruminants, fossil fuel related sources) and northern South
America and Central Africa (e.g., wetland emissions). As can also be seen, the number of
observations depends significantly on location with largest values over locations with low cloud cover,
high surface reflectivity and (at least) moderate to high sun elevation. Over ocean coverage is sparse as
ocean retrievals are only included from GOSAT sun-glint mode observations (outside of glint
conditions the reflectivity of water is very low in the NIR/SWIR spectral region) and some
SCIAMACHY retrievals before November 2005, which pass the strict quality filtering procedure. The
reported uncertainty also depends on location with best values (lowest numbers) for locations with
highest surface reflectivity (e.g., deserts).

Figures 3 and 4 show the corresponding maps for September 2003 (Fig. 3) and September 2014 (Fig.
4).

Figure 5 shows XCH, time series for three latitude bands, the corresponding mean value of the
reported uncertainty, the standard deviation and the number of observations.
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Fig. 2: Left: Obs4MIPs XCH4 for Septembé‘r' é009. Right: Top: Number of observations per 5°x5° grid
cell. Middle: Reported XCH, uncertainty. Bottom: XCH, standard deviation.
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Fig. 3: As Fig.2 but for September 2003 (note the change of the color scale for the main XCH,4 map).
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Fig. 5: Timeseries of monthly XCH, for three latitude bands (top) and corresponding number of
observations (bottom). The drop of the number of observations beginning of 2010 is because
SCIAMACHY/ENVISAT retrieval have only be included for 2009 and earlier years.
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5.2 Spatio-temporal Sampling

The spatio-temporal sampling of the satellite data is typically sparse (see Figs. 2-4) as the satellite
retrievals are strictly quality-filtered to avoid (even very small) cloud (and aerosol) contamination.
Furthermore, water and snow/ice are poor reflectors in the NIR/SWIR spectral region and, therefore,
the retrievals are (often) limited to water and snow and ice free land surfaces (exceptions:
SCIAMACHY retrievals before November 2005 and GOSAT retrievals under sun-glint conditions as
explained above). In addition other requirements are also important, in particular the solar zenith angle
(SZA) needs to be “small enough” (e.g., below 70° i.e., the sun needs to be high enough above the
horizon to have appropriate illumination conditions).

Note also that the satellite observations are obtained around local noon (around 10:00 a.m. local time
for SCIAMACHY/ENVISAT and around 1:00 p.m. local time for TANSO-FTS/GOSAT). More
details on the satellite instruments is provided in the following section.

6. Instruments Overview

In the following two sub-sections a short overview about the SCIAMACHY/ENVISAT and TANSO-
FTS/GOSAT satellite instruments is given.

6.1 SCIAMACHY/ENVISAT

The SCIAMACHY instrument (Burrows et al., 1995; Bovensmann et al., 1999) was a
German, Dutch and Belgian instrument contribution to ESA’s ENVISAT, which flew in a sun-
synchronous orbit in descending node, crossing the equator at 10:00 a.m. local time during the time
period 2002 to April 2012. SCIAMACHY was a grating spectrometer, which measured solar radiation,
reflected at the Earth’s surface, backscattered from the atmosphere, transmitted through the
atmosphere, or emitted from the atmosphere in the ultraviolet, visible, and NIR/SWIR spectral regions
(240-1750 nm, 1940-2040 nm, 2265-2380 nm) at moderate spectral resolution (0.2-1.4 nm).
SCIAMACHY observed the Earth’s atmosphere in various viewing geometries. Of relevance for this
technote is the nadir viewing mode (down-looking) and the 1558-1594 nm and 755-775 nm spectral
regions containing molecular CH,, carbon dioxide (CO,) and oxygen (O,) absorption lines. The
horizontal resolution, i.e., the size of a single ground pixel, is typically 30 km along track
(approximately north-south) times 60 km across track (approximately east-west). On the Earth’s day
side an alternating sequence of nadir and limb measurements had been performed. Full longitudinal
(global) coverage in nadir was achieved at the equator in six days and more rapidly at higher latitudes.
As shown in, e.g., Buchwitz et al., 2005, the sensitivity of the SCIAMACHY CH, measurements is
only weakly dependent on altitude throughout the troposphere and down to the Earth’s surface. The
latter is a pre-requisite to obtain regional CH, source/sink information, which is the main scientific
goal of the SCIAMACHY CH, measurements.

6.2 TANSO-FTS/GOSAT

GOSAT (Kuze et al., 2009), also called “Ibuki”, is the first satellite in orbit specifically
designed to deliver high-quality column-averaged dry air mole fractions of CO, and CHj, i.e., XCO,
and XCH,;. GOSAT flies at an altitude of approximately 666 km and completes one revolution in
about 100 minutes. The local sun time at equator crossing is around 12:45 — 13:15 PM. The satellite
returns to the same point in space in three days. The observation instrument onboard the satellite is the
Thermal And Near-infrared Sensor for carbon Observation (TANSQO). TANSO is composed of two
subunits: the Fourier Transform Spectrometer (FTS) and the Cloud and Aerosol Imager (CAI). The
main instrument as used for the purpose of this technote is TANSO-FTS. Similar as SCIAMACHY,
TANSO-FTS observes infrared light reflected and emitted from the earth's surface and the atmosphere.
However, the radiance spectra as measured by TANSO-FTS are obtained at a much higher spectral
resolution compared to SCIAMACHY and the ground pixel size is smaller (10 km compared to 60 km
for SCIAMACHY). The number of observations is however much lower compared to SCIAMACHY
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as one observation typically requires 4s whereas SCIAMACHY obtained several spectra during this
time period. Also the scan pattern differs from SCIAMACHY (GOSAT: typically 5 or 3 non-
consecutive ground pixels along the swath whereas SCIAMACHY has a gap-free scan pattern across a
wider swath). For details we refer to Kuze et al, 2009, and to JAXA
(http://global.jaxa.jp/projects/sat/gosat/) and NIES (http://www.gosat.nies.go.jp/eng/gosat/page5.htm)
GOSAT websites for latest information.
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8. Useful Links

SCIAMACHY website: http://www.iup.uni-bremen.de/sciamachy/

GOSAT website: http://global.jaxa.jp/projects/sat/gosat/

ESA GHG-CCI project website: http://www.esa-ghg-cci.org/

IUP-UB CarbonGroup: http://www.iup.uni-bremen.de/sciamachy/NIR_NADIR_WFM_DOAS/
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