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Abstract

Carbon dioxide (CO,) and methane (CH,) are the two most important anthropogenic
greenhouse gases contributing to global climate change. SCIAMACHY onboard EN-
VISAT (launch 2002) was the first and is now together with TANSO onboard GOSAT
(launch 2009) the only satellite instrument currently in space whose measurements
are sensitive to CO, and CH, concentration changes in the lowest atmospheric layers
where the variability due to sources and sinks is largest.

We present long-term SCIAMACHY retrievals (2003-2009) of column-averaged
mole fractions of both gases (denoted XCO, and XCH,) derived from absorption bands
in the near-infrared/shortwave-infrared (NIR/SWIR) spectral region focusing on large-
scale features. The results are obtained using an upgraded version (v2) of the retrieval
algorithm WFM-DOAS including several improvements, while simultaneously maintain-
ing its high processing speed. The retrieved mole fractions are compared to global
model simulations (CarbonTracker XCO, and TM5 XCH,) being optimised by assimi-
lating highly accurate surface measurements from the NOAA/ESRL network and taking
the SCIAMACHY averaging kernels into account. The comparisons address seasonal
variations and long-term characteristics.

The steady increase of atmospheric carbon dioxide primarily caused by the burning
of fossil fuels can be clearly observed with SCIAMACHY globally. The retrieved annual
mean XCO, increase over both hemispheres agrees with CarbonTracker within the er-
ror bars but is on average somewhat smaller (1.8 ppm yr‘1 compared to 1.9 ppm yr‘1 ).
The amplitude of the XCO, seasonal cycle as retrieved by SCIAMACHY, which is
4.3ppm for the Northern Hemisphere and 1.4 ppm for the Southern Hemisphere, is
on average about 1 ppm larger than for CarbonTracker.

An investigation of the boreal forest carbon uptake during the growing season via
the analysis of longitudinal gradients shows good agreement between SCIAMACHY
and CarbonTracker concerning the overall magnitude of the gradients and their annual
variations.
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The retrieved XCH, results show that after years of stability, atmospheric methane
has started to rise again in recent years which is consistent with surface measure-
ments. The largest increase is observed for the tropics and northern mid- and high-
latitudes amounting to about 8ppbyr'1 since 2007. Due care has been exercised
to minimise the influence of detector degradation on the quantitative estimate of this
anomaly.

1 Introduction

The atmospheric concentrations of the two most important anthropogenic greenhouse
gases carbon dioxide (CO,) and methane (CH,) have increased significantly since
the start of the Industrial Revolution and are now about 40% and 150%, respectively,
higher compared to the pre-industrial levels (Solomon et al., 2007). While the car-
bon dioxide concentrations have risen steadily during the last decades, atmospheric
methane levels were rather stable from 1999 to 2006 (Bousquet et al., 2006) before
a renewed growth was observed from surface measurements since 2007 (Rigby et al.,
2008; Dlugokencky et al., 2009). Further increase of both gases is expected to re-
sult in a warmer climate with adverse consequences, such as rising sea levels and an
increase of extreme weather conditions, but a reliable prediction requires an accurate
understanding of the sources and sinks of the greenhouse gases which is unfortunately
limited by the sparse ground-based measurements with a lack of high-frequency sur-
face observations in continental regions particularly outside North America and Europe
resulting in large uncertainties (see, e.g., Stephens et al., 2007). However, satellite
data, if accurate and precise enough, have the potential to significantly reduce sur-
face flux uncertainties (Rayner and O’Brien, 2001; Houweling et al., 2004) by deducing
strength and spatiotemporal distribution of the sources and sinks via inverse modelling
which is based on fitting the model emissions to the satellite observations. High reduc-
tion of regional flux uncertainties additionally requires high sensitivity to near-surface
greenhouse gas concentration changes because the variability due to regional sources
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and sinks is largest in the lowest atmospheric layers. Sensitivity to all altitude levels,
including the boundary layer, can be achieved using reflected solar radiation in the
near-infrared/shortwave-infrared (NIR/SWIR) spectral region, whereas measurements
of emissions in the thermal infrared (TIR) available from, e.g., HIRS/TOVS (Chédin
et al., 2002, 2003), AIRS (Engelen et al., 2004; Engelen and McNally, 2005; Aumann
et al., 2005; Strow et al., 2006; Maddy et al., 2008), IASI (Crevoisier et al., 2009a,b),
and TES (Kulawik et al., 2010) are primarily sensitive to middle to upper tropospheric
greenhouse gas concentrations. SCIAMACHY onboard ENVISAT (launch 2002) was
the first and is now together with TANSO onboard GOSAT (launch 2009) (Yokota et al.,
2009) the only satellite instrument currently in space which can benefit in this way from
NIR/SWIR nadir measurements covering important absorption bands of both gases
in this spectral range. Therefore, SCIAMACHY plays a pioneering role in the rela-
tive new area of greenhouse gas observations from space (Buchwitz et al., 2005a,b,
2006, 2007; Schneising et al., 2008, 2009; Houweling et al., 2005; Bosch et al., 2006;
Barkley et al., 2006a,c,b, 2007; Frankenberg et al., 2005, 2006, 2008a,b). In the case
of methane, SCIAMACHY data have already been incorporated in the modelling of
emissions (Bergamaschi et al., 2007, 2009; Bloom et al., 2010).

In this manuscript, the first long-term global carbon dioxide and methane dry air
column-averaged mole fraction data sets from SCIAMACHY derived using Weighting
Function Modified DOAS (WFM-DOAS) developed at the University of Bremen are pre-
sented and discussed focusing on a comparison of their long-term behaviour and sea-
sonal variation with model simulations. The analysis constitutes seven years (2003—
2009) of greenhouse gas information derived from European Earth observation data
improving and extending afore existing WFM-DOAS retrievals (Schneising et al., 2008,
2009).

This manuscript is organised as follows: in Sect. 2 the SCIAMACHY instrument and
its measurement principle are introduced and explained. This is followed by a short
description of the improved WFM-DOAS retrieval algorithm in Sect. 3 focusing on the
changes compared to the previous version. The new SCIAMACHY long-term carbon
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dioxide and methane data sets are discussed in Sect. 4 and conclusions are given in
Sect. 5.

2 The SCIAMACHY instrument

SCIAMACHY, which is a multi-national (Germany, The Netherlands, Belgium) contri-
bution to the European environmental satellite ENVISAT, is a grating spectrometer that
measures reflected, backscattered and transmitted solar radiation at moderate spec-
tral resolution (0.2—1.4nm) (Burrows et al., 1990, 1995; Burrows and Chance, 1991;
Bovensmann et al., 1999). The spectral region from 214 nm to 1750 nm is measured
contiguously in six channels, and there are two additional channels covering the re-
gions 1940-2040 and 2265-2380 nm. Each spectral channel comprises a grating fo-
cusing optics and a 1024 element monolithic diode array. In addition, SCIAMACHY has
7 broad band channels, the Polarisation Measurement Devices (PMD), which monitor
the upwelling radiation polarised with respect to the instrument plane at high spatial
resolution providing sub-pixel information.

ENVISAT was launched into a sun-synchronous orbit in descending node having
an equator crossing time of 10:00 a.m. local time. During every orbit calibration mea-
surements are made during the eclipse, followed by a solar occultation and limb atmo-
spheric measurement. On the Earth’s day side SCIAMACHY performs alternate nadir
and limb observations. These measurements can be inverted to obtain a large number
of atmospheric data products (Bovensmann et al., 1999) including the column amounts
of CH,, CO, and O, which are relevant for this study. As a result of SCIAMACHY’s
observation of greenhouse gas overtone absorptions in the near-infrared/shortwave
infrared (NIR/SWIR) solar backscattered spectrum, SCIAMACHY yields the vertical
columns of CO, and CH, with high sensitivity down to the Earth’s surface (Buchwitz
et al., 2005a). As the integration time for the detectors is optimised around an orbit, the
horizontal resolution of the nadir measurements depends on orbital position and spec-
tral interval, but is typically 60 km across track by 30 km along track for the spectral

27483

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
10, 2747927522, 2010

Long-term analysis
of XCO, and XCH,
retrieved from
SCIAMACHY

O. Schneising et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/27479/2010/acpd-10-27479-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/27479/2010/acpd-10-27479-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

fitting windows used in this study.

Overall, the in-flight optical performance of SCIAMACHY is very similar to that pre-
dicted from the pre-flight on ground characterisation and calibration activities. One ex-
ception is a time dependent optical throughput variation in the SCIAMACHY NIR/SWIR
channel 7, which has many resolved CO, absorption features, and channel 8, which
was designated to be the main CH, channel. This results from the in-flight deposition
of ice on the detectors. As ice absorbs and scatters at these wavelengths, this ad-
versely affects the trace gas retrievals by reducing the signal to noise and changing
the instrument slit function (Gloudemans et al., 2005; Buchwitz et al., 2005b). The
WFM-DOAS results presented in this manuscript have been derived using CO, and
CH, absorption features in channel 6 (1000—-1750 nm) and the O, A-band absorption
in channel 4 (605-805nm) which are not affected by an ice-layer as their detectors
operate at higher temperatures.

3 WFM-DOAS retrieval algorithm

The retrieval of a long-lived and therefore relatively well-mixed gas such as carbon
dioxide or methane is challenging as only the small variations on top of a large back-
ground yield information on its surface sources and sinks. Therefore, the retrieval
algorithm has to meet the conflicting requirements of accuracy and speed in order
to process the large amounts of data produced by SCIAMACHY. This is achieved by
the Weighting Function Modified Differential Optical Absorption Spectroscopy (WFM-
DOAS) retrieval technique (Buchwitz et al., 2000, 2005a,b; Buchwitz and Burrows,
2004) developed at the University of Bremen for the retrieval of trace gases and op-
timised for CO,, CH, and O, retrievals using a fast look-up table (LUT) scheme to
avoid computationally expensive online radiative transfer calculations. The algorithm
has been described in detail elsewhere (Buchwitz et al., 2000, 2005a,b; Buchwitz and
Burrows, 2004; Schneising et al., 2008, 2009). We therefore focus on a discussion of
the main differences between the current versions 2.0 and 2.1, which have been used
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to generate the data sets discussed in this manuscript, and the previous version 1.0
(Schneising et al., 2008, 2009). The version 2.1 differs from 2.0 in the additional usage
of the SCIAMACHY M-factors in the Level 0-1b processing to compensate for the ra-
diometric degradation of the instrument (Bramstedt, 2008). An M-factor is defined as

s the ratio between a measured solar spectrum at the time ¢ to a reference spectrum ob-
tained for the same optical path at the time #,. The M-factors are multiplicative factors
to the absolute radiometric calibration of SCIAMACHY.

3.1 Retrieval of carbon dioxide mole fractions

In order to convert the retrieved CO, columns into column-averaged mole fractions

10 the CO, columns are divided by the dry-air columns obtained from the simultaneously
measured O, columns obtained from the O, A-band. The specific changes compared
to WFMDv1.0 (Schneising et al., 2008) are:

— Use of spectra with improved calibration: Level 1 version 6 instead of version 5
including application of M-factors in the Level 0-1b processing.

15 — Use of improved spectroscopy: HITRAN 2008 (Rothman et al., 2009) instead of
HITRAN 2004 (Rothman et al., 2005).

— Modified static detector pixel mask.

— Use of an improved look-up table scheme, i.e., use of an extended set of surface
elevations (Okm, 1 km, 2km, 3km, 4 km, 5km) and albedos (0.01, 0.03, 0.1, 0.3,
20 0.6, 1.0) covering all naturally occurring surface types by means of interpolation.

— Use of a more realistic standard aerosol scenario in the forward model (OPAC
background scenario described in Schneising et al., 2008, 2009).

— Processing of a longer time series: 2003—2009 instead of 2003—2005.
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— Use of SCIAMACHY Absorbing Aerosol Index v4.1 (Tilstra et al., 2007) instead
of EarthProbe/TOMS AAI (Herman et al., 1997) to filter strongly aerosol contami-
nated scenes, in particular desert dust storms.

— Change of full width at half maximum (FWHM) used for the O, reference spectra
calculation from 0.45 nm to 0.44 nm because of the associated improvement of fit
quality.

Due to small throughput losses of the detectors which are slowly increasing with
time exhibiting different characteristics in the two spectral channels used for the CO,
(channel 6) and O, (channel 4) column retrievals, the application of the SCIAMACHY
M-factors to compensate for detector degradation ensures better XCO, results con-
cerning long-term behaviour, e.g., for the retrieved mean annual carbon dioxide growth
rate. Without the consideration of the M-factors the XCO, growth rate would be biased
low by a few tenths of 1 ppm. According to this conclusion, all carbon dioxide results
presented in this manuscript are retrieved with WFMDv2.1.

3.2 Retrieval of methane mole fractions

In order to convert the retrieved CH, columns into column-averaged mole fractions
the CH, columns are divided by the dry-air columns obtained from the simultaneously
measured CO, columns correcting for CO, variability using CarbonTracker. The spe-
cific changes compared to WFMDv1.0 (Schneising et al., 2009) are:

— Use of spectra with improved calibration: Level 1 version 6 instead of version 5.

— Use of improved spectroscopy: HITRAN 2008 (Rothman et al., 2009) plus Jenou-
vrier et al. (2007) H,O update in the methane fitting window instead of HITRAN
2004 (Rothman et al., 2005).

— Modified static detector pixel masks for three different time periods to get best
possible results for the early years and stability until end of 2009 at the same time
(see Fig. 1).
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— Use of an improved look-up table scheme, i.e., use of an extended set of surface
elevations (0km, 1 km, 2km, 3km, 4 km, 5km) and albedos (0.01, 0.03, 0.1, 0.3,
0.6, 1.0) covering all naturally occurring surface types by means of interpolation.

— Use of a more realistic standard aerosol scenario in the forward model (OPAC
background scenario described in Schneising et al., 2008, 2009).

— Processing of a longer time series: 2003—2009 instead of 2003—2005.
— Optimisation of filter criteria.

— Use of CarbonTracker version 2009 instead of 2007 (Peters et al., 2007, 2010) to
correct the retrieved methane mole fractions for CO, variability.

Due to proceeding detector degradation in the spectral range used for the methane
column retrieval, static detector pixel masks for three different time periods (see Fig. 1)
are used to get best possible results for the early years and stability until end of 2009
at the same time. Since November 2005 only one remaining detector pixel in the Q-
branch of the 2v; methane band, which is the spectral region in the fitting window where
the strongest absorption occurs, is serviceable. Therefore, the retrieval results since
November 2005 are expected to be of reduced quality with regard to noise compared
to the prior time period where more Q-branch detector pixels are available. Because of
the increase of dead or bad pixels, the filter criteria have to be changed for data after
October 2005 (third period) because the availability of considerably less detector pixels
automatically increases the fit error. Therefore the filter criterion on the CH, column fit
error is relaxed for the third period to get a comparable amount of retrievals classified
as good. The quality filtering for this period is additionally extended to restrict to land
only scenes and to filter out cloud contaminated scenes with a threshold algorithm
like in the case of XCO, based on sub-pixel information provided by the SCIAMACHY
Polarisation Measurement Device (PMD) channel A covering the spectral region 310—
365 nm in the UV.
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As the CH, and CO, columns used for the computation of the column-averaged
mole fractions XCH, are both retrieved from neighbouring fitting windows in the same
channel, long-term throughput loss issues adversely affecting XCH, (as in the case of
XCO,) are only expected to a minor extent because potential effects on the column
growth rates cancel out to first order when computing the CH,/CO,-ratio due to similar
radiometric degradation in both windows. Therefore, and because of possible compli-
cations due to the relative large number of dead or bad detector pixels in the methane
fitting window, which could introduce additional uncertainties, the M-factor approach is
omitted for XCH, and all methane results presented here are derived using WFMDv2.0.

4 Discussion of results

All SCIAMACHY spectra (Level 1b version 6 converted to Level 1c by the ESA SciaL1C
tool using the standard calibration) for the years 2003—2009 which have been made
available by ESA/DLR, have been processed using the improved retrieval algorithm
WFM-DOAS version 2.0/2.1. The respective carbon dioxide and methane results are
discussed separately in the following subsections.

4.1 Carbon dioxide

The resulting annual composite averages of atmospheric XCO, after quality filtering
for the years 2003-2009 are shown in Fig. 2 exhibiting similar patterns for all years
superposed by a steady quite homogeneous increase with time. A significant part of
the CO, spatial variations shown in Fig. 2 results from the irregular sampling of the
SCIAMACHY XCO,. For example, the mid- and high-latitudes of the Northern Hemi-
sphere are strongly weighted towards late spring, summer, and early autumn, where
CO, is known to be much lower than for the (true) yearly average. This uneven weight-
ing is due to the significantly higher cloud cover in winter but also because of larger
solar zenith angles and snow coverage. As a result, most of the mid- and high-latitude
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measurements in winter are automatically filtered out by the implemented quality filter-
ing scheme.

To examine the increase with time and the seasonal cycle more quantitatively the
SCIAMACHY results are compared to the CarbonTracker release 2009 assimilation
system (Peters et al., 2007, 2010) based on monthly data. The CarbonTracker XCO,
fields as used for this study have been sampled in space and time as the SCIAMACHY
satellite instrument measures. The SCIAMACHY altitude sensitivity has been taken
into account by applying the SCIAMACHY CO, column averaging kernels (Buchwitz
et al., 2005a) to the CarbonTracker CO, vertical profiles. For comparisons with Car-
bonTracker the SCIAMACHY CO, data have been scaled by a constant factor of 0.997
to compensate a small systematic bias between the two data sets. As CarbonTracker
data are only available up to 2008, the modelled column-averaged mole fractions for
2009 are obtained from the 2008 values by adding 1.7 ppm uniformly as a first order
approximation which is motivated by rounding up the 2009 mean global carbon dioxide
growth rate of globally averaged NOAA/ESRL marine surface data (1.61 ppm yr'1) due
to the fact that (higher) growth rates from the past mix in at high altitudes because
of age of air. As can be seen in Fig. 3, the continuous increase with time on both
hemispheres is consistent with CarbonTracker. However, the annual mean increase
is somewhat smaller than in the model simulations, namely 1.8 ppm yr'1 compared to
1.9 ppm yr'1 (see also Table 1 and the corresponding discussion below). Results of
the first half of 2003 are not shown in this figure due to changes of the instrument set-
tings, e.g., detector temperatures and field of view (shift of nadir centre position and
change of total scan width), during the first third of 2003 potentially introducing small
offsets in the data adversely affecting this particular quantitative analysis with impact
until midyear because of the smoothing window used.

For the Northern Hemisphere we also find good agreement of the phase of the CO,
seasonal cycle with the model resulting in a pronounced correlation of the two data
sets (r=0.98). In contrast to the Northern Hemisphere, the seasonal cycle is less pro-
nounced on the Southern Hemisphere and systematic phase differences are observed
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leading to a somewhat smaller correlation (r=0.91) which is, nevertheless, quite high
due to the observed consistent increase with time in both data sets. The discrepancy
of the phases on the Southern Hemisphere can probably be ascribed to a large extent
to the higher weight on ground scenes with occurrences of subvisual thin cirrus clouds
(induced by the restriction to land and the smaller land fraction compared to the North-
ern Hemisphere) which are not explicitly considered in WFM-DOAS yet and are hence
a potential error source leading to a possible overestimation of the carbon dioxide mole
fractions for scenes with high subvisual cirrus fraction (Schneising et al., 2008). This
could also be an explanation for the presumably unrealistic large cycle of the carbon
dioxide growth rate on the Southern Hemisphere. First promising results for synthetic
data obtained with a different approach which is based on (very time-consuming) online
radiative transfer calculations demonstrate that accurate retrievals are also possible in
the presence of thin cirrus clouds by taking selected cloud parameters specifically into
account (Reuter et al., 2010). This indicates that cirrus can in principle also be con-
sidered explicitly in the future in a look-up table approach, even though it is not trivial
to achieve sulfficient processing speed for a global long-term analysis like the one pre-
sented in this manuscript. Although cloud parameters are not included in the state vec-
tor of the current WFM-DOAS version, the influence of subvisual cirrus on the retrievals
is minimised resulting in much better agreement with CarbonTracker compared to the
previous WFM-DOAS version especially on the Southern Hemisphere. The achieved
reduction of the amplitude of the seasonal cycle is presumably a consequence of the
interaction of the more realistic default aerosol scenario, the application of M-factors in
the calibration, improved spectroscopy, and the change-over to the SCIAMACHY Ab-
sorbing Aerosol Index. We find that for both hemispheres the mean amplitude of the
retrieved seasonal cycle is on average about 1 ppm larger than for CarbonTracker de-
riving 4.3 ppm for the Northern Hemisphere and 1.4 ppm for the Southern Hemisphere
from the SCIAMACHY data. The less pronounced seasonal cycle of CarbonTracker
compared to the satellite data might be explainable to some extent by a too low net
ecosystem exchange (NEE) between the atmosphere and the terrestrial biosphere; for
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example Yang et al. (2007) estimate that NEE in the Northern Hemisphere is about
25% larger than predicted by the CASA (Carnegie-Ames Stanford Approach) biogeo-
chemical model which is also used in CarbonTracker. This underestimation is of the
same order of magnitude as the scaling needed to fit the amplitude of the northern
hemispheric seasonal cycle of CarbonTracker to SCIAMACHY (~35%, see Fig. 4). On
the other hand, it cannot be completely excluded that undetected seasonally varying
thin cirrus clouds might also contribute to some extent to the observed differences in
the seasonal cycle amplitudes.

The exact values of mean annual increase and amplitudes of the seasonal cycle for
both data sets and for both hemispheres as well as for several other latitude bands
are summarised in Table 1. The stated increase is derived from the derivative of the
deseasonalised trend as shown in Fig. 3 averaged over the whole time period and the
associated uncertainties are estimated by a bootstrapping technique calculating twice
the standard deviation of a set of growth rates obtained by random sampling of the orig-
inal growth rate time series with replacement. Although the retrieved satellite growth
rates are typically somewhat smaller than for CarbonTracker, both data sets agree
within their error bars regarding annual atmospheric carbon dioxide increase. Accord-
ing to NOAA/ESRL (http://www.esrl.noaa.gov/gmd/ccgg/trends/) the average annual
mean global carbon dioxide growth rate of marine surface sites which are assimilated
in CarbonTracker for the relevant time period of Fig. 3 (2004—2009) is 1.89 ppm yr'1
with an estimated uncertainty in the annual mean growth rate of 0.07 ppm yr‘1. How-
ever, due to the application of the SCIAMACHY averaging kernels, the age of air issue
with growth rates of the past mixing in at high altitudes, uncertainties in the transport,
and the consideration of the SCIAMACHY sampling in space and time, these surface
results cannot be compared directly to the column-averaged results presented here
leading to larger uncertainties of CarbonTracker and to differing absolute values of the
mean global growth rate compared to the surface data. Nevertheless, the value of
the surface growth rate fits in right between the SCIAMACHY and the CarbonTracker
results underlining the consistency of both data sets.
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The mean amplitude of the seasonal cycle is obtained by subtracting the desea-
sonalised trend from the smoothed curve and averaging the resulting amplitudes for all
available years denoting the standard deviation as error. The amplitude of the seasonal
cycle of the SCIAMACHY data is increasing on the Northern Hemisphere with higher
latitudes in good qualitative agreement with CarbonTracker. Quantitatively, the differ-
ences of the amplitude values of the mid- and high-latitudes (30°-90°) and the whole
hemisphere are consistent for the SCIAMACHY and CarbonTracker data amounting to
about 0.5ppm for the Northern Hemisphere. The absolute differences in the ampli-
tudes of the retrieved and modelled seasonal cycle are on the order of 0.5—-1.5 ppm for
all specified zonal averages.

Another related aspect we analysed is the boreal forest carbon uptake during plant’'s
growing season and its local partitioning between North America and Eurasia. To
this end, we studied longitudinal gradients of atmospheric carbon dioxide during May—
August (period between maximum and minimum of the seasonal cycle), which are the
basic signal to infer regional fluxes, using the region motivated in Fig. 5 consisting of
equally sized regions in North America and Russia covering the bulk of the boreal for-
est area of the planet. Due to the fact that the prevailing wind direction in mid- to high-
latitudes is from west to east, one would expect a negative west-to-east longitudinal
gradient for the considered region because the air masses are mainly moving accord-
ing to this wind direction over the uptake region. The absolute values of the derived
gradients depend on the actual fine structure of the wind fields (temporary deviations
from the prevailing wind direction). Therefore, 2009 is excluded for this analysis be-
cause CarbonTracker data, which are used for comparison, are only available up to
2008 and the approach of adding 1.7 ppm uniformly to the 2008 fields which is suit-
able for analysing global or hemispheric means is possibly not accurate enough for this
more regional application.

The gradients are derived by calculating meridional averages of seasonally averaged
(May—August) SCIAMACHY and CarbonTracker XCO, as a function of longitude (in
0.5° bins) and linear fitting the corresponding west-to-east gradient weighted according
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to the standard deviations of the meridional averages (see Fig. 6). The associated error
is derived from the square root of the covariance of the linear fit parameter. The gradi-
ents for the whole considered time period 2003—2008 are listed in Table 2 showing that
the results for SCIAMACHY and CarbonTracker agree within their error bars. For the
overall boreal forest region the respective longitudinal gradients which are linked to to-
tal flux strength are in good agreement amounting to —-2.5+1.8 ppm (1OO°)'1 for SCIA-
MACHY and -2.4+0.7 ppm(100°)’1 for CarbonTracker. However, the SCIAMACHY
data suggest that the main contribution to the gradient comes from the North Ameri-
can part of the region in contrast to CarbonTracker pointing to the Russian part. The
longitudinal gradients and their errors for the individual years are illustrated in Fig. 7.
The gradients derived from SCIAMACHY and CarbonTracker show very similar inter-
annual variations. The absolute values of the gradients are in good agreement for the
combined North American and Russian boreal forest region (Fig. 7a). For North Amer-
ica (Fig. 7b) the gradients observed by SCIAMACHY are systematically larger (more
negative) compared to CarbonTracker. However, both data sets agree within their er-
ror bars. For Russia (Fig. 7c¢) the gradients also agree within their error bars but the
observed gradients are systematically smaller (less negative) compared to Carbon-
Tracker. Thus, the satellite data suggest a stronger North American boreal forest CO,
uptake than CarbonTracker and a weaker Russian boreal forest CO, uptake. There is
no obvious reason for assuming that this indication concerning the regional partitioning
of the longitudinal gradients is affected by potential biases of the satellite data: errors
caused by light path variations or residual spectroscopic errors (Schneising et al., 2008)
are expected to have only a minor effect on the inferred gradients over these regions
because the observations are taken at similar solar zenith angles and surface albedos
and because the gradients do not depend on the absolute values of the retrieved XCO,
but only on regional differences.

Figure 8 shows the spatial pattern during plant’s growing season which leads to
the derived longitudinal gradients of the North American boreal forest slice discussed
above. Also depicted are the gradients based on the shown smoothed patterns derived
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by fitting linear combinations of a Gaussian and a quadratic polynomial to the SCIA-
MACHY and CarbonTracker data. However, Fig. 9 shows using the example of North
America that there is also a complex curved north-south gradient during plant’s growing
season due to transport in the atmosphere which makes a direct translation of the dif-
ferences in the observed partitioning of the longitudinal gradients to total flux strength
difficult. In this context it has to be noted that linear fits might be insufficient to capture
the more complex structure of the gradients in the latitudinal case. Therefore, Fig. 9
shows fits of linear combinations of a Gaussian and a quadratic polynomial to the two
data sets analogue to Fig. 8. The longitudinal/latitudinal fits of Figs. 8 and 9 for SCIA-
MACHY and CarbonTracker are highly correlated, although SCIAMACHY seems to be
more sensitive to changes in the meridional/zonal averages.

4.2 Methane

Figure 10 shows quality filtered annual composite averages of atmospheric XCH, for
the years 2003-2009. Clearly visible are major methane source regions and the in-
terhemispheric gradient. Due to proceeding detector degradation in the spectral range
used for the methane column retrieval and the corresponding availability of consider-
ably less detector pixels the results since November 2005 are of reduced quality man-
ifesting itself in particular by larger scatter. Figure 11 demonstrates using the example
of the Northern Hemisphere that the standard deviation of the monthly means since
the pixel mask change at the end of October 2005 is on average about twice as large.
Nevertheless, the seasonal cycle of the monthly means can still be clearly observed.
The pixel mask alteration at the end of October 2005 might potentially also introduce
systematic regional biases; e.g., it seems that the tropical enhancement relative to the
surrounding areas is less pronounced 2006—2009 compared to 2003—2005 indicating
that the magnitude of the retrieved tropical methane enhancement not only depends on
the used spectroscopic parameters in the forward model (Frankenberg et al., 2008b;
Schneising et al., 2009; Bergamaschi et al., 2009) but also on the detector pixel mask
used. The analysis of the global mean values shows that after years of near-zero
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growth, atmospheric methane started to increase again in recent years which is quali-
tatively consistent with the findings of Rigby et al. (2008) and Dlugokencky et al. (2009)
for surface methane concentrations. In this context it has to be pointed out that a static
pixel mask is used for 2006—2009 containing only detector pixels that are not turning
dead or bad during this period (according to the flagging provided by SRON which is
available for Orbits until March 2009) to ensure that the observed growth is not artifi-
cially introduced by proceeding detector degradation. This is also supported by the fact
that the fit quality is stable for the whole considered time period 2003—2009 indicating
that there are actually no dead or bad detector pixels which are not excluded in the
used pixel mask approach.

To examine this renewed methane increase in recent years more quantitatively
Fig. 12 shows the temporal evolution of retrieved SCIAMACHY methane based on
monthly means as well as the corresponding deseasonalised trend and its derivative for
both hemispheres analogue to Fig. 3 for carbon dioxide. The already mentioned larger
scatter since November 2005 due to the lesser number of usable detector pixels is also
observed in the monthly data. This is in particular true for the Southern Hemisphere
where the stricter filter criteria accompanying the pixel mask change furthermore lead
to a considerable less amount of measurements available for the computation of the
monthly means because of the additional exclusion of scenes over oceans and the rel-
ative small land mass fraction. Nevertheless, the renewed methane growth is visible in
Fig. 12 for both hemispheres.

The anomaly since 2007 is derived from the difference of the mean values of the
derivative of the deseasonalised trend after and before middle of 2006. To avoid a pos-
sible distortion of the analysed curves due to potentially introduced systematic regional
biases caused by the alteration of the detector pixel mask at the end of October 2005,
all values over a period of plus or minus 6 months from this date are not considered in
the calculation of the mean value before 2007.

It would be desirable to have model simulations for the whole time period 2003—
2009 for a quantitative comparison of the respective anomalies. In this study we use
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Scenario S1 of Bergamaschi et al. (2007) (based on the NOAA surface measurements)
of the TM5 model (Krol et al., 2005). Unfortunately, the TM5 model data set is currently
only available for 2003. The corresponding values are repeated every year to study at
least the seasonal behaviour. For this analysis the SCIAMACHY data are scaled with
0.995 to be on the same level as the model data in 2003. The TMS5 fields as used
for this study have been sampled in space and time as the SCIAMACHY satellite in-
strument measures. The SCIAMACHY altitude sensitivity has been taken into account
by applying the SCIAMACHY CH, column averaging kernels to the model vertical pro-
files. Of course, the expected anomaly since 2007 for this yearly repeated model is
zero. Nevertheless, a deviation from zero is a measure of the impact of sampling in
particular due to the different filter criteria after October 2005; e.g., the restriction to
land leads to a smaller seasonal cycle for the Southern Hemisphere being visible in
both the satellite and model data. Hence, the anomaly of the model is a lower bound
of the error of the observed SCIAMACHY anomaly. Neglecting other possible error
sources the anomaly of SCIAMACHY XCH, amounts to 8.5+0.5 ppb yr’1 for the North-
ern Hemisphere and 5.3+0.7 ppb yr'1 for the Southern Hemisphere. The contribution
of the restriction to land after October 2005 to the sampling error of the anomalies is
smaller than 0.2 ppb yr'1 as estimated by additionally restricting to land for the whole
time series and comparing the respective anomalies to the previously derived values.
Hence, the potential error of the anomalies induced by using land and ocean scenes
before and land only scenes after the end of October 2005 is small. This is a reason-
able result because the amount of available data over the ocean is comparatively thin,
anyway.

To assess the expected absolute values and temporal evolution of the increase at
least approximately, the SCIAMACHY data are also compared to the Marine Boundary
Layer reference matrix derived using NOAA/ESRL surface measurements from sites
which are believed to be representative of large well-mixed marine air masses (Dlu-
gokencky et al., 2010) and the data extension and integration techniques described
by Masarie and Tans (1995). The MBL reference data through 2009 are preliminary.
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As the phase of the seasonal cycle of methane can differ perspicuously for column-
averaged and surface data, only the deseasonalised trends for the hemispheric aver-
ages of the MBL reference matrix are shown in Fig. 12. The deseasonalised trends of
the satellite and surface data are in reasonable to good agreement in particular for the
Northern Hemisphere when considering the different absolute values of the data sets
because surface data are always higher than column-averaged data (note the different
y-axes). The derived surface anomaly values of 11.0 ppb yr’1 for the Northern Hemi-
sphere and 7.7 ppb yr‘1 for the Southern Hemisphere are only a coarse estimate of the
magnitude of the expected hemispheric column-averaged anomalies as seen by SCIA-
MACHY due to the limitations of comparability between surface and satellite trends
already explained in the discussion of the carbon dioxide results. In conformity with
expectations the actual corresponding SCIAMACHY values stated above are smaller
than for the surface measurements. Additionally, the northern hemispheric anomalies
for both data sets are higher than for the Southern Hemisphere (about 3 ppb yr‘1 in
both cases) further indicating that the values derived from the satellite data are consis-
tent with the surface measurements and seem reasonable.

According to Table 3, where also the results for other zonal averages are listed, the
largest increase of the SCIAMACHY data is observed for the tropics and northern mid-
and high-latitudes (~8 ppb yr'1 since 2007). The analysis of the seasonal variations
shows that the mean amplitudes of the seasonal cycles of the SCIAMACHY data and
the TM5 model typically differ by about 2—4 ppb for the analysed latitude bands.

5 Conclusions

This manuscript presented and discussed a long-term (2003—2009) global data set
of atmospheric carbon dioxide and methane column-averaged dry air mole fractions
retrieved from the spectral near-infrared/shortwave-infrared nadir observations of the
SCIAMACHY instrument onboard the European environmental satellite ENVISAT using
the improved version 2.0/2.1 of the scientific retrieval algorithm WFM-DOAS.
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To assess the quality of the data, we have performed comparisons with NOAA’s
global assimilation system CarbonTracker for carbon dioxide as well as with the TM5
model and surface measurements for methane focusing on seasonal variations and
long-term increase. The amplitudes of the seasonal cycles of the satellite retrievals for
the considered zonal averages are typically higher than for the model data: about 0.5—
1.5 ppm for CO, and about 2—4 ppb for CH,. The corresponding phases are generally
in reasonable to good agreement with the exception of southern hemispheric XCO,.
This systematic difference is ascribed to seasonally varying subvisual thin cirrus cloud
cover.

The continuous CO, increase with time is obvious in both the SCIAMACHY and Car-
bonTracker data. The retrieved annual mean increase is somewhat smaller than in the
model simulations, namely 1.8 ppm yr'1 compared to 1.9 ppm yr'1, but both data sets
agree within their error bars. To further examine the differences in the values of sea-
sonal amplitude and annual increase, comparisons with independent column-averaged
mole fraction data from ground-based Fourier Transform Spectrometers (FTS) are in-
tended for the future. However, such a quantitative comparison will not be trivial due
to the different averaging kernels of WFM-DOAS and FTS influencing the respective
absolute amounts of retrieved seasonal variability and annual increase. Therefore, the
differing sensitivities of the instruments have to be taken into account appropriately.

The investigation of the longitudinal gradients for boreal forests during the growing
season being valuable to infer regional fluxes shows good agreement between SCIA-
MACHY and CarbonTracker concerning inter-annual variability and absolute values of
the gradients for the overall region covering the bulk of the boreal forest area of the
planet. The satellite results point to a stronger North American boreal forest uptake
and a weaker Russian boreal forest uptake compared to CarbonTracker, although the
yearly gradients determined from the two data sets agree within their error bars. How-
ever, due to the additional coexistence of complex curved varying north-south gradi-
ents in the atmosphere no strong conclusions about the regional partitioning of total
flux strength can be drawn in the end.
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The SCIAMACHY methane data are consistent with surface measurements report-
ing a renewed increase of atmospheric CH, after years of near-zero growth. The
largest retrieved increase from the SCIAMACHY data is observed for the tropics and
northern mid- and high-latitudes amounting to about 8 ppb yr‘1 since 2007. However,
a comparison of the anomaly with long-term column-averaged model data would be
more suited to quantify the expected increase of the satellite data than the comparison
based on surface data presented here. Therefore, it is planned for the future to com-
pare the increase more quantitatively with the TM5 model being optimised versus the
highly accurate surface measurements from the NOAA/ESRL network once the model
runs are available for the whole time period 2003—2009 to assess the quality of the
absolute values of the retrieved anomaly in more detail.

Future research will also analyse to what extent the larger noise on the methane
data since November 2005 caused by detector degradation adversely affects the re-
trieval results when focusing on more regional applications which unavoidably leads
to less measurements being available for averaging. In this context it would also be
interesting to investigate if it is possible in certain circumstances by means of alterna-
tive calibration approaches to use detector pixels at wavelengths with strong methane
absorption in the Q-branch of the 2v4 band which are not serviceable when using the
standard calibration.
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Table 1. Mean amplitude of seasonal cycle and annual increase for SCIAMACHY and Carbon-
Tracker XCO, for the two hemispheres and other latitude bands (see main text for details).

Mean amplitude

Annual increase

1

Latitude band ~ seasonal cycle [ppmyr™']
[Ppm]
SCIA CT SCIA CT
NH 4.3+0.2 3.0+£0.1 1.82+0.16 1.93+0.10
SH 1.4+0.2 0901 1.74+0.19 1.91+0.06
30°N-90°N  4.9+0.1 35+0.1 1.90+0.20 1.89+0.11
30°S-30°N 1.3£0.2 0.7x0.1 1.74+0.14 1.93+0.06
30°5-90°S 1.5+0.3 0.7+0.1 1.88+0.27 1.90+0.05
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Table 3. Mean amplitude of seasonal cycle and observed annual anomaly since 2007 for
SCIAMACHY and TM5 XCH, for the two hemispheres and other latitude bands. The anomaly
of the model (2003 repeated) is an estimate of the impact of sampling because it is expected
to be zero and is therefore a lower bound of the error of the SCIAMACHY anomaly.

Mean amplitude Anomaly
Latitude band seasonal cycle since 2007
[opb] [ppbyr]
SCIA TM5(2003) SCIA  TM5(2003)
NH 13.8£2.4 9.4+0.4 8.5 -0.5
SH 10.2+3.5 8.5+1.7 5.3 -07
30°N-90°N  13.0£7.3 11.1x0.7 7.5 -0.7
30°S-30°N 7.4+3.4 5.1+0.9 8.1 -0.2
30°S-90°S  10.8+2.2 8.4+3.1 5.8 0.0
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200511+ I

Fig. 1. Pixel masks used for the WFMDv2.0 methane retrieval. The red line shows the CH,
absorption. Due to proceeding detector degradation in the spectral range used for the methane
column retrieval three different time periods are used. Since November 2005 only one remain-
ing detector pixel in the Q-branch (the spectral region where the strongest absorption occurs)
of the 2v5 methane band is serviceable.
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Fig. 2. Annual composite averages of quality filtered WFMDv2.1 XCO, for the years 2003—
2009. Also shown are the corresponding global means demonstrating the steady increase of g
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Fig. 3. Comparison of the SCIAMACHY (black) and CarbonTracker (red) XCO, for the Northern
Hemisphere (top) and the Southern Hemisphere (bottom) based on monthly means (coloured
circles). The saturated solid lines have been smoothed using a four-month Hann window (which
has a similar frequency response to a two-month boxcar filter but better attenuation of high
frequencies). The pale solid lines represent the corresponding deseasonalised trends. Shown
below are the derivatives of these deseasonalised curves corresponding to the current increase
at the considered point in time. Also noted are yearly mean values of the derivatives (in pale
colours) as well as the mean value of the whole time period on the right hand side.
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Fig. 4. Least-squares fit of CarbonTracker to SCIAMACHY XCO, for the Northern Hemisphere
after subtraction of the deseasonalised trend with a scaling factor as fit parameter showing that
an up-scaling of about 35% is needed to fit the amplitude of the seasonal cycle of Carbon-

Tracker to SCIAMACHY.
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Fig. 5. Selection of the regions for the boreal forest carbon dioxide uptake analysis. The
global conifer distribution can be extracted using specific thresholds on the retrieved albedos in
the three WFM-DOAS fitting windows (O,, CO,, and CH,). The fitting windows, used thresh-
olds, and spectral albedos of typical natural land surface types (reproduced from the ASTER
Spectral Library through the courtesy of the Jet Propulsion Laboratory, California Institute
of Technology, Pasadena, California ( 1999 California Institute of Technology) and the Dig-
ital Spectral Library 06 of the US Geological Survey) are shown in (a) demonstrating that only
conifers pass the three window spectral albedo threshold filter. The deduced boreal forest ex-
tent is illustrated in (b). The highlighted region is used for the following analysis because it
covers the bulk of the boreal forest area of the planet and the individual parts are equally sized
and span the same latitude range ensuring similar solar zenith angles for the corresponding
SCIAMACHY measurements.
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Fig. 6. Linear fits of the west-to-east longitudinal gradients of seasonally averaged (May—
August) SCIAMACHY (black) and CarbonTracker (red) XCO, during 2003—2008 for (a) North
America and (b) Russia weighted according to the standard deviations (shaded areas) of the
meridional averages (0.5° bins). The associated errors are derived from the square root of the
covariance of the linear fit parameter.
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Fig. 7. Annual west-to-east longitudinal XCO, gradients from SCIAMACHY (black) and Car-
bonTracker (red) for boreal forests during plant's growing season to infer the corresponding
carbon dioxide uptake of the terrestrial biosphere. The examined boreal forest region is com-
posed of the two equally sized regions in North America and Russia shown in green which was
motivated in Fig. 5. The gradients and associated errors are illustrated for (a) the overall region
(mean of the partial regions) and (b) the North American and (c¢) Russian part individually.
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Fig. 8. Seasonally averaged (May—August) SCIAMACHY (top) and CarbonTracker (bottom)
XCO, during 2003-2008 over the North American boreal forest slice motivated in Fig. 5 show-
ing the spatial pattern during plant’s growing season which leads to the longitudinal gradients
of Fig. 6a. The middle panel shows the gradients based on the smoothed pattern shown here
derived by fitting linear combinations of a Gaussian and a quadratic polynomial.
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Fig. 9. Seasonally averaged (May—August) SCIAMACHY (left) and CarbonTracker (right) XCO,
during 2003-2008 over North America demonstrating that there is also a complex curved north-
south gradient in the atmosphere during plant’s growing season. The corresponding latitudinal
gradients derived by fitting linear combinations of a Gaussian and a quadratic polynomial are
shown in the middle panel. The dotted pale straight lines are linear fits of the gradients.
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Fig. 10. As Fig. 2 but for WFMDv2.0 XCH,. Due to proceeding detector degradation in the
spectral range used for the methane column retrieval and the corresponding availability of con-
siderably less detector pixels the results since November 2005 exhibit larger scatter (see also
Fig. 11). For this reason and because of the larger noise over oceans the results after October
2005 are restricted to land only. The global means shown in the bottom right panel are re-
stricted to snow- and ice-free scenes over land because the systematic different sampling due
to stricter quality filtering before and after October 2005 would make the results potentially in-
comparable otherwise. As can be seen, after years of near-zero growth, the globally averaged
atmospheric methane started to increase again in recent years.
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Fig. 11. Monthly means of northern hemispheric SCIAMACHY WFMDv2.0 XCH, and corre-
sponding standard deviations demonstrating that the scatter since the pixel mask alteration at
the end of October 2005 is on average about twice as large. Nevertheless, the seasonal cycle
of the monthly means can still be clearly observed.
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Fig. 12. As Fig. 3 but for WFMDv2.0 XCH,4. The anomaly (numbers on the right border) is defined as the difference of
the mean values of the derivative of the deseasonalised trend after and before middle of 2006. Values one year around
the detector pixel mask alteration end of October 2005 (indicated by the dotted lines) are not considered because
systematic offsets due to the change are potentially distorting the deseasonalised trend (obtained by smoothing) and
its derivative. As the TM5 model is only available for 2003, the corresponding values are repeated every year to study
the amplitudes of the seasonal cycles and the impact of sampling on the observed anomaly because it is expected to
be zero for the repeated model if there is no sampling influence. Hence, the anomaly of the model is a lower bound of
the error of the observed SCIAMACHY anomaly. To assess the expected absolute values and temporal evolution of the
increase at least approximately, the SCIAMACHY data are also compared to the deseasonalised trend of the Marine
Boundary Layer reference matrix derived using NOAA/ESRL surface measurements averaged over the respective
hemisphere (blue). The MBL reference data through 2009 are preliminary.
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