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Abstract

The terrestrial biosphere is currently acting as a net carbon sink on the global scale
exhibiting significant interannual variability in strength. To reliably predict the future
strength of the land sink and its role in atmospheric CO, growth the underlying pro-
cesses and their response to a changing climate need to be well understood. In par-
ticular, better knowledge of the impact of key climate variables like temperature or
precipitation on the biospheric carbon reservoir is essential.

It is demonstrated using nearly a decade of SCIAMACHY nadir measurements that
years with higher temperatures during the growing season can be robustly associated
with larger growth rates in atmospheric CO, and smaller seasonal cycle amplitudes for
northern mid-latitudes. We find linear relationships between warming and CO, growth
as well as seasonal cycle amplitude at the 98 % significance level. This suggests that
the terrestrial carbon sink is less efficient at higher temperatures, which might lead to
future sink saturation via a positive carbon-climate feedback.

Quantitatively, the covariation between the annual CO, growth rates derived from
SCIAMACHY data and warm season surface temperature anomaly amounts to 1.25 +
0.32ppm yr'1 K=" for the Northern Hemisphere where the bulk of the terrestrial carbon
sink is located. In comparison, the relation is less pronounced in the Southern Hemi-
sphere. The covariation of the seasonal cycle amplitudes derived from satellite and
temperature anomaly is —1.30 £ 0.31 ppm K=" for the north temperate zone. These es-
timates are consistent with those from the CarbonTracker data assimilated CO, data
product indicating that the temperature dependence of the model surface fluxes is re-
alistic.

1 Introduction

The most important anthropogenic greenhouse gas carbon dioxide (CO,), which con-
tributes substantially to global climate change, has increased significantly in the at-
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mosphere since pre-industrial times as a result of human activities (Climate Change,
2007). Emissions from fossil fuel burning and land use change are estimated to be
Fios =8.3+£0.4 PgCyr'1 and F,; =1.0+£0.5PgC yr'1, respectively, for the time period
2002-2011 leading to an atmospheric CO, growth rate of 4.3+0.1 PgC yr'1 , Which cor-
responds to a total CO, airborne fraction of about 45 %. The residual natural net sink
is divided in 2.5+0.5 PgCyr'1 to the oceans and 2.6 £ 0.8 PgCyr'1 to the terrestrial
ecosystems (Le Quéré et al., 2013). Hence, the terrestrial carbon sink is responsible for
removing about one third of total anthropogenic CO, emissions from the atmosphere
and its variability is driven by short-term changes in climate with less removal during
warmer periods (Braswell et al., 1997; Houghton, 2000). This is attributed to metabolic
changes of the vegetation, whereby ecosystem respiration responds more sensitively
to temperature changes than photosynthesis-induced Gross Primary Production (GPP)
(Woodwell et al., 1998). Hence, despite GPP is typically increasing with temperature
under unstressed conditions, respiration is increasing proportionately more, yielding
reduced Net Ecosystem Exchange (NEE) (Myneni et al., 1995). In particular, a linear
relationship between the reduction of tropical land carbon storage and warming has
been proposed using an ensemble of models (Cox et al., 2013). On top of this, GPP is
reduced in the case of thermal or water stress due to stomatal closure to retain water
and to prevent the plant from drying out (Ciais et al., 2005).

Previous relevant studies used localised accurate in-situ surface measurements of
concentrations or fluxes. The interannual variability of boreal carbon uptake derived
from global column-averaged dry air mole fractions of atmospheric carbon dioxide (de-
noted XCO,) was first analysed by Schneising et al. (2011) and potentially attributed
to temperature differences using the SCIAMACHY instrument onboard the European
satellite ENVISAT (launched in 2002, end of mission declared in 2012) (Burrows et al.,
1995; Bovensmann et al., 1999). First results concerning the connection of seasonal
cycle drawdown minima and temperature using XCO, from the locally sparse but grow-
ing Total Carbon Column Observing Network (TCCON) (Wunch et al., 2011a) were re-
ported very recently by Wunch et al. (2013). Efforts to incorporate global satellite data
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from TANSO onboard GOSAT (launched in 2009) (Kuze et al., 2009) were limited to
only two years of data (Guerlet et al., 2013b; Wunch et al., 2013) rendering a robust
analysis of the interannual variability of the atmosphere-biosphere-interaction difficult.

In this manuscript, we present an analysis of variations of growth rates and seasonal
cycle amplitudes in response to interannual surface temperature anomaly variability
using long-term global satellite observations from SCIAMACHY. In contrast to other
satellite instruments, the measurements of SCIAMACHY and more recently TANSO
yield atmospheric CO, with high sensitivity down to the Earth’s surface, where the
sources and sinks are located. Taking advantage of the availability of almost a decade
of global XCO, retrievals from satellite, it is demonstrated in this study that significant
correlations (or anticorrelations) of the annual atmospheric CO, growth rate and sea-
sonal cycle amplitude with surface temperature anomaly during the growing season
are readily identified.

2 Data set

We analyse column-averaged dry air mole fractions of atmospheric carbon dioxide re-
trieved from SCIAMACHY onboard ENVISAT using Weighting Function Modified DOAS
(WFM-DOAS) (Buchwitz et al., 2005; Schneising et al., 2008, 2011, 2012; Heymann
et al., 2012) for the entire operational lifespan of the satellite. To minimise residual
systematic retrieval biases an additional (post-processing) correction based on mul-
tivariate linear regression is applied (Wunch et al., 2011b; Schneising et al., 2013;
Guerlet et al., 2013a). More precisely, we analysed correlations of the difference of the
WFMD retrievals to the 2011_oi release of the assimilation system CarbonTracker (Pe-
ters et al., 2007, http://carbontracker.noaa.gov) with state vector and parameter vector
elements or instrument and atmospheric parameters for the year 2007 at 7 observa-
tional sites used in CarbonTracker: Niwot Ridge (USA), Southern Great Plains (USA),
Mace Head (Ireland), Ochsenkopf (Germany), Lampedusa (ltaly), Assekrem (Algeria),
and Cape Ferguson (Australia). As the model-data-mismatch at these sites is small
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(A =0.0ppm, o, = 0.4ppm), it is assumed that the found correlations on this small
subset represent systematic retrieval errors existing all over the world and at all times.
Hence, the following correction is applied on Level 2 basis for the entire global multiyear
data set universally:

XCOZ = 0.9-XCO, - 36ppm%~'-OF" — 4ppm- /
- 1.8ppm-H,0P?® — 27 ppm - Ogara

~18.5ppm-v**' + 1ppm %" - COS" (1)
—135ppm-t+0.177ppmem2g~'-H,0
+ 237 ppm

Thereby, 05" and COj" are the retrieved column errors in % estimated from fit quality

and the diagonal elements of the covariance matrix (Schneising et al., 2008), / is the
sun-normalised radiance at 1560nm, and t is the SCIAMACHY nadir throughput at
750 nm derived by solar measurements. H,O?? is the ratio of the radiance at 1.4 um
to the clear-sky radiance minus 1, 03" is the ratio of the retrieved O, column to the a-

priori column determined by surface elevation, v is the geometric intra-annual solar
variability factor accounting for the variable distance of the Earth to the Sun, and H,O
is the simultaneously retrieved water vapour vertical column amount in gcm‘z. An ad-
ditional term (-0.5ppm pm'1 -f,) accounts for a small drift of the instrument slit function
before 2004, identified using retrieved slit functions of the Bremen Optimal Estimation
DOAS (BESD) XCO, algorithm (Reuter et al., 2010, 2011), where f, is the correspond-
ing slit function anomaly in pm. The resulting data set is referred to as WFMDv3.6. The
restriction to a single year for derivation of the linear regression parameters ensures
that all retrieved interannual variabilities are solely a feature of the satellite data and not
artificially introduced as a result of the post-processing correction. Figure 1 gives an
overview of the long-term global XCO, data set showing column-averaged dry air mole
fractions as a function of latitude and time. In addition to the pronounced seasonal
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cycle in the Northern Hemisphere due to the temporally varying imbalance between
photosynthesis and respiration of vegetation, the steady increase of atmospheric car-
bon dioxide primarily caused by the burning of fossil fuels is clearly observed.

Based on a comparison with ground-based Fourier Transform Spectrometer (FTS)
measurements of the Total Carbon Column Observing Network (TCCON) and Carbon-
Tracker results at 11 TCCON sites, namely Sodankyla (Finland), Biatystok (Poland),
Bremen (Germany), Karlsruhe (Germany), Orléans (France), Garmisch (Germany),
Park Falls (USA), Lamont (USA), Darwin (Australia), Wollongong (Australia), and
Lauder (New Zealand), we conclude consistently that the SCIAMACHY data set can
be characterised by a relative single measurement precision of about 3.9 ppm and a
relative accuracy quantifying regional biases of 1.0 ppm using single measurements
within radii of 350 km around the TCCON sites and the well-established comparison
method described in Reuter et al. (2011) and Schneising et al. (2012).

3 Results

To examine the interannual variability of the growth rates and seasonal cycle ampli-
tudes the SCIAMACHY results are compared to CarbonTracker release 2011_oi as-
similations (Peters et al., 2007, http://carbontracker.noaa.gov) taking the satellite alti-
tude sensitivity into account. CarbonTracker has been sampled at the time and location
of the SCIAMACHY measurements. As can be seen in Figs. 2 and 3, both time series
are highly correlated and exhibit consistent growth rates and seasonal cycle phases
in both hemispheres. The growth rates are derived by differentiation of the desea-
sonalised trends, which are obtained by using a 12-month running mean. Hence, the
deseasonalised trend is not available for the first and the last six months of the time se-
ries so that the years 2003 and 2011 are not entirely covered. As a consequence, the
analysis of growth rates is restricted to the years 2004—-2010. The same is true for the
seasonal cycle amplitudes obtained from the seasonal cycle maxima and minima of
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the detrended time series, which are derived by subtracting the deseasonalised trends
from the original time series.

3.1 Atmospheric growth rate

The mean values of growth rates of SCIAMACHY and CarbonTracker are in very good
agreement for both hemispheres. In the Northern Hemisphere the averaged yearly
increase amounts to 1.96 +£0.05 ppm yr'1 for SCIAMACHY and 1.94+0.05 ppm yr'1 for
CarbonTracker, whereas the mean growth is consistently a little smaller in the Southern
Hemisphere (1.89 +£0.05 and 1.90 £ 0.03 ppm yr'1 ). Besides the mean values, also the
temporal variability of the SCIAMACHY and CarbonTracker growth rates is in good
agreement in both hemispheres.

The variability of the CarbonTracker XCO, growth rate is directly driven by the total
land fluxes, which is reflected in significant correlations at the 99 % or rather 99.95 %
significance level for both hemispheres. Atmospheric transport only plays a minor role
when considering hemispheric means. An analysis of the covariation of CarbonTracker
annual land fluxes and atmospheric XCO, growth rates for the Northern Hemisphere
allows quantification of the contributions of the different flux components (biosphere,
fossil, and fire emissions) to the interannual variability of the atmospheric growth rates.
As a result, biospheric fluxes contribute strongest to the covariation of northern hemi-
spheric total flux and atmospheric CO, growth rate, while the contributions of the fossil
fuel and fire emission signatures are less pronounced, demonstrating that the bio-
spheric fluxes are predominantly driving the variability of the growth rate. The same
is true when restricting to fluxes during the growing season, which dominate distinctly
the variability of the annual total fluxes. The following partitioning of the components is
derived: a contribution of about 70 % of the biospheric fluxes, 25 % of fossil fuel, and
5% of fire emissions. Although fossil fuel emissions typically increase monotonically
from year to year for hemispheric means in contrast to the atmospheric XCO, growth,
they contribute perceptibly to the interannual variability of the growth rates in the North-
ern Hemisphere, because fossil fuel emissions slightly decreased by 1.3 % in 2009 as
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an exception to the rule due to the global economic crisis (Friedlingstein et al., 2010).
In the Southern Hemisphere biospheric fluxes are also the largest contributor to the
covariation, although the net biospheric sink is considerably smaller than in the North-
ern Hemisphere and hardly exceeds the fire emissions. Specifically, the contributions
amount to 65 % for the biospheric fluxes compared to 35 % for fire emissions, whereas
the influence of fossil fuel emissions is negligible in the Southern Hemisphere.

As the biospheric fluxes during the growing season have been identified to predom-
inantly drive the variability of the XCO, growth rate, the next logical step is to incor-
porate surface temperature, which influences the warm season biosphere. To analyse
the connection of temperature and atmospheric CO, growth, Fig. 2 also shows the
covariation of annual atmospheric growth rate and warm season surface temperature
anomaly (relative to the 2000-2010 mean) from the NASA Goddard Institute for Space
Studies (Hansen et al., 2010) for the Northern Hemisphere. To focus on the active
biosphere, the surface temperature anomalies throughout this manuscript are calcu-
lated excluding ocean, snow/ice, and barren or sparsely vegetated regions as provided
by the MODIS IGBP Land Cover product (Friedl et al., 2010). Both the SCIAMACHY
and CarbonTracker growth rates correlate significantly with the temperature anomaly
at the 98 % significance level exhibiting larger growth rates for warmer years. The
corresponding covariation amounts to 1.25+0.32 ppmyr'1 K~! for SCIAMACHY and
1.28 £ 0.28 ppm yr‘1 K=" for CarbonTracker indicating consistently that the efficiency of
the terrestrial carbon sink is decreasing with increasing temperature during the grow-
ing season, which is in line with the expected net response of plant metabolism to
warming. Using the conversion factor y = 2.128 PgC ppm'1 (Sarmiento et al., 2010) the
obtained temperature sensitivity can be rewritten as 2.7 £ 0.7 PgC yr'1 K. Although
not directly comparable due to different analysed regions and periods, this estimate
is consistent with temperature sensitivities derived from accurate in-situ surface mea-
surements (Wang et al., 2013) and lies in the range of results obtained from coupled
climate carbon cycle models (Cox et al., 2013).
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The relation is less pronounced in the Southern Hemisphere as can be seen in
Fig. 3 (0.93+0.38 ppm yr'1 K™ for SCIAMACHY and 0.88 +0.19 ppm yr'1 K~ for Car-
bonTracker). This seems to be reasonable because the bulk of the terrestrial carbon
sink is located in the Northern Hemisphere. However, the larger relative contribution of
fire emissions to the covariation in the Southern Hemisphere (35 % instead of negligi-
ble 5 %), which might also be correlated with temperature to some extent, complicates
the quantitative interpretation of the southern hemispheric covariations. The temper-
ature anomaly correlates significantly with the CarbonTracker growth rate at the 99 %
and with the SCIAMACHY growth rate at the 90 % significance level for the Southern
Hemisphere. When excluding the year 2004, where the growth rate might be potentially
underestimated by SCIAMACHY according to Fig. 3, one gets linear relationships at
the 98 % significance level, respectively, and covariations of 0.84 £ 0.20 ppm yr'1 K™
and 0.87 £ 0.21 ppm yr’1 K~! for SCIAMACHY and CarbonTracker.

3.2 Seasonal cycle amplitude

In contrast to the growth rates, the seasonal cycle peak-to-peak amplitude differences
between SCIAMACHY and CarbonTracker are significant in the Northern Hemisphere
(7.15+0.22 ppm compared to 6.27 £0.21 ppm), whereas they agree within errors in the
Southern Hemisphere (1.65 + 0.23 ppm compared to 1.47 £ 0.13 ppm). Thus, the re-
trieved SCIAMACHY seasonal cycle amplitudes are on average about 10-15 % larger
on both hemispheres. The results for several latitude bands are summarised in Table 1
showing that the largest relative discrepancy is obtained for the southern temperate
zone and that the best agreement is achieved for northern mid- and high-latitudes
where the satellite seasonal cycle is about 5% larger compared to CarbonTracker.
These seasonal cycle differences are roughly in line with differences found between
CarbonTracker and TCCON (Keppel-Aleks et al., 2012; Wunch et al., 2013).

To further analyse the response of the terrestrial carbon sink to changes in temper-
ature, Fig. 4 depicts the covariation of annual seasonal cycle amplitudes and Northern
Hemisphere warm season surface temperature anomaly for the north temperate zone,
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where most of the biospheric sink is located. Due to the decreased efficiency of the
terrestrial carbon sink at high temperatures, one would expect smaller seasonal cy-
cle amplitudes associated with warmer years. The found consistent covariations of
-1.30+0.31 ppm K~! for SCIAMACHY and —1.06+0.32 ppm K~ for CarbonTracker
confirm that this is actually the case. This anticorrelated variation of seasonal cycle
amplitudes with temperature anomaly during the growing season is detectable at the
98 % significance level, respectively. In combination with the variability of the atmo-
spheric growth rate described in the previous subsection, this provides a consistent
overall picture of the atmosphere-biosphere-interaction varying in response to surface
temperature changes.

To check the consistency, the analysis above is repeated for another SCIAMACHY
data set derived using the Bremen Optimal Estimation DOAS (BESD) algorithm (Reuter
et al., 2010, 2011). For details concerning the latest version BESDv02.00.08, in par-
ticular with respect to the applied (post-processing) bias correction, see Reuter et al.
(2013). The respective results are shown in Fig. 5. For the comparison with Fig. 4, it
has to be noted that the averaging kernels of WFMD and BESD, which are also applied
to CarbonTracker to take the satellite altitude sensitivities into account, differ quanti-
tatively (although the shapes are similar) with WFMD exhibiting larger sensitivity to
CO, changes at the surface. Hence, the retrieved seasonal cycle amplitudes of BESD
are systematically somewhat smaller than for WFMD, but consistently some percents
larger than the corresponding CarbonTracker values in both cases. This is also why
the derived covariations with temperature anomaly are smaller (-0.84 £ 0.62 ppm K™
for SCIAMACHY and -0.66 +0.26 ppm K= for CarbonTracker) compared to Fig. 4, but
again quantitatively consistent with each other and not significantly different compared
to the previously derived somewhat larger values for WFEMD sensitivity. In particular,
the CarbonTracker gradients in Figs. 4 and 5 are different, albeit not significantly, due
to the different averaging kernels of WFMD and BESD. Apart from this, the interannual
variabilities of the respective CarbonTracker seasonal cycle amplitudes (with WFMD
and BESD averaging kernels) are highly correlated (r = 0.97) indicating that the dif-
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ferent sampling patterns only marginally influence the obtained covariations. Although
the observed satellite covariations are about 25 % larger than the modelled ones for
both SCIAMACHY algorithms, the satellite and model estimates agree within the error
bars, respectively. Overall, we obtain consistent results using two independent retrieval
algorithms corroborating the found linear relationship between warm season surface
temperature anomaly and seasonal cycle amplitude.

4 Conclusions

Significant interannual variability of atmospheric CO, growth and seasonal cycle
strength was observed and ascribed to variations of the terrestrial biosphere, which
is currently acting as a net carbon sink. In this context, linear relationships between
the sensitivity of annual CO, growth rates and seasonal cycle amplitudes to growing
season surface temperature anomalies were identified using multiyear SCIAMACHY
nadir measurements. All derived covariations are quantitatively consistent with Car-
bonTracker assimilations indicating that the temperature sensitivities of the modelled
fluxes are realistic. The obtained correlations are detected at the 98 % significance
level, respectively. Thereby, warmer years can be associated with larger growth rates
and smaller seasonal cycle amplitudes providing a robust characterisation of the inter-
annual variability of a crucial part of the atmosphere-biosphere-interaction. The iden-
tified correlations suggest that the efficiency of the terrestrial carbon sink decreases
with warming, which could result in a potential future sink saturation as a consequence
of a positive carbon-climate feedback.

However, climate has several different effects on the biosphere and a potential feed-
back and its strength depend on how the individual processes respond and which
dominate in different temperature ranges. Due to the found simple linear relationship
between temperature anomaly and carbon uptake, decreasing NEE with increasing
temperature under unstressed conditions, which is dominated by warming-enhanced
respiration, might be interpreted to be the prevailing effect of temperature on the bio-
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sphere during the analysed time period. In that case, future climate change with an
increase of extreme weather conditions, e.g. heat waves or droughts, will have the ad-
ditional potential to further accelerate the positive feedback mentioned above due to
inhibited carbon uptake by vegetation caused by stomatal closure or enzyme denat-
uration. On the other hand, potential negative feedbacks, like CO, fertilisation, may
counter the proposed positive carbon-climate feedback, at least partially.

The ability to derive characteristics of the terrestrial carbon sink and its potential re-
sponse to a changing climate from satellite observations is promising and reinforces the
beneficial effect of a comprehensive monitoring system of accurate in-situ and satellite
measurements (Ciais et al., 2013), in which remote sensing of column-averaged mole
fractions of atmospheric carbon dioxide with global coverage offers complementary
information to the very exact and precise but inevitably sparse ground-based measure-
ments. In combination with inverse modelling such a system will potentially allow to
acquire improved knowledge of the carbon cycle, which is essential for better predic-
tion of future climate.
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Fig. 2. Comparison of the SCIAMACHY (black) and CarbonTracker (red) XCO, for the Northern
Hemisphere 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 derived using a 12-month running mean. Shown below
are the derivatives of these deseasonalised curves. Also noted are annual mean values of the
growth rate (in pale colours) as well as the mean value of the whole time period on the right
hand side. The bottom panel shows the covariation of annual atmospheric growth rates and
Northern Hemisphere warm season (April-September) surface temperature anomaly.
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Fig. 3. As Fig. 2 but for the Southern Hemisphere and Southern Hemisphere growing season

(December—May) surface temperature anomaly. Interactive Discussion
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Fig. 4. Comparison of the SCIAMACHY (black) and CarbonTracker (red) XCO, for the north
temperate zone (30° N—60° N) based on monthly means. Shown below are the detrended time
series obtained by subtracting the deseasonalised trends (pale solid lines). Also noted are
annual mean values of the seasonal cycle amplitudes (differences of maxima and minima of
detrended seasonal cycle) as well as the mean value of the whole time period on the right
hand side. The bottom panel shows the covariation of annual seasonal cycle amplitudes and
Northern Hemisphere warm season (April-September) surface temperature anomaly.
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Fig. 5. As Fig. 4 but for the BESD algorithm. The CarbonTracker amplitudes and the corre-
sponding gradient are different from Fig. 4 due to application of different algorithm-specific
averaging kernels (see main text for details).
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