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Point-by-point response:

Our point-by-point response to the reviews has been submitted via the ACP website and is already
online, see:

AC1: 'Reply to Anonymous Referee #1', Michael Buchwitz, 05 Jun 2018:
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pages).
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The Marked-up manuscript version is also attached to this document (at the end).

List of all relevant changes:

We have aimed at carefully addressing all referee comments (see our Point-by-point response). This
resulted in several major and minor modifications, which have been implemented for the revised
version of our manuscript (see Marked-up manuscript version). The most relevant changes are:

e Based on a comment from one of the referees we have slightly improved our method to
compute the annual mean growth rates. This resulted in slight changes of most of the
numerical values as listed in the paper (see marked-up manuscript version) and required to
regenerate most of the figures. These modifications, however, did not led to any major
modifications so that all general conclusions are still valid.

e We have added to few additional sentences to provide better explanations as requested by
the referees.

e Furthermore, we have implemented some minor text modifications at various places.
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We conclude that addressing the referee comments resulted in a significantly improved version of
our manuscript. We hope that the revised version of the manuscript meets the high standards of
ACP.

Michael Buchwitz on behalf of all co-authors

One the following pages please see

e ourresponse to the two referees and
e the marked-up manuscript version.




Reply to Anonymous Referee #1

We thank the referee for carefully reading our manuscript and for providing the critical review. In the following,
we provide answers to each of the referee’s comments and concerns.

Addressing these comments, concerns and questions helped us to prepare a significantly improved version of our
manuscript.

General comments

C1: Referee:

The paper describes the analysis of column-average dry-air mole fractions of CO2 observed by SCIAMACHY
and GOSAT. The data being analysed represent over a decade of substantial international efforts and is an amazing
accomplishment that is documented in many previous papers. The headline figures from this paper look impressive
but the subsequent analysis is weak and does not add much to the main paper. Below | substantiate these comments.
I recommend the paper be published but only after the major issues are addressed.

Author’s reply:

The primary objectives of the paper are
0] to present a new global data set, which has not yet been published in a peer-reviewed journal,
(i) to describe and apply a method to compute annual mean growth rates from this data set and
(iii) to interpret the variations of the derived annual mean growth rates.

The analysis of the annual CO, growth rates can be extended and enhanced e.g., by using appropriate and
comprehensive modelling and considering additional data sets. However, we consider that our analysis is a relevant
and important approach, which is independent of atmospheric model assumptions and uses available time series
of data. Below we explain how we plan to address the major and minor comments as given in the review in order
to improve the paper.

Major points

C2: Referee:

The authors will be acutely aware that it is difficult to compare NOAA ground-based data with XCO2 data from
ground-based or space-based remote sensing instruments. Columns are an integrated sum of many geographically
distributed sources and sinks from a range of times that have been distributed throughout the atmosphere.
Consequently, it is difficult to compare NOAA and XCO2 CO2 growth rates. Here, | am suggesting only that the
authors acknowledge this as a difficulty.

Author’s reply:

We agree that annual growth rates of CO, determined from the NOAA in situ ground based measurements, which
are very accurate but sparsely distributed, will not necessarily be identical with the annual growth rates computed
from measurements of the dry column atmospheric mixing ratios or mole fractions of CO, measured over cloud
free scenes from space.

Atmospheric CO; has different sources and sinks. Changes in the biological sources of CO, such as respiration
and bacterially initiated decomposition and oxidation of organic matter, contribute significantly to changes of the
CO, growth rate. Furthermore, CO- has a variety of geologic sources such as volcanic eruptions. Changes of the
amount of CO, from volcanic eruption may contribute to the mean annual CO, growth rate. A small amount of
CO2 is produced by the oxidation of CO initiated by OH. CO; is removed from the atmosphere by the biosphere
through photosynthesis on the land and in the ocean. This accounts for the removal of around half of the CO;
emitted each year. As is well known, CO is only significantly removed chemically or photochemically at high
altitude from the atmosphere by the reactions of O(1D), its short wave UV photolysis and ion-molecule reactions.
In the mesosphere and thermosphere, the column of CO; is only a small component of the total column. For
chemically long lived gases such as CO. differences in atmospheric ratio at any point in the atmosphere depends
on the time taken for CO2 to mix. After its release or removal, which takes place primarily at the surface or in the
boundary layer, the air mass with elevated or depleted CO is transported by advection and convection and mixes
into the atmosphere. This impacts on the horizontal and vertical distributions of CO,. The reduction of CO; as a
function of altitude enables the age of air mass to be estimated in the stratosphere, where vertical mixing is slow
and varies in the range 2-8 years. In the troposphere mixing times are faster than exchange between the troposphere




and the stratosphere. It therefore cannot be expected that annual mean growth rates computed from CO;
measurements at the surface are exactly identical with growth rates computed from XCO..

Nevertheless, growth-rates from NOAA are the de facto standard and therefore we think that it is very important
to show comparisons with this reference data set.

In order to better acknowledge this difficulty we will add the following sentence at the end of the paragraph, where
the comparison with the NOAA growth rates is presented: “Perfect agreement is not to be expected as these two
growth rate time series have been obtained from CO, observations, which represent very different vertical
sampling of the atmosphere (surface (NOAA) versus entire vertical column (satellite))”.

C3: Referee:

The global growth rates determined by XCO2 are | believe valid and physically meaningful. However, regional
growth rates (no matter how you divide the Earth) make little or no sense because of atmospheric transport that
moves air from one region (e.g. zonal band indicative of midlatitudes) to another. It is tempting to interpret regional
growth rates, but they are (strictly speaking) scientifically meaningless without understanding changes in
atmospheric transport. By (implicitly) ignoring atmospheric transport the authors are essentially assuming that
observed regional CO2 variations results exclusively from that region.

Author’s reply:

We are aware of the fact that atmospheric transport cannot be ignored in this context. In our manuscript, we have
not aimed at interpreting regional growth rates in terms of regional changes. In fact, we expect the growth rates to
be not exactly identical but similar (taking into account the uncertainty of our growth rate) due to atmospheric
transport and mixing. Therefore, we write: “Growth rate time series for several latitude bands are shown in Fig. 4.
As can be seen from Fig. 4, the growth rates are similar in all latitude bands including the global results (for
numerical values see Tab. 2). The reason for this is that atmospheric CO2 is long-lived and therefore well-mixed.”
The only figure where we aim at interpretation in terms of emissions and ENSO is Fig. 5 and here we only use the
derived global growth rates. Because we use a XCO2 data set that is spatially resolved, we think that it is important
to compute and discuss growth rates determined not only from globally averaged XCO2 but also from regionally
averaged XCO2. This is important as this tells us something about the quality of the satellite data set and of the
derived growth rates especially if one assumes that growth rates are expected to be similar for the selected regions.

To make the above argument clearer in the manuscript, we will add the following sentences in the paragraph,
where we discuss Fig. 4:

“As a result of atmospheric transport and mixing, similar mean annual CO, growth rates, within their
measurements error, are expected for all values derived at the different latitude bands. This behaviour is shown in
Fig. 4 and is interpreted as an indication of the good quality of the satellite XCO, data product and the adequacy
of the method used to compute the annual mean CO, growth rates.”

C4: Referee:

The authors’ attempt at quantifying the respective role of human emissions and ENSO on CO2 growth rates is
unfortunately (at least in this reviewer’s opinion) a fool’s errand. Our knowledge of human emissions is relatively
good but still poor. Liu et al 2017 (Science) showed contrasting tropical carbon cycle responses in response to
ENSO. These different responses will only complicate the correlative analysis of CO2 growth rate and ENSO
indices.

Author’s reply:

Our approach to quantify the different roles is based on our new growth rate time series and well-established other
time series. Our estimation method to quantify contributions from human emissions and ENSO is one attempt to
address this aspect but we do not claim that our approach is the best possible. We think however that our approach
is at least a reasonable and an important first step and we aimed at presenting our method as clearly as possible so
that readers can judge to what extent they find the corresponding result useful or not.

We do not consider the task of trying to separate the impact of human emissions and that of ENSO on the mean
annual CO- growth rate is a fool’s errand. Rather we consider our approach is an example of an Occam’s razor i.e.
in explaining a thing (here: the variation of the satellite-derived growth rate), no more assumptions should be made
than are necessary. Nevertheless, we agree that our growth rates may contain more information than extracted
using the method applied in our paper.




The interesting work of Liu et al 2017 (Science) uses a complex earth model, constrained by a limited number of
satellite observations in the tropics and other a priori knowledge, to identify different responses in the different
tropical continents to the surface flux of CO; and thus carbon. Our approach to quantify the different roles of
ENSO and anthropogenic fossil fuel emissions uses the reported time series of mean annual CO; growth rates and
well-established time series of ENSO indices and the known estimates of anthropogenic emissions from fossil fuel
combustion and industry. This approach is our attempt to address what we and others consider an important issue
viz: the attribution of growth rate variations to known anthropogenic emissions from fossil fuel combustion and
industry and to that from the impact of ENSO. The latter has many potential impacts on the earth system amongst
which are in the tropics the creation of regions of flooding and drought, increasing fire and biomass burning and
changing sea surface temperature. These effects all impact on the growth rate of CO; in different ways. However,
in this study we have not tried to separate the different impacts of ENSO. Rather in this study, we attribute the
importance of ENSO and the known anthropogenic fossil fuel combustion and industry sources to the observed
annual growth rates. Our results are not in conflict with this scientific finding of Liu et al 2017 (Science). The use
of our longer term time series of XCO; provides an opportunity when coupled with models to investigate the
regional impacts of ENSO both in the tropics and the extra tropics in a separate study.

Overall, we consider that our approach is relevant, reasonable and plausible. We describe our assumptions and the
derivation of the attribution clearly so that readers can reproduce the results, criticise our assumptions and make
improved analyses.

Minor points

C5: Referee:
Line 6. Geological processes are only a minor sink of CO2 over decadal scales. | applaud the authors being
comprehensive but this reviewer suggests a focus on the timescales that correspond to the analysis being presented.

Author’s reply:
For the revised version of the manuscript we will remove the link to geological processes in the introduction.

C6: Referee:
Line 10/11. Relating GtC/yr to ppm is an undergraduate exercise that barely needs a reference let alone two.

Author’s reply:
We will remove one of the two references keeping only the reference to Ballantyne et al., 2012.




Reply to Anonymous Referee #2

We thank the referee for carefully reading our manuscript and for providing a critical review. Below we provide
point-by-point answers to each of the referee’s comments and concerns. Addressing these comments, concerns
and questions helped us to prepare a significantly improved version of our manuscript.

General comments

C1: Referee:

This manuscripts computes the CO2 growth rate from a combination of two near infrared satellite sensors over
almost a decade and a half. The authors show that their estimated growth rates are in line with NOAA growth rates
computed from marine boundary layer sites, and variations in the growth rate are correlated with expected
mechanisms such as the ENSO cycle and anthropogenic emissions. This is all reasonable. However, | do not think
that Atmospheric Chemistry and Physics is the correct journal for publishing this manuscript, because the
manuscript does not present anything new about either the atmosphere or surface processes that influence the
atmosphere (my comments on variation partitioning follow later). What | learned from this manuscript is that the
merged XCO2 data product Obs4MIPs gives global CO2 growth rates that are reasonable, in line with other
estimates, and can be correlated with known factors influencing the carbon budget. This is a perfectly fine message,
but it’s primarily a message about the Obs4MIPs data product, and therefore a better venue for it would be an
alternative measurement- or data-focused journal such as Atmospheric Measurement Techniques or Earth System
Science Data. If the authors insist on publishing this in ACP and the editor agrees, | would strongly suggest making
this a technical note instead of a research article.

Author’s reply:

We agree that the manuscript would also be appropriate for a measurement- or data-focused journal and in fact we
carefully thought about this option before submission to ACP. We finally concluded that ACP is appropriate
because the interpretation of the satellite-derived XCO2 data set is a focus of the manuscript.

We do not consider that our manuscript is simply a technical note. It is true that the data set and the presented
analysis does not show obvious contradictions with current knowledge. However, the evidence base for current
knowledge is limited to the sparse but accurate ground based measurements of the in situ mixing ratios. We present
an independent data set of the dry column CO. mixing ratio or mole fraction, XCO2, and the first derived annual
mean growth CO; rates using this XCO2 data set. The values are similar to those derived from the ground based
in situ mixing ratio measurements. The novel nature of our manuscript is that we present
() a new global XCO2 data set covering more than a decade,
(ii) a method to compute annual mean growth rates from this data set,
(iii) a comparison with NOAA (de facto standard) growth rates, which agrees well and thereby validates
both approaches and
(iv) an interpretation of the derived growth rates to compare the impact of ENSO on the mean annual
CO2 growth rate with that from fossil fuel combustion and industry.

The analysis of XCO2 and the derived annual growth rates can be enhanced and extended, e.g., by using
appropriate and probably very comprehensive modelling and considering additional data sets. This would enable
regional surface fluxes to be assessed. However, we consider this as outside of the scope of the current manuscript.
Nevertheless, we consider our analysis as an important step in terms of interpreting the satellite-derived growth
rates. It provides independent and global knowledge about the annual mean CO; growth rate.

Our preferred option would be to publish this paper in ACP (as also supported by the other referee) but of course,
it is up to the Editor to decide.

C2: Referee:
Regardless of where this manuscript is published, there are a few issues that I would recommend the authors
address, which are as follows:

(1) 1 fail to see the significance of splitting the growth rate into latitude bands. The authors must be well aware
that such a split, while numerically possible, is impossible to tie to any set of surface processes because of
atmospheric mixing, since the interhemispheric mixing time is a year or less. What was the authors’ purpose behind
deriving growth rates in zonal bands?

Author’s reply:




One motivation of the approach taken was to assess the quality of the satellite XCO2 data product and of the
method developed to compute annual mean growth rates. We are aware of the fact that atmospheric transport
cannot be ignored and that transport and mixing will result in similar growth rates (compared to our uncertainty)
for different latitude bands. We expect the latitudinal annual CO2 growth rates and the global CO2 annual growth
rates to be very similar, which is what we find. Therefore, we write: “Growth rate time series for several latitude
bands are shown in Fig. 4. As can be seen from Fig. 4, the growth rates are similar in all latitude bands including
the global results (for numerical values see Tab. 2). The reason for this is that atmospheric CO2 is long-lived and
therefore well-mixed.”

In our manuscript, we have not aimed at interpreting regional growth rates in terms of regional changes. The only
figure where we aim at interpretation in terms of emissions and ENSO is Fig. 5 and here we only use the derived
global growth rate. Because we use a XCO2 data set that is spatially resolved, we think that it is important to
compute and discuss growth rates determined not only from globally averaged XCO2 but also from regionally
averaged XCO2. This is important as this tells us something about the quality of the satellite data set and of the
method used to compute growth rates. If there is a good reason, why the growth rates should be similar for all
regions (see above) and if the satellite data set would not show this, then this would indicate that the satellite data
or the method usedf to compute growth rates from these data would suffer from a potentially serious problem. We
therefore think that it is important to compute and discuss not only growth rates computed from the global data set
but also from regional sub-sets. To make this clearer we will add the following text in the paragraph, where we
discuss Fig. 4:

“As a result of atmospheric transport and mixing, similar mean annual CO2 growth rates, within their
measurements error, are expected for all values derived at the different latitude bands. This behaviour is shown in
Fig. 4 and is interpreted as an indication of the good quality of the satellite XCO2 data product and the adequacy
of the method used to compute the annual mean CO2 growth rates.”

C3: Referee:

(2) While computing the global average XCO2, did the authors account for differing surface areas at different
latitudes? There is less atmospheric mass at high latitudes, and unless this is taken into account, a straight-up
averaging of gridded XCO2 globally is not going to give the correct mean CO2 mole fraction, which would
invalidate its link with the global flux. It’s not clear from the manuscript if the authors already took care of this
(the NOAA estimate includes proper weighting by surface area [Ballantyne et al, 2012]).

Author’s reply:

For the revised version of the manuscript, we have improved the description of our method taking the referee’s
comment into account. Instead of unweighted averaging, we will compute monthly XCO2 values for global or
regional averages by weighting with the latitude dependent area, i.e., by weighting with the cosine of latitude. To
explain this we will add these sentences: “To compute the spatially averaged XCO2 time series (shown in Fig. 2a),
we first longitudinally average the XCO2 followed by the computation of the area-weighted latitudinal average of
XCO2 by using the cosine of latitude as weight. We consider surface area because surface fluxes are linked to
mass of CO2 (or number of CO2 molecules) rather than molecular mixing ratios or mole fractions.”. Our analysis
shows that this leads to minor changes of most of the numbers, figures and tables presented in our initial manuscript
but it will not affect any major conclusion.

C4: Referee:

(3) Every EI Nifio is different. Some cause large changes in ocean fluxes, while others cause large changes in land
fluxes, which in turn can either be ecosystem-driven or fire-driven [Sarmiento et al, 2010]. The growth rate in
global CO2 is a combination of all possible factors. To try and correlate this growth rate with an ocean-only
indicator like ONI or SOI is a drastic oversimplification. To then use that correlation to infer the percentage
variation in the growth rate due to ENSO (as opposed to fossil fuel emissions) is even less robust. If the authors
really want to dig into the factors behind CO2 variability, | would suggest some index more strongly tied to the
terrestrial biosphere, such as biomass-weighted precipitation or temperature anomalies, which in turn are
influenced by ENSO.

Author’s reply:

We agree that the relationship between atmospheric CO2 growth rate variations and underlying source/sink related
processes is a very complex one. We would like to contribute to a much better understanding of these links but we
acknowledge that our manuscript is very limited in this respect. We have used ONI and SOI as proxies for ENSO
and ENSO-related effects because these are well-established indices. Our objective was to compare the impact of




ENSO on the annual mean growth rate as compared to that of the emission from fossil fuel combustion and
industry. This goal we have achieved. More detailed analysis of the impact of the individual ENSO cycles on the
biosphere and the land requires comparison with complex earth system models.

C5: Referee:

(4) SCIAMACHY sensors were degraded a few years into flight, influencing the precision of retrieved XCH4
[Frankenberg et al, 2011]. Was a similar effect seen for retrieved XCO2? If so, why doesn’t that should up as
larger errors bars in figure 3(c) after 20067

Author’s reply:

SCIAMACHY XCHA4 is retrieved from a different spectral region than XCO2. The spectral region beyond 1.6
microns in SCIAMACHY used Ge doped InGaAs detectors. These detectors were more sensitive to high energy
proton bombardment. Individual detector pixels after being impacted by a high energy proton had increased noise.
This effect indeed made the XCH4 error larger but the XCO2 data product is not impacted by this effect.
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Abstract. The growth rate of atmospheric carbon dioxide (CO>) reflects the net effect of emissions and uptake
resulting from anthropogenic and natural carbon sources and sinks. Annual mean CO; growth rates have been
determined globally and for selected latitude bands from satellite retrievals of column-average dry-air mole
fractions of CO,, i.e., XCO, for the years 2003 to 2016. The global XCO, growth rates agree with National
Oceanic and Atmospheric Administration (NOAA) growth rates from CO; surface observations within the

uncertainty of the satellite-derived growth rates (mean difference + standard deviation: 0.0+0.3 ppm/year; R: A celoscht: 24

0.82). This new and independent data set confirms record large growth rates around 3 ppm/year in 2015 and A celsscht: 7

2016, which are attributed to the 2015/2016 EI Nifio. Based on a comparison of the satellite-derived growth rates
with human CO; emissions from fossil fuel combustion and with El Nifio Southern Oscillation (ENSO) indices,
we estimate by how much the impact of ENSO dominates the impact of fossil fuel burning related emissions in

explaining the variance of the atmospheric CO. growth rate.
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1 Introduction

Atmospheric carbon dioxide (CO,) is an important greenhouse gas that causes global warming (IPCC 2013).
Sources that emit CO; into the atmosphere include anthropogenic and natural sources at the surface, and the
oxidation of carbon monoxide and hydrocarbons in the atmosphere. The sinks that remove CO; primarily at the
surface include biological (photosynthesis)_and, physical (solubility) processes, Anthropogenic emissions of CO,

primarily from fossil fuel combustion, have increased the atmospheric CO, mixing ratios at the surface by more
than 40% since pre-industrial times, from less than 280 parts per million (ppm) to 402.84+0.1 ppm in 2016
(Dlugokencky and Tans, 2017a). A global increase of atmospheric CO, by 1 ppm in a one-year time period

corresponds to an annual increase of 2.12 GtCl/year (Ballantyne et al., 2012). However, this increase in mass does
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not directly correspond to the emissions. The reason is that only a fraction of the emitted CO, remains in the
atmosphere as CO: is partitioned between the atmosphere and ocean and land carbon sinks. On average,
somewhat less than half of the emitted CO, remains in the atmosphere but this “airborne fraction” varies

substantially from year to year (Le Quéré et al., 2016, 2018). Variations of the airborne fraction are not well

/[ Geloscht:

~

understood primarily because of an inadequate understanding of the terrestrial carbon sink, which introduces
large uncertainties for climate prediction (e.g., IPCC 2013; Peylin et al., 2013; Wieder et al., 2015; Huntzinger et
al., 2017). Identification of the origin of changes of the growth rate requires additional information for the
attribution to particular sources or sinks (Peters et al., 2017). Atmospheric CO, growth rates inferred from in-situ
CO; surface measurements are regularly determined and published, for example, by the National Oceanic and
Atmospheric Administration (NOAA) (see https://www.esrl.noaa.gov/gmd/ccgg/trends/gr.html). In this study, we

present and interpret atmospheric growth rates determined from the remote sensing of CO; vertical columns from
space, which are described in the following section.

2 Global satellite observations of atmospheric CO; columns

Satellites provide retrievals of CO; vertical columns in terms of the CO. column-average dry-air mole fraction,
denoted XCO,. Although a relatively new field, satellite-based XCO; data products have already been used to
improve our knowledge of natural (e.g., Basu et al., 2013; Maksyutov et al., 2013; Chevallier et al., 2014; Reuter
et al., 2014a; Schneising et al., 2014; Houweling et al., 2014; Parker et al., 2016; Heymann et al., 2017; Liu et al.,
2017; Kaminski et al., 2017) and anthropogenic (e.g., Schneising et al., 2013; Reuter et al., 2014b; Kort et al.,
2012; Hakkarainen et al., 2016; Nassar et al., 2017) CO, sources and sinks but only a few studies explicitly
present and discuss CO, growth rates. Buchwitz et al., 2007, analyzed the first three years (2003-2005) of XCO-
retrievals from SCIAMACHY/ENVISAT (Burrows et al., 1995; Bovensmann et al., 1999) generated using the
WFM-DOAS retrieval algorithm (Buchwitz et al., 2006). They computed year-to-year CO, variations and
compared the XCO; increase with the XCO; increase computed from the output of NOAA’s CO, assimilating
system CarbonTracker (Peters et al., 2007) and found agreement within 1 ppm/year. Schneising et al., 2014,
computed growth rates from the 2003-2011 SCIAMACHY XCO; record. They compared the derived annual
growth rates with surface temperature and found that years having higher temperatures during the vegetation
growing season are associated with larger growth rates in atmospheric CO; at northern mid-latitudes. Growth
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rates from GOSAT (Kuze et al., 2016) are published by the National Institute for Environmental Studies (NIES),
Tsukuba, Japan (NIES 2017).

In this study, we analyze a new satellite XCO, data set covering 14 years (2003-2016) generated from
SCIAMACHY/ENVISAT and TANSO-FTS/GOSAT. We use the XCO, data product Obs4MIPs (Observations
for Model Intercomparisons Project) version 3 (O4Mv3), which is a gridded (Level 3) monthly data product at 5°
latitude by 5° longitude spatial resolution in Obs4MIPs format (Buchwitz et al., 2017a). Obs4MIPs
(https://www.earthsystemcog.org/projects/obs4mips/) is an activity to make observational products more

accessible for climate model intercomparisons (e.g., Lauer et al., 2017). The O4Mv3 XCO; data product was
generated by gridding (averaging) the XCO, Level 2 (i.e., individual soundings) product generated with the
Ensemble Median Algorithm (EMMA, Reuter et al., 2013). EMMA uses as input an ensemble of XCO; Level 2
data products (Buchwitz et al., 2015, 2017a, 2017b; Reuter et al., 2013) from SCIAMACHY/ENVISAT and
TANSO-FTS/GOSAT. To generate the O4Mv3 product, the EMMA version 3.0 (EMMAV3, Reuter et al., 2017¢)
product was used. The list of satellite products used for the generation of the EMMAV3 Level 2 product - and
therefore also for the O4Mv3 Level 3 data product used in this study - is provided in Tab. 1. The quality of this
product relative to Total Carbon Column Observing Network (TCCON) ground-based observations (Wunch et
al., 2011, 2015) can be summarized as follows (Buchwitz et al., 2017c): +0.23 ppm overall (global) bias, relative

accuracy 0.3 ppm (1-sigma), and very good stability in terms of linear bias trend (-0.02+0.04 ppm/year).

Figure 1 presents an overview of the O4Mv3 product in terms of time series and global XCO, maps. The maps
show the typical coverage of XCO, from SCIAMACHY (until April 2012) and GOSAT (since mid 2009). As can
be seen, the time series for the three latitude bands shown in Fig. 1 have very similar slopes. They mainly differ
in the amplitude of the seasonal cycle, which reflects the latitudinal dependence of uptake and release of
atmospheric CO, by the terrestrial biosphere (Schneising et al., 2014). These time series have been used to
compute annual mean CO; growth rates as will be explained in the following section.

3 Atmospheric CO; growth rates from satellite observations

National Oceanic and Atmospheric Administration (NOAA) defines the annual mean CO, growth rate for a given
year as the CO; concentration difference at the end of that year minus the CO concentration at the beginning of
that year (Thoning et al., 1989; see also additional explanations as given on the NOAA/ESRL website

(https://www.esrl.noaa.gov/gmd/ccgg/about/global_means.html)). We adopt this definition. As described below,

our method involves the following three steps: (i) Computation of an XCO; time series (at monthly resolution
and sampling) by averaging the XCO: in the region of interest. (i) Computation of monthly sampled XCO;
annual growth rates by computing the difference of the XCO- value of month i minus the XCO, value of month i-
12 and computation of the corresponding uncertainty estimate. (iii) Computation of annual mean growth rates and

their corresponding uncertainties from the monthly sampled annual growth rates.

In the following, this method is described in detail using Fig. 2 for illustration. Figure 2 shows how the growth
rates are computed for the latitude band 30°N-60°N, i.e., for northern mid-latitudes. In Figure 2a monthly satellite
XCO; (04Mv3), as obtained by averaging all the individual (5°x5°) XCO, values in the selected latitude band, is


https://www.earthsystemcog.org/projects/obs4mips/
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plotted. To compute the spatially averaged XCO, time series (shown in Fig. 2a), we first longitudinally average /[ Formatiert

: Tiefgestellt

the XCO, followed by the computation of the area-weighted latitudinal average of XCO, by using the cosine of _—{ Formatiert

: Tiefgestellt

\ .
latitude as weight. We consider surface area because surface fluxes are linked to mass of CO, (or number of CO, { Formatiert

: Tiefgestellt

molecules) rather than molecular mixing ratios or mole fractions. As can be seen, the computed time series does \%

not start at the beginning of 2003 but in April 2003. As explained in Buchwitz et al., 2017d (see discussion of
their Fig. 6.1.1.1) the underlying SCIAMACHY BESD v02.01.02 XCO, data product (see Tab. 1) apparently
suffers from an approximately 1 ppm high bias in the first few months of 2003. The exact magnitude of this bias
has not been quantified due to lack of TCCON validation data in this early time period. As this bias in early 2003
is critical for the year 2003 growth rate, we have omitted the first three months of 2003 for the computation of the
growth rates shown in this publication.

Figure 2b shows monthly sampled annual growth rates as computed from the monthly XCO, values shown in
Fig. 2a. Each value is the difference of two monthly XCO, values corresponding to the same month (e.g.,
January) but different years (e.g., 2004 and 2005). For example, the first data point (first diamond symbol) shown
in Fig. 2b is the difference of the April 2004 XCO; value minus the April 2003 XCO; value. The second data
point corresponds to May 2004 minus May 2003, etc. The time difference between the monthly XCO, pairs is
always one year and the time assigned to each XCO; difference is the time in the middle of that year. Therefore,
the time series shown in Fig. 2b starts six months later and ends six months earlier as compared to the time series
shown in Fig. 2a. Each XCO; difference shown in Fig. 2b therefore corresponds to an estimate of the XCO,
annual growth rate and the position on the time-axis corresponds to the middle of the corresponding one-year

time period.

A 1-sigma uncertainty estimate has been computed for each of the monthly sampled annual growth rates shown
in Fig. 2b (see grey vertical bars). They have been computed such that they reflect the following aspects: (i) the
standard error of the O4Mv3 XCO; values as given in the O4Mv3 data product file for each of the 5°x5° grid
cells, (ii) the spatial variability of the XCO, within the selected region, (iii) the temporal variability of the annual
growth rates in the one year time interval, which corresponds to the annual growth rate, and (iv) the number of
months (N) with data located in that one year time interval. The uncertainties have been computed as the mean
value of three terms divided by the square root of N. The first term is the mean value of the standard error, the
second term is the standard deviation of the XCO; values in the selected region and the third term is the standard
deviation of the monthly sampled annual growth rates in the corresponding one-year time interval.

Figure 2c shows the final result, i.e., the annual mean XCO, growth rates and their estimated (1-sigma)
uncertainties. The annual mean growth rates have been computed by averaging all the monthly sampled annual
growth rates (shown in Fig. 2b), which are located in the year of interest (e.g., 2003). For most years, 12 annual
growth rate values are available for averaging but there are some exceptions. For example, for the year 2003 only
3 values are present as can be seen from Fig. 2b and for the years 2014 and 2015 there are only 11 values as no
data are available for January 2015 due to issues with the GOSAT satellite. The uncertainty of the annual mean
growth rate has been computed by averaging the uncertainties assigned to each of the monthly sampled annual
growth rates (shown as grey vertical bars in Fig. 2b) scaled with a factor, which depends on the number of

months (N) available for averaging. This factor is the square root of 12/N. It ensures that the uncertainty is larger,
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the less data points are available for averaging. Overall, our uncertainty estimate is quite conservative, as we do
not assume that errors improve upon averaging. As a result of this procedure, the error bar of the year 2003
growth rate is quite large (0.72 ppm/year, see Tab. 2, where all numerical values are listed). This is because the

/[ Geldscht: 69

monthly sampled annual growth rate varies significantly in 2003 (see Fig. 2b) and because only N=3 data points

are available for averaging in 2003. In contrast, the year 2005 growth rate uncertainty is much smaller (O.2§L/[ Geléscht: 5

ppm/year) because the growth rates vary only little during 2005 and because N=12 data points are available for

averaging.

Figure 3 shows the corresponding results for the global data set. As can be seen, all time series are similar to the
ones shown in Fig. 2 for northern mid-latitudes. However, there are also difference, e.g., the seasonal cycles as
shown in Fig. 2a and Fig. 3a. For northern mid-latitudes (Fig. 2a) the shape of these cycles is very similar for all
years in contrast to the global data shown in Fig. 3a. This is due to spatial sampling differences as the first few
years (until 2008) are “land only” data as the SCIAMACHY XCO:; is limited to observations over land whereas
GOSAT XCO; (from 2009 onwards) is not restricted to land (see global maps shown in Fig. 1). For the northern
mid-latitude region the land coverage dominates (see global map in Fig. 2a). Therefore, for northern mid-latitudes
SCIAMACHY and GOSAT sample similar regions, in contrast to the global region (Fig. 3), where the spatial
sampling differences are larger. In Fig. 3c also the NOAA global growth rates (Dlugokencky and Tans, 2017b)
are shown. As can be seen, the satellite-derived growth rates agree well with the NOAA growth rates obtained

from CO surface observations. For the time period 2003-2016 the linear correlation coefficient R is 0.82,and the

/[ Geloscht: 7

difference is -0.02+0.28 ppm/year (mean difference + standard deviation). Perfect agreement is not to be /[Ge|csscht:4

expected as these two growth rate time series have been obtained from CO, observations, which represent very /[ Formatiert: Tiefgestellt

different vertical sampling of the atmosphere (surface (NOAA) versus entire vertical column (satellite)).

Growth rate time series for several latitude bands are shown in Fig. 4. As can be seen from Fig. 4, the growth
rates are similar in all latitude bands including the global results (for numerical values see Tab. 2). The reason for

this is that atmospheric CO; is long-lived and therefore well-mixed. As a result of atmospheric transport and mixing,

/[ Formatiert: Nicht Hervorheben

similar mean annual CO, growth rates, within their measurements error, are expected for all values derived at the different

latitude bands. This behaviour is shown in Fig. 4 and is interpreted as an indication of the good quality of the satellite XCO,

data product and the adequacy of the method used to compute the annual mean CO, growth rates. As can also be seen

from Fig. 4, the largest growth rates are approximately 3 ppm/year during 2015 and 2016. These record large
growth rates (Peters et al., 2017) are attributed to the consequences of the strong 2015/2016 El Nifio event, which
produced large CO, emissions from fires and enhanced net biospheric respiration in the tropics relative to normal
conditions (Heymann et al., 2017; Liu et al., 2017). Many of these fires are initiated by humans, for example, to
clear tropical forests. In this study, human emissions of CO. are defined as emissions from fossil fuel combustion

and industry (Le Quéré et al., 2016, 2018) but do not include, for example, CO, emissions originating from slash

/[ Geldscht: 7

and burn agriculture.

4 Correlation of CO; growth rates with fossil CO, emissions and ENSO indices

Figure 5 shows a comparison of the CO, annual mean growth rates (Fig. 5a) with annual global CO. emissions
from fossil fuel combustion and industry (Fig. 5b) (Le Quéré et al., 2018; GCP 2017) (correlation of growth rate

/[ Geldscht: 7
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and human emissions: R?= 31%). As can be seen, the growth rates vary significantly in recent years despite /[Gelcsscht: 2

nearly constant human emissions. Figure 5d shows two ENSO indices: the Southern Oscillation Index (SOI, blue
lines) (NOAA 2017a; Ropelewski and Jones, 1987) and the Oceanic Nifio Index (ONI, green lines) (NOAA
2017b). Whereas SOl is defined as the normalized pressure difference between Tahiti and Darwin (values less
than -1 indicate the presence of a strong EI Nifio), ONI is based on Sea Surface Temperature (SST) differences
(positive values correspond to El Nifio). The dotted lines correspond to the original (i.e., unshifted) annual mean
indices and the solid lines correspond to time shifted ENSO indices. Time shifts have been investigated to

consider the delay in atmospheric response to ENSO-induced changes. As shown in Fig. 5c, the growth rate

response as quantified by R? is largest after 4 months for ONI (R? = 35%) and after 7 months for SOI (R? = 30%). _—{ Gelsscht: 7

These maxima have been adopted for the solid (shifted) lines in Fig 5d. This finding is consistent with results ~{cetoscht: forbotn cases

from other studies, where lags in the range 3-9 months have been reported (Jones et al., 2001; Chylek et al.,
2018).

In order to quantify the impact of the human CO; emissions and of ENSO, as described by the two indices SOI
and ONI, on growth rate variations, we employ the method of “variation partitioning” (Peres-Neto et al., 2006).
We have fitted three basis functions to the 2003-2016 growth rate time series via linear least-squares
minimization (we explain the method in this paragraph using SOI but the method does not depend on which
ENSO index is used): (i) a constant offset (variance zero), (ii) the human CO; emissions (Fig. 5b) and (iii) SOI

shifted by 7 months (blue solid line in Fig. 5d). The variance of the scaled emission, i.e., of the human emission

w

scaled with the corresponding fit parameter, is 0.0758 ppm?®/year? (note that in this section we report numerical /[Gemscht: 4

values with four digital places but this shall not imply that all decimal places are significant). The variance of the

i

scaled SOI is 0.107Q, ppm?/year® and the variance of the fit residual is 0.0728 ppm?/year”. The sum of the three _{ Geloscht: 128

individual variances is 0.2557, ppm%year? whereas the variance of the annual mean growth rate is 0.2307 #{Ge'é“ht
_ | Geloscht:

o

11

ppm?/year?. This shows that the sum of the variances is 10.8% larger than the variance of the growth rate, i.e., the \[ Gelbsoht.

3]

(D

sum of the variances is not exactly equal to the variance of the sum. The reason for this is that the CO, emission

and the SOI time series are not uncorrelated (R = 0.14). To account for correlations, we subtract the variance of __—{ Geloscht: -

the residual from the variance of the growth rate. The result is the part of the variance to be explained by the

emissions and by the SOI. The ratio of this to be explained variance (0.1579 ppm%year?) and the sum of the { Geloscht: 617

variances of the emissions and SOI ((0.0758, + 0.1070) ppm?/year® = 0.1828 ppm?/year?) is 0.8638, The latter is _{ Geloscht: 43

then used as a scaling factor applied to the variances of the emissions and of the SOI. The scaled variances are { Getoscht: 128

Gel6scht: 71

0.0655, ppm?/year? for the emissions and 0.0924 ppm?/year® for SOI (note that the sum of these scaled variances

Geloscht: 45

and the variance of the residual is equal to the variance of the growth rate). From this we conclude that the human Geloscht: 42

emissions explain 28% (= 0.0655/0.23Q7) of the variance of the growth rate and that ENSO as quantified by the Geldscht: 75

SOI explains 40% (= 0.0924/0.230,7). We computed (1-sigma) uncertainties of these estimates by numerically Geloscht: 7

Geloscht: 42

perturbing the satellite-derived annual mean growth rates taking into account their uncertainty (see Fig. 4) and by Geloscht. 5

subsequently repeating the computations as explained above 10,000 times. The perturbations correspond to Geloscht: 1

random perturbations of the annual mean growth rates assuming normal distributions for each year and no Geloscht: 75

Geloscht: 5

7 7

correlation between the different years. This analysis yields that 40;+13% of the growth rate variation results from

777{ Geloscht: 1

the impact of ENSO and that 28+14% is due to the human emissions of CO,. Using these simulations, we also ' Gelsscht: 7
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computed the fraction of cases where the ENSO impact dominates over the human emissions. This fraction is
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63% in this case, i.e., when using SOI and when the analysis is applied to the entire time period 2003-2016. This ///[ Geldscht:

o

fraction is interpreted as the probability that ENSO-induced impacts on the variation of the growth rate dominates

that of human emissions.

When using ONI instead of SOI, ENSO explains 37£14% of the growth rate variance during 2003-2016, human /[ Geléscht:

<)

emissions explain 24+14% and the fraction where ENSO dominates is again 63%. When restricting the time /[ Geldscht:

[N)

period to 2010-2016, which is dominated by strong 2010/2012 La Nifia events (Boening et al., 2012; Rodrigues et - {celosen:

w

Gelbscht:

o

U U

al., 2014) and by the strong 2015/2016 El Nifio, the results are the following: Using the SOI analysis, we find that

ENSO explains 58+19% of the variance, human emissions explain 2+9% and the probability that ENSO _{ Gelsscht:

dominates is 94%. For the ONI analysis, we find that ENSO explains 59+20% of the variance, human emissions

Geloscht:

Geloscht:

CO; growth rate variations dominates over that of human emissions throughout the period 2003-2016 but in

Geloscht:

\{G I6scht:
explain 3+9% and the probability that ENSO dominates is 94%. This analysis shows that the ENSO impact on \[ —

particular in the second half of this period, i.e., during 2010-2016.

o |[Nn|fofo|r o
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5 Conclusions

We presented a method for the computation of atmospheric CO, column annual mean growth rates from satellite
XCO; retrievals. The satellite XCO, data product used is the Obs4MIPs version 3 (O4Mv3) XCO; data product
based on SCIAMACHY/ENVISAT and TANSO-FTS/GOSAT satellite data. This product covers the time period
2003-2016 and has monthly time and 5°x5° spatial resolution.

The presented method has been applied to the global satellite data and to selected latitude bands. The estimated
uncertainty of the satellite-derived annual mean growth rates is typically in the range 0.3-0.5 ppm/year (1-sigma).
The global growth rates agree with NOAA within the uncertainty of the satellite-derived growth rates (mean

difference + standard deviation: 0.0+0.3 ppm/year; R: 0.82). In agreement with NOAA, we find that the growth ~_{ Gelsscht:

rates are largest in the years 2015 and 2016. These growth rates are around 3 ppm/year and are attributed to the

~—~
\£ Geldscht:

]

2015/2016 EI Nifio resulting in large CO. emissions from fires and enhanced net biospheric respiration in the
tropics relative to normal conditions (Heymann et al., 2017; Liu et al., 2017). Our analysis also shows that the
ENSO impact on CO, growth rate variations dominates over that of human emissions throughout the period
2003-2016 (14 years) but in particular during the period 2010-2016 (second half of the investigated time period)
due to strong La Nifia and El Nifio events. We estimate the probability that the impact of ENSO on the variability

is larger than the impact of human emissions to be 63% for the time period 2003-2016. If the time period is ~{ celoscht:

o

restricted to 2010-2016 this probability increases to 94%. _{cetoscht:

-95

In the future, we plan to regularly update the satellite-derived XCO, growth rates to monitor this important
quantity. This will also include satellite XCO- retrievals from other satellite instruments such as XCO, from
NASA’s OCO-2 mission (e.g., Eldering et al., 2017; Reuter et al., 2017c, 2017d).
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Figure 1. Time series and global maps of satellite-derived column-average dry-air mole fractions of carbon
dioxide, i.e., XCO,. Shown is data product Obs4MIPs version 3 (O4Mv3) based on an ensemble of
SCIAMACHY/ENVISAT (until April 2012) and TANSO-FTS/GOSAT (since mid 2009) individual sensor /
individual soundings (Level 2) data products. The three time series correspond to three latitude bands: 30°N-60°N
(red), 30°S-30°N (green) and 60°S-30°S (blue). The maps in the top left show monthly XCO. for April and
September 2003 (SCIAMACHY, land only) and the maps on the bottom right show monthly XCO, for April and
September 2016 (TANSO-FTS, land and ocean glint).
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the red curve shown in (a) including 1-sigma uncertainty (grey vertical bars). (c) Annual mean growth rates
computed from averaging the values shown in (b) including 1-sigma error estimates (vertical bars) (the numerical

10 values are listed in Tab. 2).
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comparison (in blue). Also listed in (c) is the linear correlation coefficient (R), the mean difference and the
standard deviation of the difference of the satellite and the NOAA growth rates for 2003-2016 and for 2004-2016.
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5 Figure 4. Satellite-derived annual mean XCO, growth rates: Global (black), Northern Hemisphere (NH) mid
latitudes (“NHmidlat” (30°N - 60°N), red), Tropics (30°S - 30°N, green), and Southern Hemisphere mid latitudes

(“SHmidlat” (60°S - 30°S), blue). The corresponding numerical values are listed in Tab. 2.

19

Satellite-derived Carb

4.0

3.5

3.0

2.5

20

1.5

1.0

XCO, annual mean growth rate [ppm/year]

Gelbscht:

T T T T

“Global NHmidla

I[[Illl

2003 2004 2005 2006 200

Formatiert: Zentriert




3.5
3.0
2.5
2.0

1.5
1.0

(a)

Growth rate [ppm/year]

10.0
9.5

9.0
8.5
8.0

7.5
7.0

(b)

CO, emission [GtC/year]

(c)

R® [9%]

v

Global Carbon Dioxide (CO,) annual mean growth rate

Via Satellite XCO, (O4Mv3)

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

Annual CO, emissions from fossil fuel and industry

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

Correlation of CO, growth rate and ENSO indices

- S0l

o 1 2 3 4 5 [ 7 8 9 10 11 12

(d)

ENSO index

Time shift of ENSO indices [month]
Annual ENSO indices

@R 4o = Nw

R®: No shift: 13%, 4 months shift: 35%

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year
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Table 1. Satellite XCO; data products. Individual satellite sensor XCO; algorithms and corresponding Level 2
data products used for generating the EMMAV3 Level 2 (i.e., individual soundings) data product, which has been
gridded to obtain the O4Mv3 Level 3 data product used in this study. GHG-CCI refers to the GHG-CCI project of

ESA’s Climate Change Initiative (http://www.esa-ghg-cci.org/) and C3S is the Copernicus Climate Change

Service (https://climate.copernicus.eu/).

Algorithm (Version)

Sensor

Comment

Reference

BESD (v02.01.02)

SCIAMACHY / ENVISAT

GHG-CCI/ C3S product ID:
CO2_SCI_BESD

Reuter et al., 2011

RemoTeC (v2.3.8)

TANSO-FTS / GOSAT

GHG-CCI/ C3S product ID:
C0O2_GOS_SRFP

Butz etal., 2011

UoL-FP (v7.1)

TANSO-FTS / GOSAT

GHG-CCI/ C3S product ID:
C0O2_GOS_OCFP

Cogan et al., 2012

ACOS (v7.3.10a) TANSO-FTS / GOSAT NASA’s GOSAT O’Dell et al., 2012
XCO; product
NIES (v02) TANSO-FTS / GOSAT Operational GOSAT product Yoshida et al., 2013
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Table 2. Satellite-derived annual mean XCO, growth rates in ppm/year including 1-sigma uncertainty (in

brackets). Abbreviations: NH is Northern Hemisphere and SH is Southern Hemisphere.

Year

Latitude band / region

Global

NH mid-latitudes

(30°N-60°N)

Tropics

(30°S-30°N)

SH mid-latitudes

(60°5-30°S)

2003

1.66,(0.76)

1.99.(0.72)

1.54,(0.74)

1.77,(0.62)

Gelbscht:

89 (0.765

Geloscht:

7(0.7269

Geloscht:

73(0.7469

Geloscht

: 83 (0.6256

Geloscht:

62 (0.3029

Geloscht:

0(0.297

Gelbscht:

0(0.298

Gelbscht:

45(0.231

Geloscht:

23

Geloscht:

42 (0.265

Geloscht:

2.9908...(0.287

Gelbscht:

0(0.2219

Geloscht:

18

Geloscht:

7(0.254

2004

1.59,(0.30)

152,(0.29)

1.71,(0.29)

1.30,(0.23)

Gelbscht:

0(0.276

2005

2.16,(0.28)

251,(0.26)

1,99,(0.28)

2.17,(0.22)

Geloscht

124 (0.2119

Gelbscht:

7

2006

2.21.(0.27)

2.13,(0.25)

2.22,(0.27)

2.33,(0.21)

Gelbscht:

40

2007

2.26,(0.27)

2.33,(0.25)

2.20,(0.26)

2.34.(0.21)

Geloscht:

15

Geloscht:

29(0.2119

2008

1.67,(0.29)

1.60,(0.27)

181,(0.28)

1.41,(0.20)

Gelbscht:

79 (0.298

2009

1.77,(0.30)

1.75,(0.30)

1.86,(0.28)

1.70,(0.21)

Gelbscht:

56

Geloscht:

2.8106...(0.286

2010

2.22,(0.29)

2.67,(0.29)

2.08 (0.27)

2.14,(0.20)

Geloscht:

53

Gelbscht:

60 (0.302

2011

1.86,(0.28)

1.69,(0.27)

1.86,(0.27)

2,19 (0.19)

Gelbscht:

82

2012

2.46,(0.29)

2.64.(0.28)

2.44,(0.27)

2.38,(0.21)

Geloscht:

68 (0.2830

Geloscht:

2

2013

2.27.(0.30)

2.38,(0.28)

2.27.(0.28)

2.10,(0.22)

Geloscht:

6 (0.2930

2014

1.74.(0.31)

1.53,(0.30)

1.80,(0.29)

1.84,(0.23)

Geloscht:

6

Geldscht:

2(0.2019

2015

2.89,(0.34)

2.89,(0.31)

2.97.(0.32)

2.54,(0.25)

Gelbscht:

75 (0.289

2016

3.23,(0.50)

3.28,(0.46)

3.23,(0.48)

3.41,(0.36)

Geloscht:

6

Geloscht:

78

22

Gelbscht:

1.19

Geloscht

: 59 (0.2930

Geloscht:

9

Geloscht:

51(0.278

Gelbscht:

52 (0.210

Geloscht:

5

Geloscht:

7

Gelodscht:

8

Geloscht:

5

Geloscht:

67 (0.312

Gelbscht:

2

Gelbscht:

73

Geloscht

:79(0.232

Geloscht:

8

Gelbscht:

92

Gelbscht:

3

Geloscht:

60

Geloscht:

1(0.5049

Gelbscht:
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