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from black carbon absorption of solar radiation. There is high confidence that  aerosols and their interactions with clouds 
have offset a substantial portion of global mean forcing from well-mixed greenhouse gases. They continue to contribute 
the largest uncertainty to the total RF estimate. {7.5, 8.3, 8.5}

• The forcing from stratospheric volcanic aerosols can have a large impact on the climate for some years after volcanic 
eruptions. Several small eruptions have caused an RF of –0.11 [–0.15 to –0.08] W m–2 for the years 2008 to 2011, which 
is approximately twice as strong as during the years 1999 to 2002. {8.4}

• The RF due to changes in solar irradiance is estimated as 0.05 [0.00 to 0.10] W m−2 (see Figure SPM.5). Satellite obser-
vations of total solar irradiance changes from 1978 to 2011 indicate that the last solar minimum was lower than the 
previous two. This results in an RF of –0.04 [–0.08 to 0.00] W m–2 between the most recent minimum in 2008 and the 
1986 minimum. {8.4}

• The total natural RF from solar irradiance changes and stratospheric volcanic aerosols made only a small contribution to 
the net radiative forcing throughout the last century, except for brief periods after large volcanic eruptions. {8.5}

Figure SPM.5 |  Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the main drivers of climate change. Values are 
global average radiative forcing (RF14), partitioned according to the emitted compounds or processes that result in a combination of drivers. The best esti-
mates of the net radiative forcing are shown as black diamonds with corresponding uncertainty intervals; the numerical values are provided on the right 
of the figure, together with the confidence level in the net forcing (VH – very high, H – high, M – medium, L – low, VL – very low). Albedo forcing due to 
black carbon on snow and ice is included in the black carbon aerosol bar. Small forcings due to contrails (0.05 W m–2, including contrail induced cirrus), 
and HFCs, PFCs and SF6 (total 0.03 W m–2) are not shown. Concentration-based RFs for gases can be obtained by summing the like-coloured bars. Volcanic 
forcing is not included as its episodic nature makes is difficult to compare to other forcing mechanisms. Total anthropogenic radiative forcing is provided 
for three different years relative to 1750. For further technical details, including uncertainty ranges associated with individual components and processes, 
see the Technical Summary Supplementary Material. {8.5; Figures 8.14–8.18; Figures TS.6 and TS.7}
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Figure 2. Schematic representation of the overall perturbation of the global carbon cycle caused by anthropogenic activities, averaged
globally for the decade 2008–2017. See legends for the corresponding arrows and units. The uncertainty in the atmospheric CO2 growth
rate is very small (±0.02 GtC yr�1) and is neglected for the figure. The anthropogenic perturbation occurs on top of an active carbon cycle,
with fluxes and stocks represented in the background and taken from Ciais et al. (2013) for all numbers, with the ocean fluxes updated to
90 GtC yr�1 to account for the increase in atmospheric CO2 since publication, and except for the carbon stocks at the coasts, which are from
a literature review of coastal marine sediments (Price and Warren, 2016).

this lateral carbon flux is entirely “natural” and is thus a
steady-state component of the pre-industrial carbon cycle.
We account for this pre-industrial flux where appropriate in
our study. However, changes in environmental conditions and
land use change have caused an increase in the lateral trans-
port of carbon into the LOAC – a perturbation that is relevant
for the global carbon budget presented here.

The results of the analysis of Regnier et al. (2013) can be
summarised in two points of relevance for the anthropogenic
CO2 budget. First, the anthropogenic perturbation has in-
creased the organic carbon export from terrestrial ecosystems
to the hydrosphere at a rate of 1.0±0.5 GtC yr�1, mainly ow-
ing to enhanced carbon export from soils. Second, this ex-
ported anthropogenic carbon is partly respired through the
LOAC, partly sequestered in sediments along the LOAC, and
to a lesser extent transferred to the open ocean where it may
accumulate. The increase in storage of land-derived organic
carbon in the LOAC and open ocean combined is estimated
by Regnier et al. (2013) at 0.65 ± 0.35 GtC yr�1. We do not
attempt to incorporate the changes in LOAC in our study.

The inclusion of freshwater fluxes of anthropogenic CO2
affects the estimates of, and partitioning between, SLAND and
SOCEAN in Eq. (1), but does not affect the other terms. This
effect is not included in the GOBMs and DGVMs used in our
global carbon budget analysis presented here.

2.8.4 Loss of additional sink capacity

Historical land-cover change was dominated by transitions
from vegetation types that can provide a large sink per area
unit (typically forests) to others less efficient in removing
CO2 from the atmosphere (typically croplands). The resul-
tant decrease in land sink, called the “loss of sink capac-
ity”, is calculated as the difference between the actual land
sink under changing land cover and the counterfactual land
sink under pre-industrial land cover. An efficient protocol
has yet to be designed to estimate the magnitude of the loss
of additional sink capacity in DGVMs. Here, we provide a
quantitative estimate of this term to be used in the discus-
sion. Our estimate uses the compact Earth system model
OSCAR whose land carbon cycle component is designed to

www.earth-syst-sci-data.net/10/2141/2018/ Earth Syst. Sci. Data, 10, 2141–2194, 2018
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emulate the behaviour of DGVMs (Gasser et al., 2017). We
use OSCAR v2.2.1 (an update of v2.2 with minor changes)
in a probabilistic setup identical to the one of Arneth et
al. (2017) but with a Monte Carlo ensemble of 2000 simula-
tions. For each, we calculate SLAND and the loss of additional
sink capacity separately. We then constrain the ensemble by
weighting each member to obtain a distribution of cumula-
tive SLAND over 1850–2005 close to the DGVMs used here.
From this ensemble, we estimate a loss of additional sink
capacity of 0.4 ± 0.3 GtC yr�1 on average over 2005–2014
and 20 ± 15 GtC accumulated between 1870 and 2017 (us-
ing a linear extrapolation of the trend to estimate the last few
years).

3 Results

3.1 Global carbon budget mean and variability for

1959–2017

The global carbon budget averaged over the last half-century
is shown in Fig. 3. For this time period, 82 % of the total
emissions (EFF + ELUC) were caused by fossil CO2 emis-
sions and 18 % by land-use change. The total emissions were
partitioned among the atmosphere (45 %), ocean (24 %), and
land (30 %). All components except land-use change emis-
sions have grown since 1959, with important interannual
variability in the growth rate in atmospheric CO2 concen-
tration and in the land CO2 sink (Fig. 4) and some decadal
variability in all terms (Table 6). Differences with previous
budget releases are documented in Fig. B4.

3.1.1 CO2 emissions

Global fossil CO2 emissions have increased every decade
from an average of 3.1 ± 0.2 GtC yr�1 in the 1960s to an
average of 9.4 ± 0.5 GtC yr�1 during 2008–2017 (Table 6,
Figs. 2 and 5). The growth rate in these emissions decreased
between the 1960s and the 1990s, from 4.5 % yr�1 in the
1960s (1960–1969) to 2.8 % yr�1 in the 1970s (1970–1979),
1.9 % yr�1 in the 1980s (1980–1989), and 1.0 % yr�1 in the
1990s (1990–1999). After this period, the growth rate be-
gan increasing again in the 2000s at an average growth rate
of 3.2 % yr�1, decreasing to 1.5 % yr�1 for the last decade
(2008–2017), with a 3-year period of no or low growth dur-
ing 2014–2016 (Fig. 5).

In contrast, CO2 emissions from land use, land-use
change, and forestry have remained relatively constant, at
around 1.3±0.7 GtC yr�1 over the past half-century but with
large spread across estimates (Fig. 6). These emissions are
also relatively constant in the DGVM ensemble of mod-
els, except during the last decade when they increase to
1.9 ± 0.6 GtC yr�1. However, there is no agreement on this
recent increase between the two bookkeeping models, each
suggesting an opposite trend (Fig. 6).

Figure 3. Combined components of the global carbon budget il-
lustrated in Fig. 2 as a function of time, for fossil CO2 emissions
(EFF; grey) and emissions from land-use change (ELUC; brown),
as well as their partitioning among the atmosphere (GATM; blue),
ocean (SOCEAN; turquoise), and land (SLAND; green). The parti-
tioning is based on nearly independent estimates from observations
(for GATM) and from process model ensembles constrained by data
(for SOCEAN and SLAND) and does not exactly add up to the sum
of the emissions, resulting in a budget imbalance, which is repre-
sented by the difference between the bottom pink line (reflecting
total emissions) and the sum of the ocean, land, and atmosphere. All
time series are in GtC yr�1. GATM and SOCEAN prior to 1959 are
based on different methods. EFF values are primarily from Boden
et al. (2017), with uncertainty of about ±5 % (±1� ); ELUC values
are from two bookkeeping models (Table 2) with uncertainties of
about ±50 %; GATM prior to 1959 is from Joos and Spahni (2008)
with uncertainties equivalent to about ±0.1–0.15 GtC yr�1 and
from Dlugokencky and Tans (2018) from 1959 with uncertainties
of about ±0.2 GtC yr�1; SOCEAN prior to 1959 is averaged from
Khatiwala et al. (2013) and DeVries (2014) with uncertainty of
about ±30 % and from a multi-model mean (Table 4) from 1959
with uncertainties of about ±0.5 GtC yr�1; SLAND is a multi-model
mean (Table 4) with uncertainties of about ±0.9 GtC yr�1. See the
text for more details of each component and their uncertainties.

3.1.2 Partitioning among the atmosphere, ocean, and

land

The growth rate in atmospheric CO2 level increased from
1.7±0.07 GtC yr�1 in the 1960s to 4.7±0.02 GtC yr�1 dur-
ing 2008–2017 with important decadal variations (Table 6
and Fig. 2). Both ocean and land CO2 sinks increased
roughly in line with the atmospheric increase, but with sig-
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potential (Ravishankara et al., 2009). Chemistry-climate models with 
resolved stratospheric chemistry and dynamics recently predicted an 
estimated global mean total ozone column recovery to 1980 levels to 
occur in 2032 (multi-model mean value, with a range of 2024 to 2042) 
under the A1B scenario (Eyring et al., 2010a). Increases in the strato-
spheric burden and acceleration of the stratospheric circulation leads 
to an increase in the stratosphere–troposphere flux of ozone (Shindell 
et al., 2006c; Grewe, 2007; Hegglin and Shepherd, 2009; Zeng et al., 
2010). This is also seen in recent RCP8.5 simulations, with the impact 
of increasing tropospheric burden (Kawase et al., 2011; Lamarque et 
al., 2011). However, observationally based estimates of recent trends 
in age of air (Engel et al., 2009; Stiller et al., 2012) do not appear 
to be consistent with the acceleration of the stratospheric circulation 
found in model simulations, possibly owing to inherent difficulties with 
extracting trends from SF6 observations (Garcia et al., 2011).

Oxidation of CH4 in the stratosphere (see Section 8.2.3.3) is a signifi-
cant source of water vapour and hence the long-term increase in CH4 
leads to an anthropogenic forcing (see Section 8.3) in the stratosphere. 
Stratospheric water vapour abundance increased by an average of 1.0 
± 0.2 (1-σ) ppm during 1980–2010, with CH4 oxidation explaining 
approximately 25% of this increase (Hurst et al., 2011). Other factors 
contributing to the long-term change in water vapour include changes 
in tropical tropopause temperatures (see Section 2.2.2.1).

8.2.3.3 Methane

The surface mixing ratio of CH4 has increased by 150% since pre-indus-
trial times (Sections 2.2.1.1.2 and 8.3.2.2), with some projections indi-
cating a further doubling by 2100 (Figure 8.5). Bottom-up estimates of 
present CH4 emissions range from 542 to 852 TgCH4 yr–1 (see Table 6.8), 
while a recent top-down estimate with uncertainty analysis is 554 ± 
56 TgCH4 yr–1 (Prather et al., 2012). All quoted uncertainties in Section 
8.2.3.3 are defined as 1-σ.

The main sink of CH4 is through its reaction with the hydroxyl radical 
(OH) in the troposphere (Ehhalt and Heidt, 1973). A primary source 
of tropospheric OH is initiated by the photodissociation of ozone, fol-
lowed by reaction with water vapour (creating sensitivity to humid-
ity, cloud cover and solar radiation) (Levy, 1971; Crutzen, 1973). The 

Historical
RCP2.6
RCP4.5
RCP6.0
RCP8.5

SRES B1
IS92a

SRES A2

CH4 (ppm) CO2 (ppm) N2O (ppm)

Figure 8.5 |  Time evolution of global-averaged mixing ratio of long-lived species1850–2100 following each RCP; blue (RCP2.6), light blue (RCP4.5), orange (RCP6.0) and red 
(RCP8.5). (Based on Meinshausen et al., 2011b.)

other main source of OH is through secondary reactions (Lelieveld et 
al., 2008), although some of those reactions are still poorly understood 
(Paulot et al., 2009; Peeters et al., 2009; Taraborrelli et al., 2012). A 
recent estimate of the CH4 tropospheric chemical lifetime with respect 
to OH constrained by methyl chloroform surface observations is 11.2 
± 1.3 years (Prather et al., 2012). In addition, bacterial uptake in soils 
provides an additional small, less constrained loss (Fung et al., 1991); 
estimated lifetime = 120 ± 24 years (Prather et al., 2012), with another 
small loss in the stratosphere (Ehhalt and Heidt, 1973); estimated life-
time = 150 ± 50 years (Prather et al., 2012). Halogen chemistry in the 
troposphere also contributes to some tropospheric CH4 loss (Allan et 
al., 2007), estimated lifetime = 200 ± 100 years (Prather et al., 2012).

The ACCMIP estimate for present CH4 lifetime with respect to trop-
ospheric OH varies quite widely (9.8 ± 1.6 years (Voulgarakis et al., 
2013)), slightly shorter than the 10.2 ± 1.7 years in (Fiore et al. (2009), 
but much shorter than the methyl chloroform-based estimate of 11.2 
± 1.3 years (Prather et al., 2012). A partial explanation for the range in 
CH4 lifetime changes can be found in the degree of representation of 
chemistry in chemistry–climate models. Indeed, Archibald et al. (2010) 
showed that the response of OH to increasing nitrogen oxides strongly 
depends on the treatment of hydrocarbon chemistry in a model. The 
impact on CH4 distribution in the ACCMIP simulations is, however, 
rather limited because most models prescribed CH4 as a time-varying 
lower-boundary mixing ratio (Lamarque et al., 2013).

The chemical coupling between OH and CH4 leads to a significant 
amplification of an emission impact; that is, increasing CH4 emissions 
decreases tropospheric OH which in turn increases the CH4 lifetime 
and therefore its burden. The OH-lifetime sensitivity for CH4, s_OH = 
–δln(OH)/δln(CH4), was estimated in Chapter 4 of TAR to be 0.32, 
implying a 0.32% decrease in tropospheric mean OH (as weighted by 
CH4 loss) for a 1% increase in CH4. The Fiore et al. (2009) multi-mod-
el (12 models) study provides a slightly smaller value (0.28 ± 0.03). 
Holmes et al. (2013) gives a range 0.31 ± 0.04 by combining Fiore et al. 
(2009), Holmes et al. (2011) and three new model results (0.36, 0.31, 
0.27). Only two ACCMIP models reported values (0.19 and 0.26; Voul-
garakis et al., 2013). The projections of future CH4 in Chapter 11 use 
the Holmes et al. (2013) range and uncertainty, which at the 2-σ level 
covers all but one model result. The feedback factor f, the ratio of the 
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Figure 1. Surface average atmospheric CO2 concentration (ppm).
The 1980–2018 monthly data are from NOAA/ESRL (Dlugokencky
and Tans, 2018) and are based on an average of direct atmospheric
CO2 measurements from multiple stations in the marine boundary
layer (Masarie and Tans, 1995). The 1958–1979 monthly data are
from the Scripps Institution of Oceanography, based on an average
of direct atmospheric CO2 measurements from the Mauna Loa and
South Pole stations (Keeling et al., 1976). To take into account the
difference of mean CO2 and seasonality between the NOAA/ESRL
and the Scripps station networks used here, the Scripps surface av-
erage (from two stations) was deseasonalised and harmonised to
match the NOAA/ESRL surface average (from multiple stations)
by adding the mean difference of 0.542 ppm, calculated here from
overlapping data during 1980–2012.

The components of the CO2 budget that are reported annu-
ally in this paper include separate estimates for (1) the CO2
emissions from fossil fuel combustion and oxidation from
all energy and industrial processes and cement production
(EFF; GtC yr�1); (2) the emissions resulting from deliberate
human activities on land, including those leading to land-use
change (ELUC; GtC yr�1); and (3) their partitioning among
the growth rate of atmospheric CO2 concentration (GATM;
GtC yr�1), the uptake of CO2 (the “CO2 sinks”) in (4) the
ocean (SOCEAN; GtC yr�1), and (5) the uptake of CO2 on land
(SLAND; GtC yr�1). The CO2 sinks as defined here concep-
tually include the response of the land (including inland wa-
ters and estuaries) and ocean (including coasts and territorial
sea) to elevated CO2 and changes in climate, rivers, and other
environmental conditions, although in practice not all pro-
cesses are accounted for (see Sect. 2.8). The global emissions
and their partitioning among the atmosphere, ocean, and land
are in reality in balance; however due to imperfect spatial
and/or temporal data coverage, errors in each estimate, and
smaller terms not included in our budget estimate (discussed
in Sect. 2.8), their sum does not necessarily add up to zero.
We estimate a budget imbalance (BIM), which is a measure
of the mismatch between the estimated emissions and the es-
timated changes in the atmosphere, land, and ocean, with the

full global carbon budget as follows:

EFF + ELUC = GATM + SOCEAN + SLAND + BIM. (1)

GATM is usually reported in ppm yr�1, which we convert to
units of carbon mass per year, GtC yr�1, using 1 ppm =
2.124 GtC (Table 1). We also include a quantification of EFF
by country, computed with both territorial and consumption-
based accounting (see Sect. 2), and discuss missing terms
from sources other than the combustion of fossil fuels (see
Sect. 2.8).

The CO2 budget has been assessed by the Intergovernmen-
tal Panel on Climate Change (IPCC) in all assessment re-
ports (Ciais et al., 2013; Denman et al., 2007; Prentice et al.,
2001; Schimel et al., 1995; Watson et al., 1990), and by oth-
ers (e.g. Ballantyne et al., 2012). The IPCC methodology has
been adapted and used by the Global Carbon Project (GCP,
http://www.globalcarbonproject.org/, last access: 30 Novem-
ber 2018), which has coordinated a cooperative community
effort for the annual publication of global carbon budgets up
to the year 2005 (Raupach et al., 2007; including fossil emis-
sions only), the year 2006 (Canadell et al., 2007), the year
2007 (published online; GCP, 2007), the year 2008 (Le Quéré
et al., 2009), the year 2009 (Friedlingstein et al., 2010), the
year 2010 (Peters et al., 2012b), the year 2012 (Le Quéré et
al., 2013; Peters et al., 2013), the year 2013 (Le Quéré et al.,
2014), the year 2014 (Friedlingstein et al., 2014; Le Quéré et
al., 2015b), the year 2015 (Jackson et al., 2016; Le Quéré et
al., 2015a), the year 2016 (Le Quéré et al., 2016), and most
recently the year 2017 (Le Quéré et al., 2018; Peters et al.,
2017). Each of these papers updated previous estimates with
the latest available information for the entire time series.

We adopt a range of ±1 standard deviation (� ) to report
the uncertainties in our estimates, representing a likelihood
of 68 % that the true value will be within the provided range
if the errors have a Gaussian distribution and no bias is as-
sumed. This choice reflects the difficulty of characterising
the uncertainty in the CO2 fluxes between the atmosphere
and the ocean and land reservoirs individually, particularly
on an annual basis, as well as the difficulty of updating the
CO2 emissions from land use and land-use change. A likeli-
hood of 68 % provides an indication of our current capability
to quantify each term and its uncertainty given the available
information. For comparison, the Fifth Assessment Report
of the IPCC (AR5) generally reported a likelihood of 90 %
for large data sets whose uncertainty is well characterised or
for long time intervals less affected by year-to-year variabil-
ity. Our 68 % uncertainty value is near the 66 % which the
IPCC characterises as “likely” for values falling into the ±1�

interval. The uncertainties reported here combine statistical
analysis of the underlying data and expert judgement of the
likelihood of results lying outside this range. The limitations
of current information are discussed in the paper and have
been examined in detail elsewhere (Ballantyne et al., 2015;
Zscheischler et al., 2017). We also use a qualitative assess-
ment of confidence level to characterise the annual estimates

Earth Syst. Sci. Data, 10, 2141–2194, 2018 www.earth-syst-sci-data.net/10/2141/2018/
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• A lower warming target, or a higher likelihood of remaining below a specific warming target, will require lower cumulative 
CO2  emissions. Accounting for warming effects of increases in non-CO2 greenhouse gases, reductions in aerosols, or the 
release of greenhouse gases from permafrost will also lower the cumulative CO2 emissions for a specific warming target 
(see Figure SPM.10). {12.5}

• A large fraction of anthropogenic climate change resulting from CO2 emissions is irreversible on a multi-century to 
millennial time scale, except in the case of a large net removal of CO2 from the atmosphere over a sustained period. 
Surface temperatures will remain approximately constant at elevated levels for many centuries after a complete cessation 
of net anthropogenic CO2 emissions. Due to the long time scales of heat transfer from the ocean surface to depth, ocean 
warming will continue for centuries. Depending on the scenario, about 15 to 40% of emitted CO2 will remain in the 
atmosphere longer than 1,000 years. {Box 6.1, 12.4, 12.5} 

• It is virtually certain that global mean sea level rise will continue beyond 2100, with sea level rise due to thermal 
expansion to continue for many centuries. The few available model results that go beyond 2100 indicate global mean 
sea level rise above the pre-industrial level by 2300 to be less than 1 m for a radiative forcing that corresponds to CO2 
concentrations that peak and decline and remain below 500 ppm, as in the scenario RCP2.6. For a radiative forcing that 
corresponds to a CO2 concentration that is above 700 ppm but below 1500 ppm, as in the scenario RCP8.5, the projected 
rise is 1 m to more than 3 m (medium confidence). {13.5}

Figure SPM.10 |  Global mean surface temperature increase as a function of cumulative total global CO2 emissions from various lines of evidence. Multi-
model results from a hierarchy of climate-carbon cycle models for each RCP until 2100 are shown with coloured lines and decadal means (dots). Some 
decadal means are labeled for clarity (e.g., 2050 indicating the decade 2040−2049). Model results over the historical period (1860 to 2010) are indicated 
in black. The coloured plume illustrates the multi-model spread over the four RCP scenarios and fades with the decreasing number of available models 
in RCP8.5. The multi-model mean and range simulated by CMIP5 models, forced by a CO2 increase of 1% per year (1% yr–1 CO2 simulations), is given by 
the thin black line and grey area. For a specific amount of cumulative CO2 emissions, the 1% per year CO2 simulations exhibit lower warming than those 
driven by RCPs, which include additional non-CO2 forcings.  Temperature values are given relative to the 1861−1880 base period, emissions relative to 
1870. Decadal averages are connected by straight lines. For further technical details see the Technical Summary Supplementary Material. {Figure 12.45; 
TS TFE.8, Figure 1}
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potential (Ravishankara et al., 2009). Chemistry-climate models with 
resolved stratospheric chemistry and dynamics recently predicted an 
estimated global mean total ozone column recovery to 1980 levels to 
occur in 2032 (multi-model mean value, with a range of 2024 to 2042) 
under the A1B scenario (Eyring et al., 2010a). Increases in the strato-
spheric burden and acceleration of the stratospheric circulation leads 
to an increase in the stratosphere–troposphere flux of ozone (Shindell 
et al., 2006c; Grewe, 2007; Hegglin and Shepherd, 2009; Zeng et al., 
2010). This is also seen in recent RCP8.5 simulations, with the impact 
of increasing tropospheric burden (Kawase et al., 2011; Lamarque et 
al., 2011). However, observationally based estimates of recent trends 
in age of air (Engel et al., 2009; Stiller et al., 2012) do not appear 
to be consistent with the acceleration of the stratospheric circulation 
found in model simulations, possibly owing to inherent difficulties with 
extracting trends from SF6 observations (Garcia et al., 2011).

Oxidation of CH4 in the stratosphere (see Section 8.2.3.3) is a signifi-
cant source of water vapour and hence the long-term increase in CH4 
leads to an anthropogenic forcing (see Section 8.3) in the stratosphere. 
Stratospheric water vapour abundance increased by an average of 1.0 
± 0.2 (1-σ) ppm during 1980–2010, with CH4 oxidation explaining 
approximately 25% of this increase (Hurst et al., 2011). Other factors 
contributing to the long-term change in water vapour include changes 
in tropical tropopause temperatures (see Section 2.2.2.1).

8.2.3.3 Methane

The surface mixing ratio of CH4 has increased by 150% since pre-indus-
trial times (Sections 2.2.1.1.2 and 8.3.2.2), with some projections indi-
cating a further doubling by 2100 (Figure 8.5). Bottom-up estimates of 
present CH4 emissions range from 542 to 852 TgCH4 yr–1 (see Table 6.8), 
while a recent top-down estimate with uncertainty analysis is 554 ± 
56 TgCH4 yr–1 (Prather et al., 2012). All quoted uncertainties in Section 
8.2.3.3 are defined as 1-σ.

The main sink of CH4 is through its reaction with the hydroxyl radical 
(OH) in the troposphere (Ehhalt and Heidt, 1973). A primary source 
of tropospheric OH is initiated by the photodissociation of ozone, fol-
lowed by reaction with water vapour (creating sensitivity to humid-
ity, cloud cover and solar radiation) (Levy, 1971; Crutzen, 1973). The 

Historical
RCP2.6
RCP4.5
RCP6.0
RCP8.5

SRES B1
IS92a

SRES A2

CH4 (ppm) CO2 (ppm) N2O (ppm)

Figure 8.5 |  Time evolution of global-averaged mixing ratio of long-lived species1850–2100 following each RCP; blue (RCP2.6), light blue (RCP4.5), orange (RCP6.0) and red 
(RCP8.5). (Based on Meinshausen et al., 2011b.)

other main source of OH is through secondary reactions (Lelieveld et 
al., 2008), although some of those reactions are still poorly understood 
(Paulot et al., 2009; Peeters et al., 2009; Taraborrelli et al., 2012). A 
recent estimate of the CH4 tropospheric chemical lifetime with respect 
to OH constrained by methyl chloroform surface observations is 11.2 
± 1.3 years (Prather et al., 2012). In addition, bacterial uptake in soils 
provides an additional small, less constrained loss (Fung et al., 1991); 
estimated lifetime = 120 ± 24 years (Prather et al., 2012), with another 
small loss in the stratosphere (Ehhalt and Heidt, 1973); estimated life-
time = 150 ± 50 years (Prather et al., 2012). Halogen chemistry in the 
troposphere also contributes to some tropospheric CH4 loss (Allan et 
al., 2007), estimated lifetime = 200 ± 100 years (Prather et al., 2012).

The ACCMIP estimate for present CH4 lifetime with respect to trop-
ospheric OH varies quite widely (9.8 ± 1.6 years (Voulgarakis et al., 
2013)), slightly shorter than the 10.2 ± 1.7 years in (Fiore et al. (2009), 
but much shorter than the methyl chloroform-based estimate of 11.2 
± 1.3 years (Prather et al., 2012). A partial explanation for the range in 
CH4 lifetime changes can be found in the degree of representation of 
chemistry in chemistry–climate models. Indeed, Archibald et al. (2010) 
showed that the response of OH to increasing nitrogen oxides strongly 
depends on the treatment of hydrocarbon chemistry in a model. The 
impact on CH4 distribution in the ACCMIP simulations is, however, 
rather limited because most models prescribed CH4 as a time-varying 
lower-boundary mixing ratio (Lamarque et al., 2013).

The chemical coupling between OH and CH4 leads to a significant 
amplification of an emission impact; that is, increasing CH4 emissions 
decreases tropospheric OH which in turn increases the CH4 lifetime 
and therefore its burden. The OH-lifetime sensitivity for CH4, s_OH = 
–δln(OH)/δln(CH4), was estimated in Chapter 4 of TAR to be 0.32, 
implying a 0.32% decrease in tropospheric mean OH (as weighted by 
CH4 loss) for a 1% increase in CH4. The Fiore et al. (2009) multi-mod-
el (12 models) study provides a slightly smaller value (0.28 ± 0.03). 
Holmes et al. (2013) gives a range 0.31 ± 0.04 by combining Fiore et al. 
(2009), Holmes et al. (2011) and three new model results (0.36, 0.31, 
0.27). Only two ACCMIP models reported values (0.19 and 0.26; Voul-
garakis et al., 2013). The projections of future CH4 in Chapter 11 use 
the Holmes et al. (2013) range and uncertainty, which at the 2-σ level 
covers all but one model result. The feedback factor f, the ratio of the 
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Figure 3. Methane emissions from four source categories: natural wetlands, fossil fuels, agriculture and waste, and biomass and biofuel
burning for the 2003–2012 decade in mg CH4 m�2 day�1. The wetland emission map represents the mean daily emission average over the
11 biogeochemical models listed in Table 1 and over the 2003–2012 decade. Fossil fuel and agriculture and waste emission maps are derived
from the mean estimates of EDGARv4.2FT2010 and GAINS models. The biomass and biofuel burning map results from the mean of the
biomass burning inventories listed in Table 1 added to the mean of the biofuel estimate from EDGARv4.2FT2010 and GAINS models.

Coal mining

During mining, methane is emitted from ventilation shafts,
where large volumes of air are pumped into the mine to keep
methane at a rate below 0.5 % to avoid accidental inflam-
mation. To prevent the diffusion of methane in the mining
working atmosphere, boreholes are made in order to evacuate
methane. In countries of the Organization for Economic Co-
operation and Development (OECD), methane recuperated
from ventilation shafts is used as fuel, but in many countries
it is still emitted into the atmosphere or flared, despite efforts
for coal-mine recovery under the UNFCCC Clean Devel-
opment Mechanisms (http://cdm.unfccc.int). Methane emis-
sions also occur during post-mining handling, processing,
and transportation. Some CH4 is released from coal waste
piles and abandoned mines. Emissions from these sources are
believed to be low because much of the CH4 would likely be
emitted within the mine (IPCC, 2000).

Almost 40 % (IEA, 2012) of the world’s electricity is pro-
duced from coal. This contribution grew in the 2000s at the
rate of several per cent per year, driven by Asian production
where large reserves exist, but has stalled from 2011 to 2012.
In 2012, the top 10 largest coal producing nations accounted
for 88 % of total world emissions for coal mining. Among
them, the top three producers (China, USA and India) pro-
duced two-thirds of the total (CIA, 2016).

Global estimates of methane emissions from coal min-
ing show a large variation, in part due to the lack of com-
prehensive data from all major producing countries. The

range of coal mining emissions is estimated at 18–46 Tg of
methane for the year 2005, the highest value being from
EDGARv4.2FT2010 and the lower from USEPA.

As announced in Sect. 3.1.2, coal mining is the main
source explaining the differences observed between inven-
tories at global scale (Fig. 2). Indeed, such differences are
explained mainly by the different CH4 emission factors used
for calculating the fugitive emissions of the coal mining in
China. Coal mining emission factors depend strongly on the
type of coal extraction (underground mining emitting up to
10 times more than surface mining), the geological under-
ground structure (very region-specific) and history (basin up-
lift), and the quality of the coal (brown coal emitting more
than hard coal). The EDGARv4.2FT2012 seems to have
overestimated by a factor of 2 the emission factor for the
coal mining in China and allocated this to very few coal
mine locations (hotspot emissions). A recent county-based
inventory of Chinese methane emissions also confirms the
overestimate of about +38 % with total anthropogenic emis-
sions estimated at 43 ± 6 Tg CH4 yr�1 (Peng et al., 2016).
Also, assimilating also 13CH4 data, Thompson et al. (2015)
showed that their prior (based on EDGARv4.2FT2010) over-
estimated the Chinese methane emissions by 30 %; how-
ever, they found no significant difference in the coal sec-
tor estimates between prior and posterior. EDGARv4.2 fol-
lows the IPCC guidelines 2006, which recommends region-
specific data. However, the EDGARv4.2 inventory compi-
lation used the European averaged emission factor for CH4

www.earth-syst-sci-data.net/8/697/2016/ Earth Syst. Sci. Data, 8, 697–751, 2016
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Kolory	jasne:	metody	top-down	(inwersje	baysowskie);	ciemne:	metody	bottom-up	(inwentaryzacje*).	
Oznaczenia	kategorii	źródeł:	zielony	– mokradła	I	torfowiska,	różowy	– spalanie	biomasy,	brązowy	– 

paliwa	kopalne,	niebieski	– rolnictwo	i	odpady,	różowy	– inne	naturalne.	
Za:	Sanois	et	al.,	2016	
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Figure 7. Regional CH4 budget in Tg CH4 yr�1 per category (same as for the global emissions in Fig. 6) and map of the 14 continental
regions considered in this study. The CH4 emissions are given for the five categories from left to right (wetlands, biomass burning, fossil
fuels, agriculture and waste, and other natural). Top-down estimates are given by the left dark-coloured boxes and bottom-up estimates by
the right light-coloured boxes.

5.2.2 Regional methane emissions per source category

The analysis of the regional methane budget per source cat-
egory (Fig. 7) can be performed both for bottom-up and
top-down approaches but with limitations. A complementary
view of the methane budget is also available as an interactive
graphic produced using data visualization techniques (http:
//lsce-datavisgroup.github.io/MethaneBudget/). Moving the
mouse over regions, processes or fluxes reveals their relative
weights in the global methane budget and provides the mean
values and the minimum–maximum ranges of their contribu-
tions (mean [min, max]). The total source estimates from the
bottom-up approaches are further classed into finer subcate-
gories. This graphic shows that there is good consistency be-
tween top-down and bottom-up approaches in the partition of
anthropogenic emissions between agriculture and waste, fos-
sil fuel extraction and use, and biomass and biofuel burning,
and it also highlights the disequilibrium between top-down

(left) and bottom-up (right) budgets, mainly due to natural
sources. On the bottom-up side, some natural emissions are
not (yet) available at regional scale (oceans, geological, in-
land waters). Therefore, the category “others” is not shown
for bottom-up results in Fig. 7 and is not regionally attributed
in the interactive graphic. On the top-down side, as already
noted, the partition of emissions per source category has to
be considered with caution. Indeed, using only atmospheric
methane observations to constrain methane emissions makes
this partition largely dependent on prior emissions. However,
differences in spatial patterns and seasonality of emissions
can still be constrained by atmospheric methane observations
for those inversions solving for different sources categories
(see Sect. 2.3).

Wetland emissions largely dominate methane emissions
in tropical South America, boreal North America, southern
Africa, temperate South America and South East Asia, al-
though agriculture and waste emissions are almost as impor-

Earth Syst. Sci. Data, 8, 697–751, 2016 www.earth-syst-sci-data.net/8/697/2016/
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Za:	Zhang	et	al.,	2017	
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Bottom-up	(inwentaryzacje)	

Za:	EDGAR,	JRC	
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Figure S2: European CH4 emissions (average 2010–2012) for inversion S2. Filled blue circles are InGOS measurement stations with 45 
in-situ measurements, open circles are discrete air sampling sites. Upper left panel shows a priori CH4 emissions (as applied in TM5-
4DVAR at 1°×1° resolution).   

Top-down	(modelowanie	inwersyjne)	

Za:	Bergamaschi	et	al.,	2018	



Braki	w	obserwacjach	

Po	lewej,	u	góry:	Sieć	punktów	poboru	prób	dwutygodniowych	(NOAA.gov).	
Po	prawej:	rozkład	źródeł	emisji	CH4,	Sanouis	et	al.,	2016	
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Figure 3. Methane emissions from four source categories: natural wetlands, fossil fuels, agriculture and waste, and biomass and biofuel
burning for the 2003–2012 decade in mg CH4 m�2 day�1. The wetland emission map represents the mean daily emission average over the
11 biogeochemical models listed in Table 1 and over the 2003–2012 decade. Fossil fuel and agriculture and waste emission maps are derived
from the mean estimates of EDGARv4.2FT2010 and GAINS models. The biomass and biofuel burning map results from the mean of the
biomass burning inventories listed in Table 1 added to the mean of the biofuel estimate from EDGARv4.2FT2010 and GAINS models.

Coal mining

During mining, methane is emitted from ventilation shafts,
where large volumes of air are pumped into the mine to keep
methane at a rate below 0.5 % to avoid accidental inflam-
mation. To prevent the diffusion of methane in the mining
working atmosphere, boreholes are made in order to evacuate
methane. In countries of the Organization for Economic Co-
operation and Development (OECD), methane recuperated
from ventilation shafts is used as fuel, but in many countries
it is still emitted into the atmosphere or flared, despite efforts
for coal-mine recovery under the UNFCCC Clean Devel-
opment Mechanisms (http://cdm.unfccc.int). Methane emis-
sions also occur during post-mining handling, processing,
and transportation. Some CH4 is released from coal waste
piles and abandoned mines. Emissions from these sources are
believed to be low because much of the CH4 would likely be
emitted within the mine (IPCC, 2000).

Almost 40 % (IEA, 2012) of the world’s electricity is pro-
duced from coal. This contribution grew in the 2000s at the
rate of several per cent per year, driven by Asian production
where large reserves exist, but has stalled from 2011 to 2012.
In 2012, the top 10 largest coal producing nations accounted
for 88 % of total world emissions for coal mining. Among
them, the top three producers (China, USA and India) pro-
duced two-thirds of the total (CIA, 2016).

Global estimates of methane emissions from coal min-
ing show a large variation, in part due to the lack of com-
prehensive data from all major producing countries. The

range of coal mining emissions is estimated at 18–46 Tg of
methane for the year 2005, the highest value being from
EDGARv4.2FT2010 and the lower from USEPA.

As announced in Sect. 3.1.2, coal mining is the main
source explaining the differences observed between inven-
tories at global scale (Fig. 2). Indeed, such differences are
explained mainly by the different CH4 emission factors used
for calculating the fugitive emissions of the coal mining in
China. Coal mining emission factors depend strongly on the
type of coal extraction (underground mining emitting up to
10 times more than surface mining), the geological under-
ground structure (very region-specific) and history (basin up-
lift), and the quality of the coal (brown coal emitting more
than hard coal). The EDGARv4.2FT2012 seems to have
overestimated by a factor of 2 the emission factor for the
coal mining in China and allocated this to very few coal
mine locations (hotspot emissions). A recent county-based
inventory of Chinese methane emissions also confirms the
overestimate of about +38 % with total anthropogenic emis-
sions estimated at 43 ± 6 Tg CH4 yr�1 (Peng et al., 2016).
Also, assimilating also 13CH4 data, Thompson et al. (2015)
showed that their prior (based on EDGARv4.2FT2010) over-
estimated the Chinese methane emissions by 30 %; how-
ever, they found no significant difference in the coal sec-
tor estimates between prior and posterior. EDGARv4.2 fol-
lows the IPCC guidelines 2006, which recommends region-
specific data. However, the EDGARv4.2 inventory compi-
lation used the European averaged emission factor for CH4

www.earth-syst-sci-data.net/8/697/2016/ Earth Syst. Sci. Data, 8, 697–751, 2016

•  W	krytycznych	obszarach	emisji	
brakuje	punktów	obserwacyjnych	

•  Np.	w	Afryce	powstawanie	nowych	
stacji	jest	utrudnione	przez	koszty	i	
sytuacje	społeczno-polityczną	

•  Pomiary	naziemne	są	trudne	
•  Wymagają	uwagi	i	dużego	

nakładu	pracy	



Pomiary	satelitarne	
SCIAMACHY	i	Sentinel	5P	

Po	lewej:	Wzbogacenie	CH4	nad	USA.	Widoczny	w	lewej	dolnej	części	pik	metanu	to	rejon	wydobycia	gazu	
łupkowego	“Four	Corners”,	Kort	et	al.,	2014.	Po	prawej:	Średnie	kolumnowe	stężenia	metanu	nad	Nigerią,	
pomiar	instrumentem	TROPOMI	na	satelicie	Sentinel	5P	w	okresie	listopad	2018	– luty	2019	(ESA,	2019)	



Pomiary	satelitarne	
Satelity	SWIR	

Za:	Earth	Explorer	Report	for	Mission	Selection,	2015	



Średnie	pokrycie	chmurami	w	latach	2007-2009	
Za:	ENVISAT,	ESA		

Pomiary	satelitarne	
Satelity	SWIR	



Za:	Sanois	et	al.,	2016	
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Figure 3. Methane emissions from four source categories: natural wetlands, fossil fuels, agriculture and waste, and biomass and biofuel
burning for the 2003–2012 decade in mg CH4 m�2 day�1. The wetland emission map represents the mean daily emission average over the
11 biogeochemical models listed in Table 1 and over the 2003–2012 decade. Fossil fuel and agriculture and waste emission maps are derived
from the mean estimates of EDGARv4.2FT2010 and GAINS models. The biomass and biofuel burning map results from the mean of the
biomass burning inventories listed in Table 1 added to the mean of the biofuel estimate from EDGARv4.2FT2010 and GAINS models.

Coal mining

During mining, methane is emitted from ventilation shafts,
where large volumes of air are pumped into the mine to keep
methane at a rate below 0.5 % to avoid accidental inflam-
mation. To prevent the diffusion of methane in the mining
working atmosphere, boreholes are made in order to evacuate
methane. In countries of the Organization for Economic Co-
operation and Development (OECD), methane recuperated
from ventilation shafts is used as fuel, but in many countries
it is still emitted into the atmosphere or flared, despite efforts
for coal-mine recovery under the UNFCCC Clean Devel-
opment Mechanisms (http://cdm.unfccc.int). Methane emis-
sions also occur during post-mining handling, processing,
and transportation. Some CH4 is released from coal waste
piles and abandoned mines. Emissions from these sources are
believed to be low because much of the CH4 would likely be
emitted within the mine (IPCC, 2000).

Almost 40 % (IEA, 2012) of the world’s electricity is pro-
duced from coal. This contribution grew in the 2000s at the
rate of several per cent per year, driven by Asian production
where large reserves exist, but has stalled from 2011 to 2012.
In 2012, the top 10 largest coal producing nations accounted
for 88 % of total world emissions for coal mining. Among
them, the top three producers (China, USA and India) pro-
duced two-thirds of the total (CIA, 2016).

Global estimates of methane emissions from coal min-
ing show a large variation, in part due to the lack of com-
prehensive data from all major producing countries. The

range of coal mining emissions is estimated at 18–46 Tg of
methane for the year 2005, the highest value being from
EDGARv4.2FT2010 and the lower from USEPA.

As announced in Sect. 3.1.2, coal mining is the main
source explaining the differences observed between inven-
tories at global scale (Fig. 2). Indeed, such differences are
explained mainly by the different CH4 emission factors used
for calculating the fugitive emissions of the coal mining in
China. Coal mining emission factors depend strongly on the
type of coal extraction (underground mining emitting up to
10 times more than surface mining), the geological under-
ground structure (very region-specific) and history (basin up-
lift), and the quality of the coal (brown coal emitting more
than hard coal). The EDGARv4.2FT2012 seems to have
overestimated by a factor of 2 the emission factor for the
coal mining in China and allocated this to very few coal
mine locations (hotspot emissions). A recent county-based
inventory of Chinese methane emissions also confirms the
overestimate of about +38 % with total anthropogenic emis-
sions estimated at 43 ± 6 Tg CH4 yr�1 (Peng et al., 2016).
Also, assimilating also 13CH4 data, Thompson et al. (2015)
showed that their prior (based on EDGARv4.2FT2010) over-
estimated the Chinese methane emissions by 30 %; how-
ever, they found no significant difference in the coal sec-
tor estimates between prior and posterior. EDGARv4.2 fol-
lows the IPCC guidelines 2006, which recommends region-
specific data. However, the EDGARv4.2 inventory compi-
lation used the European averaged emission factor for CH4

www.earth-syst-sci-data.net/8/697/2016/ Earth Syst. Sci. Data, 8, 697–751, 2016

Pomiary	satelitarne	
Satelity	SWIR	



Pomiary	satelitarne	
SWIR	-	wady	i	zalety	

•  Zalety:	
•  Możliwość	obserwacji	globalnie	w	wysokiej	rozdzielczości	przestrzennej	
•  Koszty	jednostkowe	obserwacji	

•  Wady:	
•  Ograniczona	precyzja	w	pomiarach	gazów	cieplarnianych	
•  Chmury	olbrzymim	problemem	(c.f.	emisje	metanu	z	tropikalnych	
mokradeł)	

•  Możliwość	obserwacji	wyłącznie	w	ciągu	dnia	
•  Trudności	na	dużych	szerokościach	geograficznych	

•  Dodatkowo:	konieczne	jest	również	dopracowanie	narzędzi,	
które	pozwolą	na	wykorzystanie	strumieni	danych	z	nowych	
instrumentów	



Podsumowanie	– stan	obecny	

•  Nadal	duże	niepewności	w	oszacowaniach	budżetów	gazów	
cieplarnianych	

•  Powód:	brak	pełnego	zrozumienia	mechanizmów	oraz	brak	
wystarczających	ilości	obserwacji	

•  Duże	niepewności	opóźniają	i	utrudniają	przyjęcie	optymalnej	
strategii	walki	z	globalnym	ociepleniem	

•  W	ważnych	regionach	emisji	brak	wystarczającej	ilości	obserwacji	– 
nie	mamy	pełnej	wiedzy	o	mechanizmach	emisji	i	niszczenia	gazów	
cieplarnianych	(nadal!)	

•  Nowe	technologie	(satelity)	są	bardzo	obiecujące,	ale	wymagają	
wielu	udoskonaleń	

Potrzebne	są	nowe	narzędzia	pomiarowe,	ale	wraz	z	nimi	
potrzebujemy	również	nowych	(lepszych)	modeli,	które	

będą	w	stanie	wykorzystywać	nowe	dane	



MISJA	COMET	1.0	



CoMet*	1.0	– zakres	i	cele	
*	Carbon	Dioxide	and	Methane	Mission	

•  Pomiary	lotnicze	gazów	cieplarnianych.	Głównie:	CH4	and	CO2	
•  Dokładne	oszacowanie	regionalnych	strumieni	gazów	cieplarnianych	
•  Walidacja	pomiarów	satelitarnych	(Sentinel-5P,	GOSAT,	OCO-2)	
•  Testy	innowacyjnych	instrumentów	teledetekcyjnych	(pasywnych	i	aktywnych)	
•  Misja	pilotażowa	– opracowane	techniki	zostaną	użyte	później	na	bardziej	

wymagających	obszarach	geograficznych	



● ●

●

Active Coal Mine Shafts
Active CM Shafts, emis. unknown
Landfills
Power Plants
Inactive shafts, emis. unknown
Other sources

Główny	obszar	badań	–	Górny	Śląsk	

Ventilation	Shaft		
(KWK	Pniówek,	Ludwik	III	vent)	

Między	400	Gg	a	1500	Gg	CH4	emitowanych	rocznie.	



CoMet	1.0	
Najważniejsze	fakty	
•  5	samolotów	
•  5	tygodni	lotów	
Od	12	maja	do	15	czerwca,	2018	

•  Dodatkowo	pomiary	naziemne	przy	
użyciu	wielu	rodzajów	instrumentów	
(FTIR,	lidary	wiatru,	platformy	
mobilne,	małe	bezzałogowce	–	bliska	
koordynacja	z	projektem	MEMO2)	

•  Ok.	130	zaangażowanych	naukowców	
•  Pomiary	nad	dużą	częścią	Europy	
•  Różnorodność	celów	naukowych	
podczas	każdego	dnia	pomiarów	

RED	=	TCCON	sites	
&	AirCore	launches	

Trainou	

Bremen	

USCB	

Sodankylä	

Bialystok	

HALO	

FUB	Cessna	207	DLR	Cessna	208	 Do	228-212	



CoMet	1.0	
Equipment	
Instrument	acronym Description Aircraft 

CHARM-F 	DLR	 Lidar	(IPDA):	XCO2	and	XCH4		

JIG 	MPI Cavity	Ringdown	Spectrometer 
JAS 	MPI Flask	sampler 
miniDOAS 	IUP-UH Differential	Optical	Absorption	Spectroscopy 
BAHAMAS 	DLR HALO	basic	data	acquisition	system	(meteo) 
Dropsondes 	DLR Meteorological	sondes 
FOKAL 	Menlo/DLR Miniaturized	Frequency	comb 

MAMAP 	IUP-UB NIR-SWIR	spectrometer	(XCO2	and	XCH4) 

CRDS 	IUP-UB Cavity	Ringdown	Spectrometer 

QCLS 	DLR Quantum	Cascade	Laser	Spectrometer 
CRDS 	DLR Cavity	Ringdown	Spectrometer 
Sampler 	DLR/MPI Flask	sampler 
METPOD 	DLR Cessna	basic	data	acquisition	system 

CRDS														CNRS,	C.	Crevoiser	 One	coordinated	HALO+F20	flight	over	France	

HYSPEX																																				DLR	 Hyperspectral	imager	-	2	flights	over	USCB	

HALO	

FUB	Cessna	207	

DLR	Cessna	208	
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Summary and Outlook

• CoMet 1.0 Mission: 12 May – 17 June, 2018
• Very successful flights ( 9x HALO, 18x Cessna) &  a wealth of data!
• First active – passive GHG remote sensing data set
• Combination of in‐situ and remote sensing can be used to quantify 

the spatial variation of XCH4 on S5P sub‐pixel scale.
• Data will be used to estimate CH4 emissions from point source (coal 

mine shafts) to basin scale.
• Several  good cases for S5P (CH4) and GOSAT validation
• Models (WRF-GHG and MECO(n)) have been used in forecast mode and 

will now be employed to hindcast the campaign period.

• 1st scientific CoMet workshop in Zakopane (PL), January 2019
• CoMet 2.0 (2021/22) will concentrate on large wetlands in the Arctic 

and Tropics 
• Co-operations are welcome!

Key Objectives

• Provide airborne and ground based atmospheric CH4 and CO2 data for regional inverse 
modeling of those most important anthropogenic greenhouse gases (GHG)

• Identify local sources and quantifying regional emissions
• Improve regional‐scale estimates of GHG fluxes
• Use an innovative airborne payload (active + passive remote sensing + in‐situ)
• Validate satellite measurements (GOSAT, Sentinel‐5P, OCO2 + preparation for 

Sentinel 5 & MERLIN)

Active (CHARM-F) & Passive (MAMAP) Remote Sensing
- example of a coal-fired power plant plume (very preliminary!):  

• First co-located measurement of
airborne active and passive
instruments

• Jänschwalde power plant
(East Germany) ~25Mt CO2/y

• Unique data set to test 
synergies

• Independent determination of emissions
• Similar data were obtained from CH4 sources

(coal mine ventilation shafts)

CoMet: 
An airborne mission to simultaneously measure CO2 and CH4
using lidar, passive remote sensing, and in-situ techniques
Andreas Fix1, A.Amediek1, T.Andersen2, J.Borchardt3, H.Bovensmann3, C.Büdenbender1, J.P.Burrows3, A.Butz4, H.Chen2, A.Dandocsi5, M.Eckl1, 
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Instrumentation:
5 Aircraft 
& Ground-based 
Instruments in Poland
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9 HALO Flights (44.000 km)

EDGAR (2010) database:  
methane emissions

109 kg m-2 s-1 per 0.1x0.1°grid

The Cessna and part of the HALO Flights concentrated on the Upper 
Silesian Coal Basin (USCB) which is the European CH4 emission hotspot.

CH4 Quicklook Data from USCB

CHARM-F lidar on the HALO aircraft (DLR) 

MAMAP on the Cessna aircraft (U Bremen)
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Latitudinal CO2 Gradients 
seen with CHARM-F
and compared to CAMS 
Forecast

CoMet Campaign Support was 
provides through CAMS:
ECMWF Copernicus Atmosphere
Monitoring Service

Over 160 in-situ flask 
samples collected: 

From flasks we will get info on:
• Isotopic composition: 13C in CH4 , 2H in CH4
• Quality control of CO2, CH4, CO
• Additional compounds: N2O, SF6, H2, COS
Analyses have been started.

Andreas.Fix@dlr.de

9 DLR Cessna Flights
(+ 9 FUB Cessna Flights) 

(not shown)

100km

CHARM-F XCH4
measurement

Background:
MECO(n) Model Forecast
Valid 07-June-2018 10:00
Initialised 06-Jun-2018 04:26

Flight Altitude

> 100 on HALO

+ 65 on Cessna in 
Poland

Cessna In-situ flight on June 6 for mass balance approach

Wind

Active
ventilation
shafts

MAMAP quicklook data from June 7

10km

CH4 plume seen by
the mobile FTIR

Model vs in-situ observations (WRF-GHG + CRDS):
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CH4 plume seen by
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Model vs in-situ observations (WRF-GHG + CRDS):

Plus	ground	equipment	in	USCB	(4	FTIR,	3	wind	lidars,	mobile	CRDS	and	drones)	



OBSERWACJE	



CoMet	1.0	
Pomiary	teledetekcyjne	aktywne:	CHARM-F	

•  LIDAR	IPDA	(Integrated	Path	Differential	
Absorption)	do	równoczesnego	pomiaru	
stężeń	CO2	i	CH4	

•  Dwie	długości	fali	na	każdą	molekułę	–	
online/offline	

•  Demonstrator	misji	MERLIN	(~2024)	

Introduction of CHARM-F

> CoMet Workshop Zakopane > Axel Amediek  •  CHARM-F > 10.01.2019DLR.de  •  Chart 2
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�off �on�off �on

� airborne IPDA lidar for remote sensing of CH4 and CO2 simultaneously (and
independently)

� airborne demonstrator for the MERLIN space project (CH4 lidar by DLR+CNES)

Introduction of CHARM-F

> CoMet Workshop Zakopane > Axel Amediek  •  CHARM-F > 10.01.2019DLR.de  •  Chart 3

CH4 laser

CO2 laseroptical bench

� IPDA lidar: the laser ground (or cloud or sea surface) backscatter is measured
� determined quantities: column-averaged dry-air mixing ratio of methane

„XCH4“ and carbon dioxed „XCO2“
� two wavelengths for each trace gas: online and offline
� wavelength ranges: CH4: 1645 nm, CO2: 1572 nm
� additional systems: VIS camera and IR camera for contextual information
� first mission on HALO: test campaign in 2015
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> CoMet Workshop Zakopane > Axel Amediek  •  CHARM-F > 10.01.2019DLR.de  •  Chart 3
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� determined quantities: column-averaged dry-air mixing ratio of methane

„XCH4“ and carbon dioxed „XCO2“
� two wavelengths for each trace gas: online and offline
� wavelength ranges: CH4: 1645 nm, CO2: 1572 nm
� additional systems: VIS camera and IR camera for contextual information
� first mission on HALO: test campaign in 2015



CoMet	1.0	
Pomiary	in-situ:	JIG	(CRDS)	



CoMet	1.0	
Pomiary	in-situ:	JAS	

CoMet 1.0 
HALO-JAS 

flask 
sampling 

98 flasks filled 
and analysed for 

CO2, CH4, CO, SF6, H2, N2O 
 

94 analysed for 
13C and 2H in CH4 

 

•  Dodatkowo	63	próby	zebrane	przez	awionetkę	D-FDLR	
(Cessna)	
•  Niższe	partie	atmosfery	(0	–	4	km)	
•  Wszystkie	podczas	lotów	nad	Polską	



MODELOWANIE	



Symulacje	WRF-GHG	w	projekcie	CoMet	

•  WRF-GHG	v.3.9.1.1.	
•  Obliczenia	na	SK	Mistral	

(DKRZ,	Hamburg)		
•  Prognozy	+3	dni	
•  Obliczenia	operacyjne	przy	

użyciu	danych	
początkowych	i	
brzegowych	z	prognoz	
ECMWF	oraz	CAMS	

•  Prognozy	parametrów	
modelu	wegetacji	VPRM	
CO2	fluxes	

•  Konfiguracja	uproszczona	
dla	zapewnienia	prędkości	
obliczeń	

Prognozy	 Reanalizy	

•  Symulacje	po	zakończeniu	
kampanii	

•  Modyfikcja	modelu:	
•  Optymizacja	użytych	

parametryzacji	
(wolniejsze,	
dokładniejsze)	

•  Zmiana	domen	
obliczeniowych	

•  Wprowadzenie	
dodatkowych	
znaczników	(ang.	
tagged	tracers)	

•  Dane	wyjściowe	o	b.	
wysokiej	częstotliwości	

CH4		
(anthr.)
[ppm]	



CAMS	C-IFS	Average	Offsets	over	Europe	[“+”:	CAMS	overestimates]	
CO2	=	+2.77	ppm,	CH4	=	-34	ppb,	CO	=	10.3	ppb	

•  29	maj,	2018,	HALO,	Lot	#6	
•  CH4	[ppm]	

JIG	MEASUREREMENT	

WRF-GHG	



CAMS	C-IFS	Average	Offsets	over	Europe	[“+”:	CAMS	overestimates]	
CO2	=	+2.77	ppm,	CH4	=	-34	ppb,	CO	=	10.3	ppb	

•  29	maj,	2018,	HALO,	Lot	#6	
•  CO2	[ppm]	



Symulacje	znacznikowe	
•  Modyfikacja	kodu	WRF-GHG	code	– 

dodano	ponad	120	nowych	
znaczników	

•  CH4:	każde	źródło	znakowane	
•  Wliczając	aktywne	/	nieaktywne	

kopalnie	węgla,	wysypiska	śmieci	oraz	
inne	znane	źródła	o	niewiadomych	
wielkościach	emisji	

•  Możliwy	rozkład	obliczonego	sygnału	
na	czynniki	pochodzące	z	
poszczególnych	źródeł	

•  Optymizacja	wyników	obliczeń	
metodą	inwersyjną	pozwoli	
oszacować	siłę	poszczególnych	źródeł	



Symulacje	znacznikowe	



Symulacje	znacznikowe	



Symulacje	znacznikowe	



Symulacje	znacznikowe	



Symulacje	znacznikowe	



Symulacje	znacznikowe	



•  Misja	CoMet	była	pilotażową	kampania	nt.	pomiarów	
gazów	cieplarnianych	
•  Użyto	najnowocześniejszych	technik	obserwacyjnych	
•  Zebrane	bogactwo	danych	posłuży	do	doskonalenia	
narzędzi	numerycznych	(modele)	
•  Zatwierdzono	misję	CoMet	2.0,	z	planowanymi	dwoma	
kampaniami	– CoMet	Arctic	(2022)	i	CoMet	Wetlands	
(2023)	

Podsumowanie	



Dziękuję	za	uwagę	
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Finansowanie	projektu:	


