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5.5M.1 Assessment of recent advances in observational and modelling methodologies

Since AR5 three major advances have had a decisive impact on the levels of confidence of the trends and the
variability of both air-sea fluxes of CO; and its storage in the ocean interior. These are (i) the new
observations and observational-based products for decadal variability in ocean uptake fluxes and ocean
storage, (ii) the observational-based product changes in amplitude of the seasonal cycle of surface ocean
pCO; (the partial pressure of CO; expressed in uatm) in response to changing ocean carbonate chemistry,
and (iii) spatially-resolved pCO- seasonal climatologies for the global coastal ocean (Gruber et al., 2019a;
(Rodenbeck et al., 2015; Landschiitzer et al., 2016, 2018); Laruelle et al., 2017). These advances were made
possible by the simultaneous global coordination of observations and data quality control through the surface
ocean CO; atlas (SOCAT) and Lamont-Doherty Earth observatory (LDEQ) as well as the rapid adoption of a
large variety of interpolation techniques for the surface layer and their inter-comparison to constrain
uncertainties and biases (Rodenbeck et al., 2015; Bakker et al., 2016; Landschitzer et al., 2016; McKinley et
al., 2017; Gregor et al., 2019; Gruber et al., 2019b).

Advances in the multiple methods of interpolating surface ocean pCO, observations provide a medium to
high confidence in the air-sea fluxes of CO; over most of the ocean (Rddenbeck et al., 2015; Landschitzer et
al., 2016; Gregor et al., 2019). However, there is low confidence in those fluxes for important regions such as
the Southern Ocean; the Arctic, South Pacific as well as coastal oceans (Laruelle et al., 2017; Gregor et al.,
2019; Gruber et al., 2019c¢); while these regions remain temporally and spatially under sampled the
development and deployment of carbon and biogeochemically enabled Argo autonomous floats is starting to
close those gaps (Williams et al., 2017; Gray et al., 2018; Claustre et al., 2020).

Similarly, for anthropogenic carbon storage in the ocean interior (i.e. below the mixed layer) the global
ocean ship-based hydrographic investigations programme (GO-SHIP) coupled to the global ocean data
analysis project for carbon (GLODAPv2) were central to supporting the advances in characterising changes
to the storage in the ocean interior by generating a new consistent, quality-controlled, global dataset,
allowing the decadal variability in ocean carbon storage to be quantified (Lauvset et al., 2016; Olsen et al.,
2016; Clement and Gruber, 2018; Gruber et al., 2019b). There is high confidence that a significant advance
since AR5 and SROCC is the improved characterization of the variability of the ocean CO, storage trends in
space and time, which has notable decadal and regional scale variability (Tanhua et al., 2017; Gruber et al.,
2019b) (SROCC Chapters 3 and 5).

Since it is also unequivocal that anthropogenic CO, taken up from the atmosphere into the ocean surface
layer is further transported into the ocean interior through ocean ventilation processes including vertical
mixing, diffusion, subduction and meridional overturning circulations (Sallée et al., 2012; Nakano et al.,
2015; Bopp et al., 2015; ludicone et al., 2016; Toyama et al., 2017), the trends as well as the spatial and
temporal variability were assessed in an integrated way for both the air-sea flux and storage of anthropogenic
CO..

5.5SM.2 SeaFlux method: a 4 step methodological approach to address the first order inconsistencies
between the ocean six (6) CO, flux observational based products used in Chapter 5 (5.2.3.1)

Contributors: Amanda Fay and Luke Gregor
Methods

The SeaFlux method is based on six published and widely used observation-based products of surface ocean
partial pressure (of CO, (pCO.) and spans years 1988-2018 (Gregor and Fay, 2021). These six include three
neural network derived products (MPI-SOMFFN, CMEMS-FFNN, NIES-FNN), a mixed layer scheme
product (JENA-MLS), a multiple linear regression (JMA-MLR), and a machine learning ensemble (CSIR-
ML6) (Supplementary Materials Table 5.SM.1). These products are included as they have been regularly
updated to extend their time period and incorporate additional data that comes with each annual release of
the SOCAT database.
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Surface pCO; observations play a key role in constraining the global ocean carbon sink. This is because
variations in surface ocean pCO. is the driving force governing the exchange of CO; across the air-sea
interface, which is commonly described through a bulk formula (Garbe et al., 2014; Wanninkhof, 2014):

Flux=k., -sol-(pCO; -pCO*"™)-(1-ice) D

where ky, is the gas transfer velocity, sol is the solubility of CO, in seawater, in units mol m=patm?, pCO, is
the partial pressure of surface ocean CO,in patm, and pCO*™in units of patm represents the partial pressure
of atmospheric CO; in the marine boundary layer. Finally, to account for the seasonal ice cover in high
latitudes the fluxes are weighted by 1 minus the ice fraction (ice), i.e. the open ocean fraction.

All of these methods provide full three-dimensional fields (latitude, longitude, time) of the sea surface partial
pressure of CO, (pCO;) and the air-sea CO; flux. In their original form each product may utilise different
choices for the inputs to Equation 1. In this work recompute the fluxes using the following inputs to the bulk
parameterization approach Equation 1: ky is the gas transfer velocity, sol is the solubility of CO. in seawater,
in units mol m* patm™, calculated using the formulation by Weiss, (1974), EN4 salinity (Good et al., 2013),
Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) sea surface temperature (Good et al.,
2020), and European Centre for Medium- Range Weather Forecasts (ECMWF) ERAS sea level pressure
(Hersbach et al., 2020); ice is the sea ice fraction from OSTIA (Good et al., 2020); pCO- is the partial
pressure of oceanic CO, in patm for each observation-based product after filling, and pCO-,*™is the dry air
mixing ratio of atmospheric CO; (xCO-) from the ESRL surface marine boundary layer CO; product
available at https://www.esrl.noaa.gov/gmd/ccgg/mbl/data.php (Dlugokencky and Tans, 2020) multiplied by
ERAD sea level pressure (Hersbach et al., 2020) at monthly resolution, and applying the water vapor
correction according to Dickson et al. (2007).

Flux is defined positive upward, that is CO; release from the ocean into the atmosphere is positive, and
uptake by the ocean is negative. In the following sections we discuss the three steps that have the greatest
impact on the inconsistencies between unadjusted flux calculations in the six pCO; products and the
approach that we utilise for the SeaFlux ensemble product.

Step 1: Areafilling

Machine learning methods aim to maximise the utility of the existing in situ observations by extrapolation
using various proxy variables for processes influencing changes in ocean pCO.. Extrapolation with these
independently observed variables is possible due to the nonlinear relationship between pCO; in the surface
ocean and the proxies that drive these changes.

However, not all of the proxy variables have complete global ocean coverage for all months, so the resulting
pCO; products are limited by the extent of the proxy variables. Additionally, in coastal regions there is the
potential that different relationships of pCO. are expected than in the open ocean, thus limiting the
extrapolations. In contrast, the mixed layer scheme (utilised by the JENA-MLS product) does not suffer from
such missing areas but does not distinguish between coastal and open ocean. While the area extent of the
available air-sea flux estimates varies between products, there are consistent patterns; nearly all products
cover the open ocean, whereas larger differences exist in the coverage of coastal regions, shelf seas, marginal
seas and the Arctic Ocean. To account for differing area coverage, past studies (Friedlingstein et al., 2019,
2020; Hauck et al., 2020) have adjusted simply by scaling based on the percent of the total ocean area
covered by each observation-based product. This does not account for the fact that some areas have CO» flux
densities that are higher or lower than the global average. Thus, the magnitude of the adjustment by area-
scaling is likely an underestimate (McKinley et al., 2020). One specific example is the northern high
latitudes where coverage by the six products varies substantially. Similarly, three products provide estimates
in marginal seas such as the Mediterranean while the other three products have no reported pCO; values here.
Shutler et al., (2016) report that subtle differences in regional definitions can cause differences of >10% in
the calculated net fluxes.
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To address the inconsistent spatial coverage in products we utilise a newly released open and coastal merged
climatology product (MPI-ULB-SOMFFN; Landschditzer et al., 2020b) that is a blend of the coastal ocean
SOMFFN mapping method (Laruelle et al., 2017) and the open ocean equivalent (MPI-SOMFFN;
Landschiitzer et al., 2020a), but which now includes missing coastal ocean regions, marginal seas and the
full Arctic Ocean. For each observationally-based product, we fill missing grid cells with a scaled value
based on this global-coverage climatology. The scaling accounts for year-to- year changes in pCO; in the
missing areas (given that the extended MPI-ULB-SOMFFN product is a monthly climatology centred on
year 2006) and is obtained as follows. To extend the open and coastal merged monthly climatology (MPI-
ULB-SOMFFN) to 1988-2018, we calculate a global scaling factor based on the product-based ensemble
mean pCO; for regions which are covered consistently by all six pCO- products. We first mask all pCO>
products to a common sea mask before taking an ensemble mean (pCO.*™). Next, we divide this ensemble
mean by the MPI-ULB-SOMFFN climatology (pCO:®"™) at monthly 1° by 1° resolution (Equation 2). The
monthly scaling factor (sf pCO) is calculated by taking the mean over the spatial dimensions.

The scaling factor calculation can be represented as:

_ pcog™s 5
SprOZ - meanx,y pCOglim ( )

where sfpCO: is the one-dimensional scaling factor (time dimension), pCO2*"is the ensemble mean of all
pCO, products at three-dimension, monthly 1° by 1° resolution, pCO,*'™ is the MPI-ULB-SOMFFN
climatology, also at three-dimension but limited to just one climatological year. The x and y indicate that we
take the area-weighted average over longitude (x) and latitude (y) resulting in the monthly scaling value. If a
product mean is exactly equal to the climatology mean, the scaling factor is 1. Value ranges from 0.91 to
1.06 over the 31-year time period. The one-dimensional scaling factor is then multiplied by the MPI-ULB-
SOMFFN climatology for each spatial point resulting in a three-dimensional scaled filling map. These values
are then used to fill in missing grid cells in each observation-based product. Globally, the adjustments are all
less than 20% of the total flux, with the mean adjustment for the six products at 9%. In the Northern
Hemisphere however, the filling process can drive adjustments of up to 35%. As expected, the
observationally-based products with more complete spatial coverage tend to have smaller flux adjustments,
however the impact on the final CO; flux depends on the ApCO, and wind speed of the areas being filled.
The only product that does not change during this adjustment process is the JENA-MLS mixed layer
scheme-based product (Rddenbeck et al., 2013) which is produced with full spatial coverage and therefore
needs no spatial filling.

Our approach is not without its own assumptions and limitations. We rely on a single estimate of the missing
pCO: in coastal ocean regions, marginal seas, and the full Arctic Ocean, given that this is the only publicly
available product currently existing. Nevertheless, the fact that common missing areas along coastal regions
and marginal seas are reconstructed using specific coastal observations provides a step forward from the
linear-scaling approach currently used by the Global Carbon Budget (Friedlingstein et al., 2019, 2020).
Further confidence is provided by previous research showing that climatological relevant signals, i.e. mean
state and seasonality, are well reconstructed by the MPI-SOMFFN method.

Furthermore, our scaled filling methodology assumes that pCO; in the missing ocean regions is increasing at
the same rate as the common area of open-ocean pCO; used to calculate the scaling factor. Research from
coastal ocean regions and shelf seas reveal that, in spite of a large spatial heterogeneity, this is a reasonable
first order approximation (Laruelle et al., 2017). While our approach has a constant scaling factor for the
missing ocean areas regardless of latitude we acknowledge that this could be improved with increased
understanding.

Step 2: Wind product selection

180 Historical wind speed observations (including measurements from satellites and moored buoys) are
aggregated and extrapolated through modelling and data assimilation systems to create global wind
reanalyses. These reanalyses are required to compute air-sea gas exchange. Air-sea flux is commonly
parameterised as a function of the gradient of CO, between the ocean and the atmosphere with wind speed
Do Not Cite, Quote or Distribute 5SM-5 Total pages: 51
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modulating the rate of the gas exchange (Equation 1). Each of these wind reanalyses has strengths and
weaknesses, specifically on regional and seasonal scales (Chaudhuri et al., 2014; Ramon et al., 2019) but all
are considered reasonable options by the community (Roobaert et al., 2018). We use three wind reanalysis
products for completeness: the Cross-Calibrated Multi-Platform v2 (CCMP2, (Atlas et al., 2011)), the
Japanese 55-year Reanalysis (JRA-55, KOBAYASHI et al., 2015) and the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA5 (Hersbach et al., 2020). The wind speed (U10) is calculated at
the native resolution of each wind product from the u- and v-components of wind.

Step 3: Calculation of gas exchange coefficient

We employ the quadratic windspeed dependence of the gas transfer velocity (Wanninkhof, 1992) and
calculate the piston velocity (kw) for each of the wind reanalysis products as:

kw=a- WD) (g0 ©

where the units of kw are in cm h™L, Sc is the dimensionless Schmidt number, and (U2) denotes the second
moment of average 10-m height winds (m s*). We choose the quadratic dependence of the gas transfer
velocity as it is widely accepted and used in the literature (Wanninkhof, 1992). Observational and modelling
studies have often suggested that different parametrizations could be more appropriate under specific
conditions (Fairaill et al., 2000; Nightingale et al., 2000; McGillis et al., 2001; Krakauer et al., 2006);
however, recent direct carbon dioxide flux measurements made in the high latitude Southern Ocean confirm
that even in this high wind environment, a quadratic parameterization fits the observations best (Butterworth
and Miller, 2016). Future updates of the SeaFlux product will include options for other parameterizations.
We calculate the square of the wind speed at the native resolution of each wind product and then average it
to 1° by 1° monthly resolution. The order of this calculation is important as information is lost when
resampling data to lower resolutions because of the concavity of the quadratic function. For example, if the
second moment were calculated from time-averaged wind speeds, it would result in an underestimate of the
gas transfer velocity (Sarmiento and Gruber 2006; (Sweeney et al., 2007). The resulting second moment is
equivalent to <U?> = Umean? + Ustd? where Umean and Ustd are the temporal mean and standard deviation
calculated from the native temporal resolution of U.

In addition to the choice of wind parameterization, large differences in flux can result due to the scaling
coefficient of gas transfer (a) that is applied when calculating the global mean piston velocity. This constant
originates from the gas exchange process studies (Krakauer et al., 2006; Sweeney et al., 2007; Muller et al.,
2008; Naegler, 2009) utilise observations of radiocarbon data from the GEOSECS and WOCE/JGOFS
expeditions (Key et al., 2004). The “C released from nuclear bomb testing (hence bomb-**C) in the mid
twentieth century has since been taken up by the ocean. The number of bomb-1“C atoms in the ocean,
relative to the pre-bomb “C, can thus be used as a constraint on the long-term rate of exchange of carbon
between the atmosphere and the ocean. A probability distribution of wind speed is used to optimise the
coefficient of gas transfer based on these observed natural and bomb *C invasion rates. This coefficient must
be individually calculated and is not consistent for each wind product. Further, the gas transfer velocity used
by the different pCO, mapping products are not scaled to the same bomb-C estimate. The range of the
different bomb-24C estimates is within the range of the uncertainty from the associated studies (Naegler,
2009), but the choice would introduce inconsistency that is easily addressed here.

We scale the gas transfer velocity to a bomb-1“C flux estimate of 16.5 cm hr! as recommended by Naegler,
(2009). The coefficient (a) is calculated for each wind product via a cost function which optimises the
coefficient of gas transfer

a=ky- (U2 ‘1-(56/660)0'5-(1—ice) @)

where parameters are as defined in Equation 3. The units of the coefficient a are (cm h™t) (m s1)2. Global
winds from the wind speed products differ and therefore even with the same bomb-24C observations the
scaled coefficient (a) can have a 40% range (Wanninkhof, 2014). By determining the optimal a coefficient
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for each of the reanalysis winds, uncertainty in the global fluxes can be decreased. Our scaled coefficients
correspond well with the estimate of Wanninkhof, (2014) who uses the CCMP wind product to estimate a as
0.251. Differences in the coefficient will also result from the time period considered and definition of global
area and ice fraction applied in the calculation.

This scaling of the gas exchange coefficient (a) for each wind product is an essential, and an inconsistently
applied step, that has large implications for air-sea flux estimates. Without individual scaling, and instead
utilising a set value for the gas transfer coefficient (a) regardless of wind product, our results show that
calculated global fluxes could be as high as 9% different depending on which pCO; and wind reanalysis
product considered (Roobaert et al., 2018).

Step 4: Further parameters for flux calculation

The remaining parameters of Equation 1 are the solubility of CO in seawater (sol), the atmospheric partial
pressure of CO, (pCO2*™), and the area weighting to account for sea ice cover. While the choices of products
used for these parameters can also result in differences in flux estimates, the impacts are much smaller as
compared with the parameters discussed above.

Atmospheric pCO: is calculated as the product of surface xCO; and sea level pressure corrected for the
contribution of water vapor pressure. The choice of the sea level pressure product, or absence of the water
vapor correction can have small, but not insignificant, impact on the calculated fluxes. Additionally, some
products utilise the output of an atmospheric CO; inversion product (e.g. CarboScope, (R6denbeck et al.,
2013), CAMS CO; inversion) (Chevallier, 2013) which can introduce differences in the flux estimate outside
of the sources related to a product’s surface ocean pCO, mapping method. Importantly, we do not advocate
that our estimate of pCO2™ is an improvement over other estimates thereof; rather we provide an estimate of
pCO,*™ that has few assumptions and leads to a methodologically consistent estimate of ApCO,. We
maintain the same philosophy in our estimates of solubility of CO; in seawater and sea-ice area weighting
and therefore we do not elaborate on them here.

5.SM.3 Biogeophysical sequestration potential of ocean-based CDR methods

Ocean fertilisation (OF) aims to boost primary production and subsequently organic carbon export by
seeding the ocean surface with nutrients, typically in iron-limited areas such as the Southern Ocean or North
Pacific. Iron fertilisation experiments have been inconclusive on whether deep-sea carbon sequestration is
enhanced (Boyd et al., 2007; Yoon et al., 2018), with only one observing an increase in the biological pump
below 1000 m (Smetacek et al., 2012), suggesting that the effectiveness of ocean fertilisation is low (medium
confidence). Model simulations (Oschlies et al., 2010; Keller et al., 2014) suggest that if ocean fertilisation is
applied continuously in the Southern Ocean under high CO., emission scenarios, CO, sequestration rates are
initially between 2 and 4 PgC yr, but then decrease to 0.4 to 1 PgC yr* after the initial decade, with an 80-
year cumulative carbon uptake of 73 to 90 PgC. Taking the sequestration rates from these model simulations
to constitute an upper limit, we assess the maximum biogeophysical sequestration potential of iron
fertilization to be 1 PgC yr* (low confidence). Increased productivity in the fertilised areas would result in
decreased productivity in unfertilised regions (Oschlies et al., 2010b). The carbonate counter pump could
also reduce iron fertilisation-induced carbon sequestration by 6-32% (Salter et al., 2014).

Artificial ocean upwelling (AOUpw) brings nutrient-rich water to the ocean surface to alleviate nutrient
limitation of (near-) surface phytoplankton growth and thus boost primary production and subsequent ocean
CO, uptake. For AOUpw to be effective at increasing ocean carbon storage, the increased primary
production has to result in increased transfer of organic carbon into the deep ocean. AOUpw also returns
previously-sequestered dissolved inorganic carbon to the surface ocean, thus increasing surface water pCO-
and decreasing (or potentially negating) atmospheric CO, drawdown stimulated by the additional nutrient
input. In model simulations (Oschlies, 2010; Keller et al., 2014) where AOUpw is applied continuously and
at the largest feasible scales, atmospheric CO2 removal is up to 4.3 PgC yr! during the first decade, and
decreases afterwards to 0.9 to 1.5 PgC yr?* (average), with an 80-year cumulative CO, removal of 80 to 140
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PgC. 50-80% of this removal results from cooling-induced enhancement of the terrestrial carbon sink
(Keller et al., 2014). Removing terrestrial CO, removal from the total cumulative CO, removal yields
cumulative ocean CO removal of 16 to 70 PgC over 80 years, or 0.2 to 0.9 PgC yr* (low confidence).

Ocean alkalinisation, via the deposition of alkaline minerals (e.g. olivine) or their dissociation products (e.g.
quicklime) at the ocean surface, can increase surface total alkalinity and thus increase CO; uptake and
storage. Modelling studies suggest that massive additions of alkalinity (114 Pmol by the end of the century)
in high CO. emission scenarios could increase ocean uptake by up to 27 PgC yr? by the end of the century
(cumulative atmospheric CDR of up to 905 PgC), and permanently keep it there (100 ka residence time;
Renforth & Henderson, 2017) even if additions were stopped (Gonzélez et al., 2016; Feng et al., 2017;
Sonntag et al., 2018). Taking the sequestration rates from these model simulations to constitute an upper
limit, we assess the maximum biogeophysical sequestration potential of ocean alkalinisation to be 10 PgC yr
! (medium confidence).
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Figure 5.SM.1: A comparative assessment of the contribution made by 5 regional ocean biomes (panels b-f) to the

temporal variability characteristics of the global mean air-sea CO, flux anomalies for the period
1990-2018 using ensembles of global ocean biogeochemical models (GOBMs; 9 time series),
observation-based products (6 time series) (Gregor et al., 2019; Supplementary Material 5.SM.2)
(based on the SOCATV6 observational data (Bakker et al., 2020). Numbers in the top right of panels
(b) to () indicate the correlation between the regional mean time series of the different models and the
global mean time series (panel a). The 5 regional super-biomes (boundaries in Figure 5.9a) were
derived by aggregation of the original 17 biomes of Fay and McKinley (2014).
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Table 5.SM.1:
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Decadal mean for the global ocean sink (Socean) for anthropogenic CO, (PgC yr?) from global ocean biogeochemistry models, pCO- observation-based
data products, and atmospheric CO; inverse models. The uncertainty range for the mean of each approach is 90% confidence intervals. The range of
ocean CO; uptake for each models or products represents interannual variability.

1990-1999 2000-2009 2009-2018 2010-2019 Citation

Global ocean biogeochemistry models -1.96 *0.48 -2.14 +0.54 -2.48 £0.56 -251 *0.56
CESM-ETH -1.81 +0.26 -1.98 +0.37 -2.30 +0.26 -2.35 +0.29 Doney etal., 2009
CSIRO -245 +0.27 -2.74 +0.40 -3.10 +0.24 -3.14 +0.23 Lawetal., 2017
FESOM-1.4-REcoM2 -1.73 £0.22 -1.80 +0.34 -2.13 +£0.36 -2.18 £0.30 Hauck etal., 2020
MPIOM-HAMOCCS6 -1.67 +0.19 -1.94 +0.26 -2.23 +£0.26 -2.25 £0.26 Paulsenetal., 2017
NEMO3.6-PISCESv2-gas (CNRM) -1.90 +0.27 -1.92 +0.27 -2.27 +£0.22 -2.31 +0.25 Berthetetal., 2019
NEMO-PlankTOM5 -2.14 £0.25 -229 +0.27 -2.67 +0.23 -2.71 £0.20 Buitenhuis et al., 2013
MICOM-HAMOCC (NorESM-0OCv1.2) -2.39 +£0.20 -2.60 +0.24 -291 +0.28 -2.95 +0.24 Schwinger etal., 2016
MOMG6-COBALT (Princeton) -1.74 £0.23 -1.97 +0.43 -2.35 +0.24 -2.39 £0.20 Liaoetal., 2020
NEMO-PISCES (IPSL) -1.85 +0.26 -2.05 +0.32 -2.35 +£0.31 -2.35 £0.31 Aumontetal., 2015
pCO:2 observation-based data products* -1.89 £0.37 -2.06 +0.20 -2.62 £0.32
MPI_SOMFFN -1.74 £0.23 -1.93 +0.38 -254 +£0.11 Landschiitzer et al., 2014
JENA_MLS -1.96 +0.23 -212 +031 -2.52 +£0.19 Rodenbeck et al., 2014
LSCE_FFNN2 -1.77 £0.05 -1.94 +0.18 -2.46 +0.28 Denvil-Sommer et al., 2019
CSIR_ML6 -1.74 +£0.08 -2.01 +0.24 -2.57 +£0.20 Gregor et al., 2019
NIES_NN -1.80 +0.10 -2.14 +0.26 -3.00 +0.44 Zeng et al., 2014
JMA_MLR -2.31 +0.16 -2.24 +0.17 -2.66 +0.29 lida et al., 2020
Atmospheric COz inverse models* -2.13 £0.47 -2.36 £0.72 -240 £0.74
MIROC4-1r2020 -1.97 +£0.27 -191 +0.45 -1.90 +0.45 Saekiand Patra, 2017
MIROC4-gcp2020 -1.90 +£0.30 -210 +0.27 -2.18 *0.31 Saeki and Patra, 2017
CAMS2020 -212 +0.11 -2.54 +0.23 -2.60 +0.24 Chevallier et al., 2005
CTE2020 -254 +0.46 -2.88 +0.29 -291 +0.26 vander Laan-Luijkx etal., 2017
Previous IPCC assessment reports
TAR -1.7 +0.8 Prentice et al., 2001
AR4 -22 07 Denman et al., 2007
AR5 -22 0.7 -23 £07 Ciais et al., 2013
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* Pre-industrial sea-to-air CO; flux associated with land-to-ocean carbon flux of +0.62 PgC year (Jacobson et al., 2007; Resplandy et al., 2018) has been subtracted
from original flux estimates.

[END TABLE 5.SM.1 HERE]

[START TABLE 5.SM.2 HERE]

Table 5.5SM.2: Decadal means for the global ocean sink (Secean) for anthropogenic CO; (PgC yr?) from methods additional to those show in Table 5.SM.1. The
uncertainty ranges presented here are 90% confidence intervals otherwise specified.

Global ocean pCO;
biogeochemistry  observation-based

Atmospheric CO;

Methods Citation Period  Sea-to-air flux

inverse models

models data products
Ocean interior carbon inventory change Gruber et al., 2019a 1994-2007 -2.23 £0.31 -2.05 +0.50 -1.93 £0.27 -1.99 +0.20
L . . 1980-1989 -1.6 +0.4 -1.71 +£0.48
Ocean interior CFC inventory change McNeil et al., 2003 1090-1999 20 £04 196 +048 189 +0.37
Ocean interior AC change and GOBMs  Graven et al., 2012 1990-2007 -2.0 £0.3 -2.03 +0.50 -1.94 +0.30
Gloor et al., 2003 1990 -1.80 £0.40 -1.79 +0.54 -1.87 +0.60
Mikaloff Fletcher et al.,
Ocean inverse model 2006: Gruber et al., 2009 1995-2000 -2.2 £0.41 -1.94 +£0.47 -1.81 £0.34 -2.02 £ 0.04
. 1990-1999 -1.25 +0.53 -1.96 +0.48 -1.89 +0.37
DeVries et al., 2017
2000-2014 -2.41 +0.20 -2.24 +0.55 -2.20 £0.19 -2.21 £0.35
Joint atmosphere-ocean inversion Jacobson et al., 2007 1992-1996 -2.1 £0.2 -1.99 +0.45 -1.88 £0.33
Deconvolution atm. §*3C and CO, Joos et al., 1999 1985-1995 -2.0 +£1.3 -1.84 +0.49
Atmospheric O2/N; ratio & §*3C Battle et al., 2000 1991-1997 -2.0 £0.6 -1.97 +0.47 -1.90 £ 0.35
Air-sea 1°C disequilibrium Gruber and Keeling, 2001 1985-1995 -1.5+£0.9 -1.84 +0.49
Bender et al., 2005 1994-2002 -1.70 +0.50 -1.95 +0.48 -1.81 £0.31 -2.01 £ 0.06
1990-2000 -1.94 +1.02 -1.95 +0.48 -1.87 £0.36
Keeling and Manning, 1993-2003  -2.20 £0.94 -1.98 +0.48 -1.85 =£0.30 -1.96 £0.13
Atmospheric O2/N; ratio 2014 2000-2010 -2.72 £0.99 -216 +054 -2.09 +0.19 -2.12 £0.31
1991-2011  -2.45 +0.96 -2.09 +0.51 -2.02 £0.24
Tohjima et al., 2019 1999-2003  -2.20 +1.20 -1.99 +0.52 -1.82 +£0.33 -2.06 £0.11
2004-2008 -1.97 +1.02 -2.22 +0.57 -2.18 £0.19 -2.17 £0.45
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2009-2013 -2.65 +1.44
2012-2016  -3.05 +1.49
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-2.37 +0.56 -243 £0.24 -2.26 +0.48
-255 +0.57 -2.63 +0.33 -2.40 £0.39

[END TABLE 5.SM.2 HERE]

[START TABLE 5.SM.3 HERE]

Table 5.SM.3:

moorings.

Study

pH change

Uncer-

Qarag change

Compiled information on the rates of pH change and aragonite saturation state (Qarag) Change from various time series, ship reoccupations and

SIEHE, (B e period (per decade) |tainty | (per decade) SEAE BT CEIEn
North Atlantic
Iceland Sea (winter) | 1985-2008 -0.024 +0.002 -0.072 |0.007 ) . Olafsson et al., 2009
(68°N, 12.67°W) 1985-2010 -0.014 | +0.005 -0.018 |+0.027 Time series Bates et al., 2014
Irminger Sea (64.3°N, 28°W) 1983-2004 -0.026 +0.006 -0.08 |[+0.04 Time series Bates et al., 2014
Subpolar Gyre 1981-2007 -0.022 +0.004 Merged ship occupations | Lauvset and Gruber, 2014
NA-SPSS 1991-2011 -0.02 +0.004 Merged ship occupations | Lauvset et al., 2015
NA-STSS 1991-2011 -0.018 +0.003 Merged ship occupations | Lauvset et al., 2015
1983-2010 -0.018 +0.002 -0.11 [+0.01 Takahashi et al., 2014
BATS (32°N, 64°W) 1983-2012 -0.017 +0.001 -0.095 |+0.007 |Time series Bates et al., 2014
1983-2020 -0.019 +0.001 -0.09 |0.01 Bates and Johnson, 2020
1995-2004 -0.017 +0.003 Gonzalez-Dévila et al., 2010
ESTOC (29.04°N, 15.50°W) 1995-2011 -0.018 +0.002 -0.115 |+0.023 |Time series Bates et al., 2014
1996-2010 -0.02 +0.004 -0.1 +0.02 Takahashi et al., 2014
NA-STPS 1991-2011 -0.011 +0.002 Merged ship occupations | Lauvset et al., 2015
CARIACO (10.50°N, 64.66°W) |1995-2012 -0.025 +0.004 -0.066 |+0.028 | Time series Bates et al., 2014
Mediterranean
Dyfamed (43.42°N, 7.87°E) ‘ 1995-2011 -0.03 ‘ +0.01 ‘ ‘ ‘ Time series Yao et al., 2016
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GIFT, Gibraltar 20122015 |  -0.044 |:0.006 | | Time series | Flecha et al., 2019
Equatorial Atlantic
A-EQU 19912011 |  -0.016 |+0.003 | | Merged ship occupations | Lauvset et al., 2015
South Atlantic
SA-STPS 1991-2011 -0.011 |0.005 Merged ship occupations | Lauvset et al., 2015
Atlantic Meridional Transect |1 gq5 5093 0013 [+0.009 Merged ship occupations | Kitidis et al., 2017
(50S-50N)
North Pacific
1983-2011 -0.003 |+0.005 . )
NP-SPSS Merged ship occupations | Lauvset et al., 2015
1991-2011 0.013 |+0.005
Papa (50°N, 145°W) 2007-2014 -0.01 +0.005 0.1 0.04 Mooring Sutton et al., 2017
-0.025 |%0.01 -0.12 |0.05 . . .
K2 (47°N, 160°E) . 1999-2015 Time series Wakita et al., 2017
(Winter) -0.008 |+0.004
NP-STSS 1991-2011 -0.01 +0.005 Merged ship occ Lauvset et al., 2015
1988-2007 -0.019 |+0.002 Dore et al., 2009
HOT (22.75°N, 158°W) 1988-2009 -0.018 |+0.001 -0.08 |[+0.01 Time series Takahashi et al., 2014
1988-2011 -0.016 |+0.001 -0.084 [+0.011 Bates et al., 2014
WHOTS (23°N, 158°W) 2004-2013 -0.02 +0.003 -0.2 +0.02 Mooring Sutton et al., 2017
KEO (32°N, 144°E) 2007-2014 -0.01 +0.005 -0.1 +0.02 Mooring Sutton et al., 2017
33°N-34°N 1994-2008 -0.020 |+0.007 -0.12 |£0.05 Merged ship occupations | Ishii et al., 2011
26°N-30°N -0.0193 | +0.0008 -0.121 {+0.005
137°E Line 20°N-22°N -0.0171 |+0.0007 -0.113 [+0.004 . i
1983-2017 Merged ship occupations |Ono et al., 2019
11°N-18°N -0.0136 |+0.0007 -0.09 [+0.005
5°N-10°N -0.0124 | +0.0008 -0.081 [+0.005
1983-2011 -0.016 |%0.002 . .
NP-STPS Merged ship occupations | Lauvset et al., 2015
1991-2011 -0.019 |+0.002
Equatorial Pacific
1983-2011 -0.01 +0.002 . i
WP-EQU Merged ship occupations | Lauvset et al., 2015
1991-2011 -0.012 |0.002
Warm Pool in 130°E-180° 1985-2016 -0.013 |+0.001 -0.083 |+0.007 |Merged ship occupations | Ishii et al., 2020
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1983-2011 -0.023 | +0.003 . .
EP-EQU Merged ship occupations | Lauvset et al., 2015
1991-2011 -0.026 |+0.002
0°, 155°W 1997-2011 -0.022 |+0.003
TAO 0°, 140°W 2004-2011 -0.018 |+0.004 Moorings Sutton et al., 2014
0°, 125°W 2004-2011 -0.026 | +0.005
South Pacific
Munida (45.833°S, 171.5°E) 1998-2011 -0.013 |+0.003 -0.085 |£0.026 |Time series Bates et al., 2014
1983-2011 -0.019 |+0.002 . )
SP-STPS Merged ship occupations | Lauvset et al., 2015
1991-2011 -0.022 | +0.003
Stratus (20°S, 86°W) 2006-2015 -0.02 +0.003 -0.1 10.03 Merged ship occupations | Sutton et al., 2017
Indian Ocean
East Eq. Indian (90°E-95°E) 1962-2012 -0.016 |+0.001 -0.095 |+0.005 |Merged ship occupations |Xue et al., 2014
1987-2011 -0.024 |+0.004 . .
10-STPS Merged ship occupations | Lauvset et al., 2015
1991-2011 -0.027 |+0.005
Southern Ocean
North of STF -0.011 | +0.004
SAZ -0.011 |+0.004 . . S
140°E-160°E 1969-2003 Merged ship occupations | Midorikawa et al., 2012
PFZ -0.013 |+0.003
Pz -0.020 |+0.003
SAZ -0.023 | +0.007 -0.09 |%0.05 . i i
Drake Passage 2002-2012 Merged ship occupations | Takahashi et al., 2014
PZ -0.015 |+0.008 -0.06 |£0.05
1983-2011 -0.006 |+0.004 . .
SO-STSS Merged ship occupations | Lauvset et al., 2015
1991-2011 -0.004 |+0.004
1983-2011 -0.02 +0.002 . .
SO-SPSS Merged ship occupations | Lauvset et al., 2015
1991-2011 -0.021 |+0.002
PAL-LTER, 1993-2012 002 [+0.02 001 |+0.1  |Time series Hauri et al., 2015
west Antarctic Peninsula
SO-ICE 1991-2011 -0.002 |+0.004 Merged ship occupations | Lauvset et al., 2015
[END TABLE 5.SM.3 HERE]
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1 [START TABLE 5.SM.4 HERE]
2
3  Table5.5M.4: Explanation and references of earth system feedbacks, biogeochemical and biophysical impacts, and trade-offs and co-benefits of the carbon dioxide
4 removal (CDR) methods as presented in Figure 5.37.
5
CDR Method Earth system feedbacks on CO: Biogeochemical and biophysical effects Trade-offs and co-benefits related to water

sequestration potential and temperature

guantity and quality, food supply,
biodiversity (BD)

Afforestation,
reforestation and forest
management

Weakens ocean C sequestration through
decreased [CO;] (Keller et al., 2018; Sonntag et
al., 2018); decrease in albedo due to
afforestation weakens the effect of CO,
removal on surface air temperature (Sonntag et
al., 2018); may shift the location of the
Intertropical Convergence Zone and hence
precipitation in the monsoon regions (Devaraju
etal., 2015a)

Increased emissions of biogenic volatile
organic compounds (BVOC) (Krause et al.,
2017, SRCCL Sections 2.5.2.1, 2.6.1.2),
decreased and increased surface temperature, in
tropics and boreal region, respectively, due to
changes in albedo, evapotranspiration and
surface roughness (SRCCL Section 2.5.2.1;
Fuss et al., 2018; Griscom et al., 2017;
Pongratz et al., 2010; Jackson et al., 2008;
Bright et al., 2015; Devaraju et al., 2015);
decreased (Chen et al., 2019; Zhou et al., 2019;
Deng et al., 2019) or increased (Benanti et al.,
2014) N0 emissions; increased CH4 uptake
(Chen et al., 2019; Nisbet et al., 2020)

Threatened water supply in dry areas regional
climate, initial land cover, and scale of
deployment (Farley et al., 2005; Mengis et al.,
2019); improved water quality due to higher
soil water retention and filtering capacity
(Smith et al., 2019); affects food supply
through competition for land (Smith et al.,
2018b); decreased BD if not adopted wisely,
increased BD if monocultures are replaced by
native species (Smith et al., 2018; Williamson
& Bodle, 2016); potentially negative impacts
on food security due to land requirements
(Smith et al., 2020).

Soil carbon sequestration

Weakens ocean C sequestration through
decreased [CO2] (Keller et al., 2018)

Decreased or increased N,O emissions,
depending on management strategy,
fertilization, land-use, use of cover crops
(Smith et al., 2016; Gu et al., 2017; Fuss et al.,
2018b) Small or negligible impact on soil CH4
flux (Smith et al., 2008); Albedo increase by
no-till farming (Davin et al., 2014)

Reduced nutrient losses, increased biological
activity (Fornara et al., 2011; Paustian et al.,
2016; Tonitto et al., 2006; (Fuss et al., 2018b;
Smith, 2016), improved soil water holding
capacity (Paustian et al., 2019), positive impact
on food security due to increased yield (Smith
et al., 2020); no impact or increased BD,
depending on method (Paustian et al., 2016;
Smith et al., 2018b)

Biochar

Weakens ocean C sequestration through
decreased [CO2] (Keller et al., 2018)

Decreased N2O emissions (Cayuela et al., 2014;
Kammann, 2017), decreased CH4 uptake in
non-inundated soils (Jeffery et al., 2016);
decreased CH4emissions in inundated soils
such as rice fields (Jeffery et al., 2016; Yang et
al., 2019; Wang et al., 2019; Huang et al.,
2019), local warming related to darkened
surface (Genesio et al., 2012; Zhang et al.,
2018; Jia et al., 2019, SRCCL); VOC’s

Improved soil fertility and productivity,
reduced nutrient losses, enhanced fertiliser N
use efficiency (Clough et al., 2013; Liu et al.,
2017; Shen et al., 2016, Woolf et al., 2010);
improved soil water holding capacity (Karhu et
al., 2011; Verheijen et al., 2019; C. Liu et al.,
2016; Bock et al., 2017; Fischer et al., 2019);
no impact or increased BD (Smith et al., 2018);
adverse impacts on BD due to land
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produced when preparing biochar can be toxic
to plants and animals (Buss and Masek, 2016)

requirements of feedstock (12.3.3, WGIII);
benefits for food security due to improved
yields (Smith et al., 2020)

Peatland restoration no evidence Enhanced CH, emission (Vanselow-Algan et Increased nutrient infiltration and retention to
al., 2015; Wilson et al., 2016; Renou-Wilson et | increase water quality (Daneshvar et al., 2017;
al., 2019; Hemes et al., 2019; Holl et al., 2020); | Kluber et al., 2014; Lundin et al., 2017);
suppressed N,O emissions (Wilson et al., 2016; | protection from fire, increased BD (Meli et al.,
Liu et al., 2020; Tiemeyer et al., 2020); 2014; Smith et al., 2018b)
increased (Koskinen et al., 2017) or decreased
(Singh et al., 2019) leaching of nutrients;
surface cooling due to higher
evapotranspiration (Hemes et al., 2018; Helbig
et al., 2020; Worrall et al., 2019)

Restoration of vegetated no evidence Emission of CH4 and N0, and biogenic Provision of very wide range of ecosystem

coastal ecosystems (‘blue
carbon’)

calcification may partly offset benefits
(Rosentreter et al., 2018; Keller, 2019;
Kennedy et al., 2019)

services (biodiversity support recreation and
tourism; fishery habitats; improved water
quality, and flood and erosion protection)
(Bindoff et al., 2019)

Ocean fertilisation

Carbonate counter pump could decrease C
sequestration (Salter et al., 2014); Weakens
terrestrial C storage (Keller et al., 2018)

Enhanced subsurface ocean acidification (Cao
and Caldeira, 2010; Williamson et al., 20123;
Oschlies, 2009); Increased suboxic zone extent
in fertilised areas; Shrinkage of suboxic zones
outside fertilised areas (Oschlies, 2009; Keller
et al., 2014); Increased production of N.O and
CHa (Jin and Gruber, 2003; Lampitt et al.,
2008)

Perturbation to marine ecosystems via
reorganisation of community structure,
including possibly toxic algal blooms (Oschlies
et al., 2010a; Williamson et al., 2012)

Atrtificial ocean
upwelling

Cooling effect; increases terrestrial C storage
(Oschlies et al., 2010b; Keller et al., 2014;
Kwiatkowski et al., 2015); Returns previously
sequestered C to ocean surface, decreasing or
potentially negating CO, drawdown (Bauman
et al., 2014; Kwiatkowski et al., 2015)

Enhanced subsurface ocean acidification (Cao
and Caldeira, 2010; Oschlies et al., 2010c;
Williamson et al., 2012a); Increased suboxic
zone extent in fertilised areas (Keller et al.,
2014; Feng et al., 2020); alters ocean
temperature, salinity, circulation (Keller et al.,
2014b); alters Earth’s heat and water budget
(Keller et al., 2014); increased production of
N20 and CH4 (Jin and Gruber, 2003; Lampitt et
al., 2008; Williamson et al., 2012a)

Perturbation to marine ecosystems via
reorganisation of community structure,
including possibly toxic algal blooms

(Oschlies et al., 2010a; Williamson et al., 2012)

Ocean alkalinisation

Increased ocean C storage through enhanced
primary production through addition of iron
and silicic acid from olivine dissolution (Kéhler

Decreased ocean acidification (surface waters
only); decreased de-oxygenation (Gonzalez and
llyina, 2016)

Release of toxic trace metals from some
deposited minerals (Hartmann et al., 2013)
Perturbation to marine ecosystems via
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et al., 2013; Hauck et al., 2016); Lowers
terrestrial carbon storage (Gonzélez and llyina,
2016; Sonntag et al., 2018)

reorganisation of community structure
(Gonzalez and llyina, 2016; Gonzalez et al.,
2018)

Enhanced weathering -
terrestrial

Will initially reduce the ocean CO;
sequestration, but after enough weathering
products are transported into ocean to increase
alkalinity, will increase ocean CO;
sequestration (Keller et al., 2018)

Decreased NO emissions (Blanc-Betes et al;
Kantola et al., 2017); reduced ocean
acidification (Beerling et al., 2018)

Soil fertilisation and stimulated biological
production (Hartmann et al., 2013); can
liberate toxic trace metals into soil or water
bodies (Keller et al., 2018); can decrease
drinking water quality by causing freshwater
salinization (Kaushal et al., 2018); increases
alkalinity and pH of natural waters (Beerling et
al., 2018); adverse impact on BD from mining
(Smith et al., 2018)

BECCS

Weakens ocean C sequestration through
decreased [CO2] (Keller et al. 2018); Can
weaken or strengthen land C sequestration
depending on whether bioenergy crops replace
marginal land or carbon-rich ecosystems (Don
etal., 2012; Heck et al., 2016; Boysen et al.,
2017a,b) (Harper et al., 2018)

Increased NO emissions related to land-use or
if fertilized (Creutzig et al., 2015; Smith et al.,
2016); local warming due to decreased albedo
depending on the type of bioenergy crop
(Smith et al., 2016); VOC emissions (Krause et
al., 2017)

Threatened water supply (Farley et al., 2005;
Smith et al., 2016, Cross-chapter box 5.1);
threatened food supply through competition for
land (Smith et al., 2019); soil nutrient
deficiency; decreased BD depending on scale
and previous land-use (Smith et al., 2018;
Creutzig et al., 2019; Heck et al., 2018); see
DACCS for storage-related side effects

Direct air carbon capture

Weakens ocean and land C sequestration

No evidence or not applicable

Perturbation of marine ecosystems through

and storage (DACCS) through decreased [CO2] (Tokarska and leakage of CO, from submarine storage (Molari
Zickfeld, 2015; Jones et al., 2016; Zickfeld et et al., 2018); potentially decreased BD due to
al., 2021) land and water requirements (Williamson, P., &
Bodle, 2016); water use or production (Fuss et
al., 2018; NASEM, 2019); VOC emissions in
solid-sorbent systems (NASEM, 2019); Storage
related: pollution of drinking water; seismic
activity, leaks (Fuss et al., 2018)
1
2
3 [END TABLE 5.SM.4 HERE]
4
5
6
7
8
9
10
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Table 5.SM.5:

5.5M

IPCC AR6 WGI

Carbon dioxide removal (CDR) Potentials: Details underlying sequestration potentials classification shown in Figure 5.37.

CDR Method

Technical/
biogeophysical
sequestration potential
class*

Confidence level

Technical/ biogeophysical
sequestration potential
median and range**

Sequestration potential
category

Data source

3.7 (0-44) GtCO, yr*

Afforestation, Large Medium (large Afforestation, reforestation: | Technical potential; Median and range

reforestation and evidence, medium 3.7 (0.5-10) GtCO2e yr?; estimates also consider calculated based on

forest management agreement) forest management 1.8 (1- | environmental and social technical and sustainable

2.1) GtCOze yrt factors potentials from (Roe et al.,
2019a)

Soil carbon Moderate Medium (large Croplands: 1.6 (0.4-6.8) Technical potential; Median and range

sequestration evidence, medium GtCOqe yr; Pasture lands: | estimates also consider calculated based on
agreement) 0.7 (0.15-2.6) GtCO2e yr* | environmental and social technical and sustainable

factors potentials from (Roe et al.,
2019b)

Biochar Moderate Medium (medium 1.1 (0.1-4.9) GtCOze yrt Technical potential, Median and range
evidence, medium estimates also consider calculated based on
agreement) environmental and social technical and sustainable

factors potentials from (Roe et al.,
2019b)

Peatland restoration | Moderate Low (low evidence) 0.7 (0.6-0.8) GtCOze yrt Technical potential; Median and range
estimates also consider calculated based on
environmental and social technical and sustainable
factors potentials from (Roe et al.,

2019b)

Restoration of Low Low (low evidence) 0.2-0.7 GtCO, yr* (0.05- Technical potential; SROCC Ch 5 (IPCC,

vegetated coastal 0.2 GtC yrl); estimates also consider 2019);

ecosystems (‘blue 0.2-0.8 GtCO, yrt environmental and social Range calculated based on

carbon’) factors technical and sustainable

potentials from (Roe et al.,
2019b)

Ocean iron Large Low (medium <3.7 GtCO,yr! (<1 GtC yr | Biogeophysical potential Supplementary Material

fertilization evidence, low 1; 3.7 GtCO, yrt (1 GtC 5.SM3; (GESAMP, 2019)
agreement) yrh); Table 4.4; median and

range based on global
studies considered in (Fuss
etal., 2018)
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Artificial ocean Moderate Low (low evidence) 0.7-3.3 GtCO,yr! (0.2-0.9 | Biogeophysical potential Supplementary Material
upwelling GtC yr?); <0.7 GtCOpyr? 5.SM3; (GESAMP, 2019)
(<0.2 GtClyr) Table 4.4

Ocean alkalinization | Large Medium (medium <37 GtCO, yr! (<10 GtC Biogeophysical potential Supplementary Material
evidence, medium yrh); 3.7 GtCO, yrt (1 GtC 5.SM3; (GESAMP, 2019)
agreement) yr1); 1-99 GtCO, yrt Table 4.4; full range (Fuss

et al., 2018)

Enhanced Large Medium (medium 3.7 (1-95) GtCO, yrt Technical potential Median and range based on

weathering evidence, low global studies considered in
agreement) (Fuss et al., 2018)

BECCS Large Medium (medium 4.6 (0.4-11.3) GICO, yrt Technical potential; Median and range
evidence, medium estimates also consider calculated based on
agreement) environmental and social technical and sustainable

factors potentials from (Roe et al.,
2019b)

DACCS Large Medium (low 5-40 GtCO, yr? Technical potential Full range (Fuss et al.,
evidence, large 2018)
agreement)

*Potentials classes: Low <0.3 GtCO; yr?; Moderate 0.3-3 GtCO, yr?; Large >3 GtCO, yr?;

classification based on median potentials estimate

**WGIII will present an update of these estimates based on more recent literature

[END TABLE 5.SM.5 HERE]
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Table 5.SM.6:

Figure number /

Table number /

Chapter section

(for
calculations)

Dataset / Code
name

Type

Filename /
Specificities

5.5M

Input Data Table. Input datasets and code used to create chapter figures

License type

Dataset / Code
citation

IPCC AR6 WGI

Dataset / Code
URL

Related
publications /
Software used

Notes [Can add
info on data
processing, e.g.,
reference period
conversion]

Figure 5.3 (a)

Figure 5.3 (b)

CO2, 60M year
BCE

CO02, 800k year
BCE
C02,1-1749
year CE

C02, 1750-2019

C02, 2020-2100

CO2, 60M year
BCE

CO02, 800k year
BCE

CO2,1-1749
year CE

C02, 1750-2019

Do Not Cite, Quote or Distribute

proxy CO2
reconstructions
based on marine
and terrestrial
archives

ice air-bubble
measurement
ice air-bubble
measurement
air-bubble &
ambient air
measurement

model output
proxy CO2
reconstructions
based on marine
and terrestrial
archives

ice air-bubble
measurement

ice air-bubble
measurement

air-bubble &
ambient air

Ch2_ice_core.xls
X

LLGHG_history
_AR6_Vv9 updat
ed.xlIsx

Published

Published

Published

Published

5SM-20

Chapter 2, AR6

Chapter 2, AR6
Chapter 2, AR6

Chapter 2, AR6

Chapter 5, AR6

Chapter 5, AR6

Chapter 5, AR6

Chapter 5, AR6

(Foster et al.,
2017)

(Bereiter et al.,
2015)

(Rubino et al.,
2019)
(Meinshausen et
al., 2017)

Python 3.8, for
growth rate
calculation

Python 3.8, for
growth rate
calculation
Python 3.8, for
growth rate
calculation
Python 3.8, for
growth rate
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Figure 5.4 (a)

Figure 5.4 (b)

Figure 5.4 (¢)

Figure 5.5 (a)

Final Government Distribution

CO2, 2020-2100

CO2, 800k year
BCE

CO2, 1-1749
year CE
C0O2, 1750-2019

CH4, 800k year
BCE

CH4, 1-1749
year CE

CH4, 1750-2019

N20, 800k year
BCE

N20, 1-1749
year CE

N20, 1750-2019

Annual global
CO2 (Land-use)

Do Not Cite, Quote or Distribute

measurement
model output

ice air-bubble
measurement

ice air-bubble
measurement
air-bubble &
ambient air
measurement

ice air-bubble
measurement
ice air-bubble
measurement
air-bubble &
ambient air
measurement

ice air-bubble
measurement
ice air-bubble
measurement
air-bubble &
ambient air
measurement

model-based
estimation

5.5M

Ch2_ice_core.xls
X

LLGHG_history
_AR6_Vv9 updat
ed.xlsx

Ch2_ice_core.xls
X

LLGHG_history
_AR6_v9 updat
ed.xlsx

Ch2_ice_core.xls
X

LLGHG_history
_AR6_Vv9 updat
ed.xlIsx

Published

5SM-21

Chapter 5, AR6

Chapter 2, AR6

Chapter 2, AR6

Chapter 2, AR6

Chapter 5, AR6

Chapter 2, AR6
Chapter 2, AR6

Chapter 2, AR6

Chapter 5, AR6

Chapter 2, AR6
Chapter 2, AR6

Chapter 2, AR6

Chapter 5, AR6

IPCC AR6 WGI

calculation
Python 3.8, for
growth rate
calculation
(Foster et al.,
2017) (Bereiter
etal., 2015)
(Rubino et al.,
2019)
(Meinshausen et
al., 2017)

Python 3.8, for
growth rate
calculation
(Loulergue et al.,
2008)

(Rubino et al.,
2019)
(Meinshausen et
al., 2017)

Python 3.8, for
growth rate
calculation
(Schilt et al.,
2010)

(Rubino et al.,
2019)
(Meinshausen et
al., 2017)

Python 3.8, for
growth rate
calculation
(Friedlingstein et
al., 2020)
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Figure 5.5 (b)

Figure 5.6 (a)

Final Government Distribution

emissions
Annual global
CO2 (fossil-fuel)
emissions
Annual global
CO2 emissions
from land-use
change
Annual global
CO2 emissions
from land-use
change
Annual global
CO2 emissions
from land-use
change
Annual global
CO2 emissions
from land-use
change
Annual global
CO2 emissions
from land-use
change

CO2, Mauna Loa

CO2, South Pole

CO2, Global

CO2, GOSAT

emission
inventory

DGVM range

DGVM mean

BLUE

OSCAR

Bookkeeping

ambient air

ambient air

Global, marine
background air

total column dry
air mole
fractions
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monthly_flask_c
02_mlo.csv

monthly_flask_c
02_Spo.csv

co2_mm_gl.txt

whole-
atmosphere-
monthly-
mean_co2_janua
ry 2021.txt

5.5M

Published

5SM-22

SIO/UCSD

SIO/UCSD

GMD/NOAA

NIES

IPCC AR6 WGI

Scripps CO2
Program
(http://scrippsco2
.ucsd.edu )
Scripps CO2
Program
(http://scrippsco2
.ucsd.edu )
NOAA

NIES,

https://www.gos

ecent-global-
co2.html

(Friedlingstein et
al., 2020)

(Friedlingstein et
al., 2020)

(Friedlingstein et
al., 2020)
(Hansis et al.,
2015)

(Gasser et al.,
2020)

(Houghton and
Nassikas, 2017)

(Keeling et al.,
2001)

(Keeling et al.,
2001)

(Conway et al.,
1994)

(Yoshida et al.,
2013)
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Figure 5.6 (b) CO2, Mauna Loa | ambient air Chapter 5, AR6 (Nakazawa et al., | Python 3.8,
1997) Nakazawa et al.
(1997) for
growth rate
calculation
CO2, South Pole | ambient air Chapter 5, AR6 (Nakazawa et al., | Python 3.8,
1997) Nakazawa et al.
(1997) for
growth rate
calculation
CO2, Global Global, marine Chapter 5, AR6 (Nakazawa et al., | Python 3.8,
background air 1997) Nakazawa et al.
(1997) for
growth rate
calculation
CO2, GOSAT total column dry Chapter 5, AR6 (Nakazawa et al., | Python 3.8,
air mole 1997) Nakazawa et al.
fractions (1997) for
growth rate
calculation
Figure 5.6 (c) d13C-CO2 ambient air monthly flask ¢ SIO/UCSD Scripps CO2 (Keeling et al.,
Mauna Loa 13_mlo Program 2001)
(http://scrippsco2
.ucsd.edu )
d13C-CO2 South | ambient air monthly_flask_c SIO/UCSD Scripps CO2 (Keeling et al.,
Pole 13_spo Program 2001)
(http://scrippsco2
.ucsd.edu )
D14C-CO2 ambient air BHD_14C02_da GNS (Turnbull et al.,
Wellington tasets 20210309. Science/NIWA 2017)
xlsx
Figure 5.6 (d) 02/N2 Mauna ambient air mloav.csv SIO/UCSD Scripps 02 (Keeling and
Loa Program Manning, 2014)
(http://scrippso2.
ucsd.edu )
02/N2 South ambient air spoav.csv SIO/UCSD Scripps 02 (Keeling and
Pole Program Manning, 2014)
(http://scrippso2.
ucsd.edu )
Figure 5.7 Anthropogenic Dataset2020_Glo GCP-CO2 (Friedlingstein et
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Figure 5.8 (b)

Final Government Distribution
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biogeochemistry
model output

Global ocean
biogeochemistry
model output

Global ocean
biogeochemistry
model output

Global ocean
biogeochemistry
model output

Global ocean
biogeochemistry
model output
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LLGHG_history
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Global_Carbon_
Budget 2020v1.
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Global_Carbon_
Budget_2020v1.
0.xlsx

Global_Carbon_
Budget_2020v1.
0.xlIsx

Global_Carbon_
Budget 2020v1.
0.xlIsx

Global_Carbon_
Budget_2020v1.
0.xlIsx

5.5M

5SM-24

GCP-CO2

Chapter 2, AR6

(Friedlingstein et
al., 2020)

(Friedlingstein et
al., 2020)

(Friedlingstein et
al., 2020)

(Friedlingstein et
al., 2020)

(Friedlingstein et
al., 2020)

IPCC AR6 WGI

https://www.icos
-Ccp.eu/science-
and-
impact/global-
carbon-
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https://www.icos
-cp.eu/science-
and-
impact/global-
carbon-
budget/2020
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-Ccp.eu/science-
and-
impact/global-
carbon-
budget/2020
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-cp.eu/science-
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budget/2020
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-Ccp.eu/science-
and-
impact/global-
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al., 2020)
(Meinshausen et
al., 2017)

(Wolter and
Timlin, 2011)

(Doney et al.,
2009b)

(Law et al.,
2017)
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2020)

(Paulsen et al.,

2017)

(Berthet et al.,
2019)
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_annual_201912
06.csv
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_annual_201912
06.csv
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_annual_201912
06.csv
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_annual_201912
06.csv
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_annual_201912

5SM-25

(Friedlingstein et
al., 2020)

(Friedlingstein et
al., 2020)

(Friedlingstein et
al., 2020)

(Friedlingstein et
al., 2020)

IPCC AR6 WGI
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budget/2020
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Figure 5.9 (b)
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