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Materials and Methods 
Data 

The main data we employ come from the merged and internally consistent 
GLODAPv2 data product (8), which consists of high-quality measurements of dissolved 
inorganic carbon (DIC), total alkalinity (Alk), and related parameters, such as the 
macronutrients nitrate, phosphate, and silicic acid, and dissolved oxygen, from a total of 
724 cruises covering the global ocean and spanning the period from 1972 through 2012. 
This global data product was built on the basis of earlier collections, starting with the first 
version of GLODAP (49), but also including the CARINA collection in the Atlantic and 
Southern Ocean (50, 51) and the PACIFICA collection in the Pacific (52). Numerous 
additional cruises with high quality data, particularly from the Repeat Hydrography /GO-
SHIP program (7) were included into GLODAPv2 as well, making this the world’s 
largest and most complete collection of interior ocean inorganic carbon data (8). The 
GLODAPv2 data underwent strict quality control procedures (i.e., bias adjustments) in 
order to achieve internal consistency, which is a key requirement for the analysis of long-
term trends. The level of consistency of the data obtained after adjustments was 
determined to be better than 0.005 in salinity (S), 1% in oxygen (O2), 2% in nitrate  
(NO3

-), 2% in silicic acid (Si(OH)4), 2% in phosphate (PO4
3-), 4 µmol kg−1 in dissolved 

inorganic carbon (DIC), and 6 µmol kg−1 in total alkalinity (Alk). 
We modified the GLODAPv2 data product in two ways. First, we added two GO-

SHIP cruises in the Atlantic (A16S, 2013/2014, and A16N, 2013, 
https://cchdo.ucsd.edu/cruise/33RO20131223, 33RO20130803) in order to have a better 
temporal coverage of this basin for the Repeat Hydrography Program/GO-SHIP era 
(henceforth referred to as GO-SHIP era, although this era is ongoing). Second, several 
cruises/stations were excluded from the analyses for a number of reasons: (i) too early, 
i.e., all data before 1981 were excluded in order to avoid the inclusion of data with 
possibly enhanced measurement uncertainty and also data that require an excessive 
temporal adjustment, (ii) outside analysis domain, i.e., data stemming from marginal seas 
(Mediterranean, Sea of Japan, etc.) and north of 65°N were not considered, and (iii) not 
all variables needed to compute C* and to establish the linear regressions were available. 
The third criterion, i.e., the availability of the whole suite of variables was by far the most 
important exclusion criterion, as it excluded about 75% of all samples in GLODAPv2. A 
final manual quality control (iv) checked for stations with an excessive amount of scatter 
in the computed C* tracer. This affected mostly a few selected stations, primarily located 
in the Southern Hemisphere (Figure S1). 

Given our goal to estimate decadal changes in anthropogenic carbon between the 
1990s (JGOFS/WOCE era) and the 2000s and 2010s (GO-SHIP era), we assigned each 
cruise to one of these two eras, using January 1st, 2000 as the separation. Figure S1 
depicts the resulting spatial distribution of the cruises for each of the two eras, color-
coded according to the year of observation. In Figure S2, the data distribution in time is 
shown, color coded according to ocean basin. The overall distribution is relatively 
homogeneous, with the median year for all retained measurements being 1994 for the 
JGOFS/WOCE era and 2007 for the GO-SHIP era. Unfortunately, there are also large 
spatial gaps. Especially striking is the relatively poor coverage of the Indian Ocean 
during the GO-SHIP era up to 2012.  
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In order to map the estimated change in anthropogenic CO2 to the global ocean, we 
employ two gridded products, i.e., the gridded GLODAPv2 product (53) for nitrate, 
phosphate, silicic acid, oxygen, and the apparent oxygen utilization (AOU = O2

sat – O2), 
and the gridded World Ocean Atlas 2013 (WOA) product for temperature (54) and 
salinity (55). Although the GLODAPv2 gridded product is based on fewer data than the 
WOA product, its source data is fully quality controlled and internally consistent. In 
contrast, the WOA product may have inherited substantial biases from its source data, 
which have been subject to only a minimum level of 2nd quality control. This is a 
particular concern for the nutrients since standard reference materials for these 
parameters that would allow for a more direct comparability of the different 
measurements have become available only very recently (56). An additional reason to 
employ the GLODAPv2 product is that it is consistent with the data that was used to 
determine the predictive relationships for ∆tCant. This avoids mapping biases, particularly 
in the deeper parts of the ocean, where small offsets can lead to substantial errors in the 
estimation of ∆tCant. Since quality issues and biases are much smaller for S and T, owing 
to their high inherent accuracy and the well-established use of standards, we opted for the 
WOA product for these two parameters. In the sensitivity studies described in more detail 
below, we explore the impact of this data selection choice. 

 
Determination of change in anthropogenic CO2: 

We determine the change in the oceanic anthropogenic CO2 concentration between 
the two eras by employing the recently developed eMLR(C*) method (9). This method 
builds on the well-established eMLR method (10, 57), but extends it in several ways to 
deal primarily with (i) the temporal inhomogeneity of the data and (ii) with the spatial 
inhomogeneity of the observations, i.e., the fact that only a subset of the cruises represent 
repeat occupations of the same lines. The eMLR(C*) method employs a probabilistic 
approach in the selection of the independent variables for the eMLR, thereby avoiding 
many of the problems associated with the choice of variables when building regression 
models (43, 58). A full description of the method including a detailed assessment of its 
performance on the basis of synthetic data from a hindcast simulation with an ocean 
biogeochemical model is given in ref (9). Here, we provide a brief description including 
the specific modifications undertaken to deal with real observations. 

The method proceeds in three steps (Figure S3). In the first step, the semi-
conservative tracer C* = DIC – rC:P PO4

3-– 1/2 (Alk + rN:P PO4
3-) (45, 59) is computed 

from the measured DIC, Alk and phosphate (PO4
3-) assuming a constant stoichiometric 

C:P and N:P ratio during photosynthesis and respiration/remineralization (rC:P = 116:1, 
rN:P = 16:1). We use here phosphate instead of nitrate in order to avoid issues with 
denitrification (59), even though the relative measurement precision is better for nitrate 
than for phosphate. If the assumption of constant stoichiometric ratios is correct, then the 
spatio-temporal distribution of C* reflects only the effect of the exchange of natural and 
anthropogenic CO2 across the air-sea interface on the observed DIC (6). This strongly 
enhances the interpretability of the signals - an advantage that largely persists even when 
considering the fact that the stoichiometric ratios rC:P and rN:P are likely variable (60). A 
corollary advantage of using C* in the eMLR method compared to the commonly used 
DIC (30, 43, 61) is the smaller variance in C*, permitting us to develop more accurate 
statistical models (9).  



 
 

4 
 

In the second step, the C* values for each observational era are normalized to the 
median for the respective periods (1994 for JGOFS/WOCE and 2007 for GO-SHIP). This 
normalization is achieved by assuming a transient steady state (27), which applies strictly 
for linear systems that are exponentially forced for an amount of time that is longer than 
the adjustment time– a condition that is largely met by the ocean carbon uptake (28) (see 
below for a more thorough discussion). This assumption predicts that in an ocean with 
time-constant circulation and mixing, the change in anthropogenic CO2 burden between 
two years is proportional to the amount of anthropogenic CO2 that is already present, 
with the proportionality determined by the relative change in atmospheric CO2 between 
these two years (28), i.e., C*(tref) = C*(t) – β(t)·Cant(tref), with  β(t) = (CO2

atm(t)-
CO2

atm(tref))/(CO2
atm(tref) -CO2

atm(tpi))1, where tref is the reference year, tpi is the 
preindustrial time and t is the year the measurement was taken. We use the global mean 
atmospheric CO2 from ref  (37) for CO2

atm at times t and tref, and a value of 280 ppmv for 
atmospheric CO2 at preindustrial time, i.e., CO2

atm(tpi). For the JGOFS/WOCE period, 
t1

ref, we use for Cant(t1ref) the globally gridded estimate of Sabine et al. (49). For the GO-
SHIP period, t2

ref, we constructed a corresponding distribution for Cant(t2ref) from 
Cant(t1ref) using the same transient steady state assumption, i.e., we scaled up the estimates 
for 1994 to 2007 using α=0.28 (see below for detailed justification). Since the majority of 
the measurements were taken relatively close in time to the two reference years, these 
adjustments are usually less than 2 to 3 µmol kg-1. As a result, the sensitivity of the final 
results to these choices is very small (see ref (9)). 

In the third step, the adjusted data from the two observational eras are fitted with 
multiple linear regressions. To this end, we binned the data into ranges of neutral density, 
i.e., isoneutral slabs: 14 for the Atlantic and 12 for the combined Indo-Pacific ocean 
basins (Table S1). Data above 150 m were excluded from the fit in order to avoid the 
inclusion of seasonal biases. The C* observations for each of the 26 slabs from the 
JGOFS/WOCE period (t1

ref) were then fitted with linear functions of the form: C*(t1
ref) = 

a1,0 + ∑ a1,i · Ti(t1) + residual(t1), where a1,0 and a1,i are the coefficients of the linear fit, 
Ti(t1) are the i independent, co-measured variables used as predictors. The same 
procedure was completed for the data from the GO-SHIP period (t2

ref), i.e., C*(t2
ref) = a2,0 

+ ∑ a2,i · Ti(t2) + residual(t2). The coefficients of the two fits are then combined to form 
the eMLR-based estimate of the change in anthropogenic CO2 between the two reference 
periods, i.e., ∆Cant(t2

ref-t1
ref) = (a2,0 – a1,0) + ∑ (a2,i-a1,i)·Ti

clim, where Ti
clim is the 

climatological distribution of the independent tracer Ti. We use a probabilistic approach 
in our selection of the independent variables (see also ref (43)). For each isoneutral slab 
and ocean basin, we first fit all possible combinations of the following 7 independent 
variables: temperature, salinity, phosphate, silicic acid, PO4* = PO4-16·NO3 + 2.9 (62), 
oxygen, and AOU under the constraint that a minimum of two, but not more than 5 
independent tracers are selected. This gives a total of 112 combinations. Out of these 
combinations, the 10 best fits are selected for each subset, with the quality of the fit 
determined from the combined root mean square error (RMSE) of both survey periods. 
Each of these 10 best fits are then combined with the climatological fields of the 
independent tracers Ti

clim, to estimate the change in anthropogenic CO2 throughout the 
global ocean. 
                                                 
1 Please note that the corresponding equation (6) in ref(9) is missing the CO2

atm(tpi) term in denominator. 
This is a mistake and a correction will be submitted to the journal. 
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We employ two methods to estimate the change in the anthropogenic CO2 in the top 
150 m. For waters with a neutral density higher than 26.0 kg m-3, i.e., for the isoneutral 
slabs outcropping at temperate latitudes and higher, we extrapolate the eMLR equations 
from the ocean interior of that slab all the way to the surface. For the lower densities, we 
employ the transient equilibrium approach (63), i.e., we make the well-tested assumption 
that the CO2 system in these waters has followed the increase in atmospheric CO2 closely 
(11). This permits us to compute the change in anthropogenic CO2 directly from the 
change in atmospheric CO2 using thermodynamic considerations only. Specifically, we 
use eq 10.2.16 in ref (11) to estimate the change in anthropogenic CO2 in the upper ocean 
by computing ΔtCant

eq(t2ref − t1
ref )= 1∕γ ⋅ DIC/pCO2 ⋅ (pCO2

atm (t2ref)− pCO2
atm (t1

ref)) , 
where DIC and pCO2 are the in situ values, where γ is the buffer (Revelle) factor and 
where we evaluated the right-hand side using CO2SYS(64) employing the Mehrbach 
constants(65) as refitted by Dickson and Millero(66) using the climatological values for 
temperature, salinity, DIC and Alk. 

 
Calculations of changes in the column inventory of anthropogenic CO2: 

To compute the changes in the column inventory of anthropogenic CO2, any 
negative values are set to zero and the resulting non-negative values are then integrated 
from the surface down to 3000 m. We do not integrate to greater depth, as we consider 
the reconstruction to be too uncertain there. In addition, we expect only a very small 
fraction of the total increase in the oceanic burden of anthropogenic CO2 to accumulate 
below 3000 m since model simulations, as well as the total anthropogenic CO2 burden 
from the pre-industrial to the 1994 (1), suggest that this fraction is substantially less than 
5%. Nevertheless, we added 1 Pg C to the inventory of the Atlantic (0.7 Pg C in the 
North Atlantic, and the remaining 0.3 Pg C in the South Atlantic) to account for the 
contribution of the waters below 3000 m. This number as well as its distribution is largely 
based on the fraction of uptake into these waters that occurred between the preindustrial 
and 1994(1). 

We also take into account the increase in anthropogenic CO2 in regions not covered 
by our method, i.e., the Arctic, the Nordic Seas (north of 65°N) and the Mediterranean. 
(Note that our estimate covers the other marginal seas, namely the Caribbean, the Gulf of 
Mexico, and the Sea of Japan). To account for the contribution of these unmapped 
regions, we use independent estimates of the anthropogenic CO2 accumulation in these 
regions. The majority of these estimates concern the total inventory, making it necessary 
to scale them to the time period of interest here, i.e., 1994 through 2007. To this end, we 
apply again the transient steady state assumption, and scale the inventories with a scaling 
factor α=0.28 (see below). We also use this assumption to correct the reported 
inventories back to the same starting year, i.e., 1994. This yields, for the Arctic, starting 
from the reported range of inventory of between 2.5 to 3.3 Pg C for 2005(23) an expected 
change of 0.6 to 0.9 Pg C between 1994 and 2007. For the Nordic Seas, we infer an 
increase of 0.2 to 0.4 Pg C, based on an inventory estimate of 0.9 to 1.4 Pg for 2002(22). 
For the Mediterranean, the corresponding estimate is 0.3 to 0.6 Pg C, computed from the 
reported inventory of 1.3 to 2.1 Pg C for 2001(24). In total, we estimate that we need to 
add between 1.2 and 1.9 Pg C (central estimate: 1.5 Pg C) to our mapped estimate to 
obtain the global change in the oceanic inventory of anthropogenic CO2 between 1994 
and 2007.  
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Uncertainties: 

Using synthetic data from a hindcast simulation with the NCAR CCSM model, 
Clement and Gruber (9) investigated in detail the major sources of errors and 
uncertainties in the reconstructed ∆tCant fields. While the eMLR(C*) method was found to 
perform very well with a near zero global bias, some persistent biases were found at the 
basin-scale and sub-basin scale level. The tests with the model revealed that the major 
cause for these biases are changes in ocean circulation whose impact on the accumulation 
on Cant are not fully captured by the eMLR(C*) method (9). In contrast, the very skewed 
sampling in time and space, the assumption about transient steady state, and many other 
challenges mattered much less. These biases induced by circulation variability need to be 
taken carefully into account when interpreting the anomalous changes in ∆tCant.  

To assign uncertainties to our reconstructed ∆tCant, we use two complementary 
approaches, each of which addresses a different aspect of uncertainty. The first approach 
attempts to propagate the uncertainties associated with the variable selection for the 
multiple linear regression models forward to the final estimated change in anthropogenic 
CO2. This addresses one of the most important contributions to random uncertainty 
within the approach (cf. (9)). To this end, we employ a Monte Carlo method, where we 
select for each realization one member randomly from the 10 best regression models for 
each subsettted region and isoneutral slab and estimate the change in anthropogenic CO2 
for that model set. This procedure is repeated 100 times, yielding 100 spatial distributions 
of the change in anthropogenic CO2 across the global ocean. We then use the standard 
deviation of these estimates as a measure of the random uncertainty.  

In the second approach, we attempt to assess the potential impact on ∆tCant of the 
subjective choices in the estimation procedure on the reconstructed change in 
anthropogenic CO2. To this end, we used an ensemble of sensitivity analyses, wherein we 
made alternative choices along the three-step procedure visualized in Figure S3. 
Specifically, we altered (i) the climatological data the eMLR coefficients were applied on 
to estimate ∆tCant globally (V102), (ii) the set of variables used to fit C* (V103 and 106), 
(iii) the number and distribution of regions used to subset the data (V104, V105, V107), 
(iv) the number of isoneutral slabs considered in the vertical subsetting (V109 and V110), 
(v) the data employed to determine C* (V108: no A16 cruise, and V114: all GLODAPv2 
data used, i.e., no application of the exclusion criteria described above), (vi) how ∆tCant is 
estimated in the upper 150 m of the water column (V111 and V112), and (vii) how C* is 
defined (V113). Table S2 provides a detailed description of the standard estimate (V101) 
and of the 13 sensitivity cases considered. We use the interquartile range (IQR) of the 14 
cases as an estimate of the systematic uncertainty associated with the reconstructed 
change in anthropogenic CO2.  

Table S3 lists the reconstructed changes in anthropogenic CO2 between 1994 and 
2007 for the standard case as well as for each of the 13 sensitivity cases. The median 
column inventories differ little from the "best" estimate provided by the standard case. 
Figure S4 shows the corresponding column inventories and Figure S5 the contribution of 
the different ocean basins to the global total. 

The final uncertainty in inventory is estimated by taking the square root of the sum 
of squared uncertainties from both the Monte Carlo and the ensemble-based estimates, 
where we multiplied in both cases the uncertainties first by two, i.e., we used twice the 
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IQR and twice the standard deviation to allow for unrecognized uncertainties. For all 
regions, the total uncertainty is dominated by the uncertainty stemming from the 
ensembles, while the contribution of the Monte Carlo based estimates is rather small. 

Supplementary Text 
Comparison with regional estimates: 

The eMLR(C*)-based estimates of ∆tCant compare overall well with the regional 
data-based analyses along the cruise transects conducted so far, both in terms of the 
vertical distributions and the column inventories. The estimated inventory change 
between 1990 and 2010 reported for the Pacific Ocean on the basis of a small subset of 
cruises(43) is equivalent to a mean storage rate of 0.8±0.2 Pg C yr-1 over the 1994 to 
2007 period, statistically indistinguishable from ours (1.0±0.1 Pg C yr-1). A similar 
conclusion is reached in the Atlantic, where the extrapolation of four repeated cruise 
tracks(61) yields a storage rate of 0.6±0.1 Pg C yr-1, which is somewhat smaller than ours 
(0.9±0.1 Pg C yr-1). A recent North Atlantic estimate(31) of 0.39 Pg C yr-1 (north of 25°N 
including the Arctic) is nearly identical to our estimate of 0.38±0.03 Pg C yr-1 in the same 
region.  

There is less agreement with the only other global attempt to estimate the change in 
ocean carbon storage based on DIC data so far(67). This study, which is based on an 
extrapolation of the changes in DIC diagnosed at a few locations around the world, 
suggested substantially larger changes in ocean storage (2.9 to 3.4 Pg C yr-1) than our 
value of 2.5±0.3 Pg C yr-1. However, given the limited dataset used in the former global 
estimate, its sampling bias and associated extrapolation uncertainties may explain the 
difference. In contrast, our data-based storage rates for the period 1994 to 2007 are in 
good agreement with those recently inferred from a diagnostic model of the ocean 
circulation, where the circulation pattern was analysed separately for the 1990s and the 
first decade of the 2000(21) (Figure S6). 

 
Estimating the scaling factor: 

We employ the transient steady-state model(27) to estimate the expected change in 
the oceanic storage of anthropogenic CO2 between two time points (t1 and t2). This model 
predicts a linear proportionality between this change, ∆tCant(t2-t1), and the amount of 
anthropogenic CO2 already present in the water column at time t1, Cant(t1), with a 
proportionality factor, α, i.e., ∆tCant(t2-t1) ≈ α ·Cant(t1).  

The transient steady-state model is applicable if two conditions are met: (i) The 
forcing has to be exponential with a constant growth rate, and (ii) the time period of 
interest is far along into the perturbation such that the contribution of the initial 
conditions has become negligible. In the case of the oceanic uptake of anthropogenic 
CO2, the second condition is clearly met, while this is only partially the case for the first 
one. This is due to atmospheric CO2 having nearly doubled its exponential growth rate 
around the middle of last century, with the exponential rate λ having increased from 
about 0.01 yr-1 to about 0.02 yr-1. Since it takes about 1/λ ≈ 50 y for a system to reach the 
new transient steady state, this condition is just barely met for the 1994 to 2007 period. 
Thus, we consider the transient steady-state model as an appropriate approach to estimate 
the expected change in storage, but recognize that we are somewhat fortunate, since this 
approach would have been problematic if we had tried to apply it to an earlier period.  
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We estimate the proportionality factor from the relative change in atmospheric CO2, 
taking into consideration the change in the surface ocean buffer (Revelle) factor(68) and 
the presence of a growing air-sea disequilibrium(45, 69), which reflects the fact that the 
surface ocean is closely but not completely following the atmospheric perturbation. The 
derivation starts with the change in surface ocean DIC, i.e., ΔtCant , driven by the increase 
in atmospheric CO2. Using the same equation as above for ΔtCant

eq, but extending it to 
include the presence of a disequilibrium gives: 

∆tCant(t2-t1) ≈ 1∕γ(t1..t2) DIC/pCO2 · ∆tpCO2
atm(t2-t1) · ξ(t1..t2), 

where the disequilibrium ratio ξ is the ratio of the change in the oceanic pCO2, 
∆tpCO2(t2-t1) over that in the atmosphere, ∆tpCO2

atm(t2-t1). For the Revelle factor γ(t1..t2), 
we use its average over the period t1 to t2. The scaling factor α can then be estimated 
from the ratio of the changes between two time periods: 

α = ∆tpCO2
atm(t2-t1)/∆tpCO2

atm(t0-t1) · ξ(t1..t2)/ξ(t0..t1) · γ(t0..t1)/γ(t1..t2).  
Thus, α depends primarily on the ratio of the change in atmospheric CO2, but is 

modified by the changes in the buffer factor and the changes in the disequilibrium.  
For the period t1 = t(1994) to t2 = t(2007) relative to the preindustrial t0 = t(1750), the 

ratio of the changes in atmospheric pCO2 is 0.32 (t0 = 280 ppm, t1 = 358 ppm, t2 = 383 
ppm)(37) with a very small uncertainty of about ±0.01. The buffer factor γ varies strongly 
with the seawater chemistry, namely the ratio of DIC and Alk(11), but it turns out that the 
ratio of its changes varies very little between different water masses. Taking the buffer 
factor for 1950 for γ(t0..t1) and that for 2000 for γ(t1..t2) yields a ratio γ(t0..t1)/γ(t1..t2) of 
0.94 for the mean ocean and low latitude ocean, and a ratio of 0.92 for the high latitude 
ocean. These buffer factors were computed by using the CO2 chemistry software package 
CO2SYS(64) and inputting mean surface ocean properties for ~1994(11), and scaled DIC 
values for the respective years. The uncertainty of the computation of the buffer factors is 
very low, but given their variability in time and space, we assign an uncertainty of ±0.02 
to the ratio γ(t0..t1)/γ(t1..t2). Assuming a change in the disequilibrium of about 6 µatm 
between the preindustrial and 1994 and about 3 µatm between 1994 and 2007 yields a 
ratio ξ(t1..t2)/ξ(t0..t1) of 0.94. This ratio is rather sensitive to the exact choices of the not 
well constrained disequilibria, so that we assign it an uncertainty of ±0.05. Using this 
value plus the buffer factor ratio for the high latitudes and the atmospheric pCO2 change 
ratio gives then for α a value of 0.28±0.02 with the majority of the uncertainty stemming 
from the disequilibrium ratio. Figures S7 and S8 show that the main pattern of anomalous 
storage are not affected by the uncertainty of the scaling factor, i.e., α = 0.26 yields very 
similar results as α = 0.30. Also the very small spatial variability of α matters little, since 
this leads to only very small errors in the anomalous change in Cant, ∆tCant

anom (Figure 
S9). Finally, Figure S10 also reveals that using an alternative estimate for the 
anthropogenic CO2 storage in 1994, i.e., by using the ocean inversion based estimate of 
ref (14) instead of the C*-based estimate by ref (1) has a relatively small impact on the 
estimated large-scale distribution of ∆tCant

anom. The same conclusion applies when the 
expected change in anthropogenic CO2 is directly taken from the ocean inversion model 
rather than estimated by scaling the 1994 result (compare panels c and d in Figure S10). 

 
Estimating the anomalous outgassing of natural CO2: 

We use the surface ocean pCO2-based air-sea CO2 flux estimate of ref (39) for the 
period 1994 through 2007 and added a steady-state outgassing of river derived CO2 of 
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0.65 Pg C yr-1 (average of refs 70, 71) in order to obtain the net ocean uptake flux for this 
period. This estimate includes the both the uptake of anthropogenic CO2 from the 
atmosphere as well as any anomalous outgassing of natural CO2. We then used two 
approaches to isolate the latter.  

In the first approach, we used this adjusted CO2 flux in 1994, assumed that it 
constitutes only the anthropogenic CO2 uptake flux, and then scaled it forward in time 
using the transient steady-state scaling used above based on atmospheric CO2 in order to 
obtain a timeseries of the expected anthropogenic CO2 uptake flux. In the second 
approach, we used the estimated anthropogenic uptake flux from the ocean inversion of 
ref(17) for the year 2000 and also used the transient steady-state scaling to scale it 
forward and backward to obtain a full timeseries of the anthropogenic uptake flux. The 
anomalous outgassing of flux of natural CO2 was then computed by subtracting these two 
expected anthropogenic CO2 uptake fluxes from the net uptake flux. These two 
approaches yielded nearly identical integrated losses of natural of CO2 of 5±3 Pg C for 
the period 1994 until 2007. We assign an uncertainty of ±60% to this value given the 
large number of assumptions that go into this estimate. The most important source of 
uncertainty in the first approach is the assumption that the anomalous flux of natural CO2 
is zero in 1994, while the largest source of uncertainty for the second approach is the 
magnitude of the river-derived CO2 outgassing. 
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Fig. S1. 
Maps of the sampling locations of the data used for the two eras: (a) for the 
WOCE/JGOFS era (1982 to 1999) and (b) as (a), but for the Repeat Hydrography/GO-
SHIP era (from 2000 to 2013). The colors of the filled dots indicate the year of sampling. 
Open squares indicate stations/cruises that are in GLODAPv2, but not used for our 
analyses (see text for details). The size of the squares indicates the number of samples 
affected: Small: 0-9 samples, Medium: 10-19 samples, Large >19 samples. Stations that 
were sampled more than once during the Repeat Hydrography/GO-SHIP era are shown 
with two colors and with the second occupation plotted on top. 
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Fig. S2. 
Distribution of the data through time. Shown are the number of discrete samples of C* 
for each year and basin that were used to construct the two multiple linear regression 
models. 
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Fig. S3. 
Procedure to estimate the change in anthropogenic CO2 between the JGOFS/WOCE and 
the GOSHIP eras in the water column below 150 m. Adapted from ref (9). 
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Fig. S4. 
Column inventories of the change in anthropogenic CO2 (mol m-2) (0-3000 m) between 
1994 and 2007 of the standard case and of the 13 sensitivity cases considered. Also 
shown are the ensemble mean of the 14 cases and twice their interquartile range. For 
V102 through V114, the difference to the standard case V101 is shown. (See Table S1 for 
a full description of these sensitivity cases). 
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Fig. S5. 
Inventories (0-3000 m) for the standard case as well as for the 13 sensitivity cases 
considered. Shown is the mean change in the concentration of anthropogenic CO2 in the 
respective ocean basins as a function of the ocean volume. Thus, the area of the rectangle 
for each ocean basin is directly proportional to the total inventory change for this ocean 
basin. 
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Fig. S6. 
Comparison of the mean storage rate of anthropogenic CO2 between 1994 and 2007 for 
the global ocean w/o the Arctic Ocean and the Mediterranean Sea. Shown are three 
estimates: The C* method-based estimate for the period 1800 to 1994(1) scaled to 2000 
(blue) (see text), the eMLR(C*) based estimate (green), and a diagnostic model-based 
estimate(21), the latter interpolated to the 1994 to 2007 period. The uncertainties of the 
C*-based estimates are about 20%, those of the eMLR(C*) based estimates about ±10%, 
and those for the diagnostic model are reported to be less than 5%(21). 
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Fig. S7. 
Sensitivity of anomalous change in storage to the value of the scaling factor α: (a) α = 
0.26 (lower bound estimate), and (b) α = 0.30 (upper bound estimate). 
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Fig. S8. 
Sensitivity of anomalous change in the zonal mean sections of ∆tCant to the value of the 
scaling factor α: (a-c) α = 0.26 (lower bound estimate), and (d-f) α = 0.30 (upper bound 
estimate). (a, b): Atlantic Ocean, (b,e): Pacific Ocean, and (c,f): Indian Ocean.. 
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Fig. S9. 
Assessment of the impact of the spatial variations in the scaling factor α on the estimated 
∆tCant

anom.  (a) Column inventory of the error in ∆tCant
anom, and (b) zonal mean section of 

the error in ∆tCant
anom. The anomalous change in both panels was computed assuming a 

constant scaling factor α of 0.25, i.e., ∆tCant
anom = ∆tCant - 0.25·Cant(1994) using the 

constant climate results from the hindcast simulations with the NCAR CCSM described 
in detail in (9). 
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Fig. S10. 
As Figure 3 in the main text, except for panel b showing the ocean inversion-based 
(OCIM) carbon inventory of anthropogenic CO2 for the year 1994 from ref (14) instead 
of the C*-based estimate from ref (1), and panel c showing the anomalous change in 
∆tCant computed by subtracting the OCIM inventory for 1994 instead of the C*-based 
one, i.e, ∆tCant

anom(scaled) = ∆tCant(eMLR, 1994-2007) – 0.28*Cant(OCIM, 1994). The 
additional panel d shows the anomalous change in ∆tCant when the expected change in 
∆tCant between 1994 and 2007 is taken directly from the OCIM simulated change, i.e., 
∆tCant

anom(direct) = ∆tCant(eMLR, 1994-2007) – ∆tCant(OCIM, 1994-2007). To compute 
∆tCant

anom for the OCIM-based estimates, the ∆tCant estimates were interpolated onto the 
2°x2° of the OCIM estimates. The similarity of panels c and d with panel c of Figure 3 in 
the main text indicates that ∆tCant

anom is neither sensitive to the choice of the Cant fields 
for 1994 nor to the assumption of a constant scaling factor α=0.28.  
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Table S1. 
Neutral density slabs used for the eMLR(C*) method to determine the change in 
anthropogenic CO2 and selection of predictors in the multiple linear regressions (MLR)a: 
 
 

Isoneutral 
range 

Temp. Sal. AOU PO4
3- NO3

- Si(OH)4 PO4* 

Atlantic density intervals 
<26.00 8 5 7 6 2 5 7 
26.00-26.50 7 8 6 6 3 3 7 
26.50-26.75 9 7 5 5 3 1 9 
26.75-27.00 10 3 5 5 4 6 6 
27.00-27.25 8 2 4 5 4 9 7 
27.25-27.50 8 3 8 7 4 4 6 
27.50-27.75 6 4 8 9 4 3 5 
27.75-27.85 4 3 8 9 7 4 5 
27.85-27.95 3 10 5 8 4 5 5 
27.95-28.05 3 10 6 9 2 2 6 
28.05-28.10 10 5 6 4 3 2 9 
28.10-28.15 8 7 6 6 1 3 8 
28.15-28.20 8 5 7 8 1 4 6 
>28.20 5 10 3 8 3 0 4 

Indo-Pacific density intervals 
<26.00 8 4 7 4 8 2 6 
26.00-26.5 9 4 4 5 2 7 8 
26.50-26.75 7 3 6 6 7 2 8 
26.75-27.00 6 2 7 7 6 2 9 
27.00-27.25 4 10 7 7 2 3 6 
27.25-27.50 5 7 7 8 2 3 8 
27.50-27.75 8 7 6 6 1 3 8 
27.75-27.85 10 5 3 3 3 5 7 
27.85-27.95 7 4 6 6 2 7 7 
27.95-28.05 4 6 9 9 2 5 4 
28.05-28.10 1 4 8 8 3 9 6 
>28.10 2 4 7 8 3 9 7 

(a) Shown is number of times this variable is part of the 10 best MLR regressions 
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Table S2. 

List of the sensitivity cases considered. V101 is the standard case. 
  

Identi–
fier 

Description Number 
of 
regions 

Number 
of iso 
slabs 

Variables Data source Data 
mapping 

Surface 
method 

101 Standard 
Case 

2 14 + 12 all  GLODAP2+  WOA 
&GLODAP 

combined 

102 only WOA 
(No 
GLODAP) 

2 14 + 12 all  GLODAP2+  WOA only combined 

103 no PO4* 2 14 + 12 all wo 
PO4* 

GLODAP2+ WOA 
&GLODAP2 

combined 

104 Southern 
Ocean 

3 +  
S. Oce. 

14 + 12 all  GLODAP2+ WOA 
&GLODAP2 

combined 

105 upper ocean: 
two regions; 
lower ocean: 
one region 

2+1 14 + 12 all  GLODAP2+ WOA 
&GLODAP2 

combined 

106 only Carter 
variables† 

2 14 + 12 Carter 
variables 

GLODAP2+ WOA 
&GLODAP2 

combined 

107 5 regions 5 14 + 12 all  GLODAP2+ WOA 
&GLODAP2 

combined 

108 no A16 2013 2+1 14 + 12 all  GLODAP2 
wo A16 

WOA 
&GLODAP2 

combined 

109 reduced 
number 
isopycnal, 2 
regions 

2 10 + 8 all  GLODAP2+ WOA 
&GLODAP2 

combined 

110 reduced 
number 
isopycnal, 5 
regions 

5 10 + 8 all  GLODAP2+ WOA 
&GLODAP2 

combined 

111 no sfc equ 2 14 + 12 all  GLODAP2+ WOA 
&GLODAP2 

eMLR only 

112 global sfc 
equ 

2 14 + 12 all  GLODAP2+ WOA 
&GLODAP2 

surface 
equilibrium 
only 

113 C* based on 
NO3 

2 14 + 12 all  GLODAP2+ WOA 
&GLODAP2 

combined 

114 all data 
GLODAP2 

2 14 + 12 all  GLODAP2 WOA 
&GLODAP2 

combined 

† Only the variables used by Carter et al. (43) are used as predictors in the eMLRs. 
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Table S3. 
Reconstructed column inventories (0-3000m) in the different ocean basins for each of the 
sensitivity cases listed in Table S2. Note that this table includes just the inventories for 
the regions mapped by the eMLR(C*) method, i.e., the numbers here neither include the 
Arctic and other marginal seas nor the ocean below 3000m. 
 
Version North 

Atlantic 
(Pg C) 

South 
Atlantic 
(Pg C) 

North 
Pacific 
(Pg C) 

South 
Pacific 
(Pg C) 

Indian 
(Pg C) 

Global 
 
(Pg C) 

101 (Std) 5.3 5.6 5.2 8.0 7.1 31.2 
102 5.2 5.0 5.8 8.7 6.7 31.4 
103 5.3 5.5 5.0 8.0 6.4 30.1 
104 5.5 5.1 4.6 8.6 8.0 31.9 
105 5.1 4.8 6.6 10.1 8.7 35.3 
106 5.5 6.3 6.5 9.3 9.3 36.9 
107 5.3 4.7 5.4 8.5 9.7 33.5 
108 5.1 5.4 5.3 8.0 6.9 30.7 
109 5.4 5.4 5.3 8.1 7.0 31.2 
110 5.4 4.7 5.4 8.4 9.4 33.2 
111 5.5 5.4 5.3 7.9 6.4 30.5 
112 5.4 5.6 5.3 8.2 7.3 31.7 
113 5.4 5.6 5.3 8.2 6.8 31.3 
114 4.7 5.5 5.1 7.8 6.5 29.6 
Median 5.3 5.4 5.3 8.2 7.0 31.3 
IQR 0.2 0.5 0.2 0.6 1.8 2.0 
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