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The Southern Ocean is critically important to the
oceanic uptake of anthropogenic CO,. Up to half of
the excess CO, currently in the ocean entered through
the Southern Ocean. That uptake helps to maintain the
global carbon balance and buffers transient climate
change from fossil fuel emissions. However, the
future evolution of the uptake is uncertain, because
our understanding of the dynamics that govern the
Southern Ocean CO; uptake is incomplete. Sparse
observations and incomplete model formulations
limit our ability to constrain the monthly and annual
uptake, interannual variability and long-term trends.
Float-based sampling of ocean biogeochemistry
provides an opportunity for transforming our
understanding of the Southern Ocean CO; flux. In
this work, we review current estimates of the CO,
uptake in the Southern Ocean and projections of
its response to climate change. We then show, via
an observational system simulation experiment,
that float-based sampling provides a significant
opportunity for measuring the mean fluxes and
monitoring the mean uptake over decadal scales.

1. Introduction

The Southern Ocean plays a central role in shaping the
global ocean’s circulation and biogeochemical cycling. At
latitudes near the Drake Passage, the Southern Ocean
lacks meridional boundaries, which allows for two
closely related phenomena. First, the strong, eastward-
flowing Antarctic Circumpolar Current (ACC) connects

© 2014 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. The number of surface measurements of pC0, in gridded SOCAT v2, between 1995 and 2012. (a) Total monthly
observations, south of 30° S, with winter months (June—August) in red. (b) Calendar months occupied, where 12 indicates full
occupation of the seasonal cycle and white indicates no available measurements.

the Atlantic, Pacific and Indian Ocean basins, allowing for mixing of water masses between the
basins. Second, the westerly winds drive significant upwelling of old and nutrient-rich waters
from the deep ocean, which are almost free of anthropogenic carbon, where they can interact
with the atmosphere. Because of these properties, the Southern Ocean closes the overturning
circulation of the global ocean [1], maintains the nutrient balance of the low-latitude oceans [2]
and sequesters anthropogenic CO, and excess heat from the atmosphere [3].

The processes that control the Southern Ocean’s circulation and biogeochemistry, and thus
a big part of the global ocean’s, remain unresolved. Direct measurements provide limited
information through time and space, because the sampling that is available is sparse and biased
towards summer months. This is particularly the case for biogeochemical observations [4,5]. For
example, the surface pCO, measurements that provide critical constraints on the sea—air CO;
flux leave many months and areas of the Southern Ocean unsampled (cf. figure 1). In contrast
to measurements, general circulation models (GCMs) provide complete information on a model
grid. However, current GCMs rely on parametrizations to simulate subgrid-scale processes, such
as mesoscale eddy processes. Mesoscale eddies govern much of the Southern Ocean dynamics,
and the reliance on parametrizations of their effects decreases confidence in model results and
projections [6]. Likewise, biological models are incomplete representations of the ecology and
production within the Southern Ocean. Together, the sparsity of the data and the incomplete
nature of model simulations create significant opportunity for continued learning about the
Southern Ocean.

The focus of this work is the Southern Ocean CO, uptake. Fluxes of anthropogenic CO; across
the surface of the Southern Ocean are thought to account for up to 50% of the total oceanic uptake
[4]; however, storage of anthropogenic CO; is small in the Southern Ocean compared with the
in situ fluxes. A large proportion of the total uptake of CO, accumulates in Subantarctic mode
water and Antarctic intermediate water [7] and flows into other ocean basins [8]. The oceanic
uptake itself amounts to 25% of annual CO; emissions from burning fossil fuels and land-use
change [9]. The primacy of the Southern Ocean flux to oceanic uptake implies that constraining
the Southern Ocean flux is essential to constraining the global oceanic uptake of anthropogenic
CO,. Likewise, understanding the dynamics of the future evolution of the Southern Ocean uptake
is essential to understanding the total future oceanic uptake.

Simulations of the future climate show that the Southern Ocean will continue to play a key
role in anthropogenic CO, uptake and that, given continuing emissions of CO,, the uptake in the
region will continue to grow [10,11]. The rate of increase, however, will be subjected to known
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processes, such as changes in the Revelle factor, and unknown processes, including the effects of
climate change. Future climatic changes may alter the balance between circulation, stratification
and biological production in the Southern Ocean and decrease the future uptake of anthropogenic
CO; [12]. In order for us to distinguish interannual and decadal variability from secular trends,
we must understand how these processes interact and have sufficient observations to inform our
understanding at the process level.

Autonomous floats provide a powerful complement to shipboard measurements by routinely
sampling profiles at high temporal density. The ARGO programme has been a substantial new
data source about the global ocean since its deployment, including in the Southern Ocean [13].
Recent advances in float-based measurement platforms make it possible to equip floats with
sensors of pH, nutrients and oxygen [14]. When combined with inverse methods and data
assimilation, such floats can provide both improved state estimates and constraints for process-
based models of the carbon system and ocean biogeochemistry. In this paper, we evaluate how
effective such a system might be in resolving the Southern Ocean CO; flux for monthly and
annual averages, and long-term trends.

Here, we review model and empirical estimates for CO, uptake in the Southern Ocean, how
it may respond to climate change and the difficulties imposed by the sparse measurements
in the region. We use an observational system simulation experiment (OSSE) to discuss float-
based sampling benefits and strategies. This experiment complements a previous analysis, which
showed that a float-based sampling with three-monthly sampling of 3 x 30° latitude-longitude
resolution could achieve annually averaged Southern Ocean flux estimates with acceptable
error [15].

2. Review of Southern Ocean carbon dioxide uptake

The global oceanic uptake of anthropogenic CO, and natural CO; depends strongly on the
uptake that takes place in the Southern Ocean. Here, we demonstrate that the Southern Ocean
is the primary source of uncertainty in the global oceanic uptake for a recent decade (1995-
2005) and that the Southern Ocean plays a substantial part in setting the sensitivity of the
CO; uptake to climate change. We consider examples from the literature and present model
results for CO, uptake. Model results from phase 5 of the Coupled Model Intercomparison
Project (CMIP5) are included [3,16], featuring 12 climate—carbon cycle models. These simulations
were previously analysed to compare the ability of the current-generation coupled climate
models to simulate the uptake of anthropogenic CO, and excess heat [3]. For comparison,
ocean-biogeochemistry simulations are included based on the NOAA-GFDL (Geophysical Fluid
Dynamics Laboratory) MOM4pl model [17], coupled to the biogeochemistry model BLING
(biology, light, iron, nutrient and gases) [18]. These simulations were forced at the ocean surface
with three different atmospheric reanalysis products: NCEP-1 [19], CORE-II [20] and ERA-40 [21].
Each set of simulations has a ‘historical” case, where the biogeochemical model feels the historical
increase in atmospheric CO; such that the oceans are a net sink of CO; from the atmosphere,
and a ‘preindustrial’ case, where atmospheric CO, concentrations are held constant at
preindustrial values.

Anthropogenic CO, uptake is calculated as the difference between the fluxes from
the ‘historical” and ‘preindustrial” simulations from both the CMIP5 and MOM4p1-BLING
ensembles. The flux calculated directly from the ‘historical” simulations is called the total or
contemporary flux. The contemporary CO; flux is the sum of the natural and anthropogenic
CO; fluxes. For purposes of comparison, we include data-based estimates of the anthropogenic
and contemporary CO, fluxes. The estimates of the anthropogenic CO, uptake come from
an inversion of ocean interior measurements [22]. The contemporary uptake estimates come
from inversions of pCO, data. We use both the Lamont-Doherty Earth Observatory (LDEO)
climatology [5], centred on the year 2000, and a reconstruction of historical pCO, from 1980-2009
(Markov chain Monte Carlo (MCMC) pCO; history) [23].
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Figure 2. The cumulative fluxes integrated from 90° S to 90° N, in PgCyr=", of (a) anthropogenic (0, and (b) total C0,.
Estimates come from forced (red) and coupled (blue) oceanic GCMs averaged over 19952005 and show significant spread by
30° S. The black line in (a) shows the oceanic inversion results from Mikaloff Fletcher et al. [22]. In (b), the LDEO pCO, year 2000
climatological flux is in black and the MCMC pC0, history, averaged over 19952005, is in green.

(a) Decadal estimates

Recent model simulations indicate that the Southern Ocean (beyond 30°S) anthropogenic CO;
uptake was 0.8 +0.1PgCyr~! [3], for the decade 1995-2005, with a range defined by the red
and blue lines in figure 2a. In that decade, the Southern Ocean uptake constituted 40-50% of
the global total in the modelled fluxes. Empirical estimates from oceanic inversion give the
uptake to be 1.1PgCyr~! (52% of the global total) for the same region and decade (cf. black
line in figure 2a) [22]. The reduced uptake in the suite of models is consistent with the whole
of the CMIP5 historical simulations, which show less oceanic uptake of CO, than empirical
studies [24]. Poor simulation of the stratification in the Southern Ocean is a suspected source of
the underestimated anthropogenic uptake [3]. The proportion of anthropogenic CO; that enters
through the Southern Ocean appears to be stable through time, with historical estimates of
the total uptake indicating that about 50% of oceanic anthropogenic CO; entered through the
Southern Ocean [25].

The estimates of the contemporary CO, uptake vary across a larger range than the
anthropogenic uptake. The estimates of the northward cumulative flux of contemporary CO,
span 1.1 + 0.2 PgCyr~! at 30° S (shown in figure 2b). The total range in the estimates is set by the
CMIP5 historical simulations (shown in blue lines in figure 2b). The MOM4p1-BLING simulations
show slightly higher uptake, ranging between 1.2 and 1.4PgCyr~! (red lines in figure 2b). The
empirical estimate based on the MCMC pCO;, history gives 1.3+ 0.3PgCyr~! (green line in
figure 2b) and the LDEO climatology gives 1.0 + 0.2PgCyr~! (black line in figure 2b). The full
spread in the CMIP5 estimates of contemporary uptake reveals significant uncertainty in the CO,
flux as simulated by that ensemble. In some of the models, the Southern Ocean is not a sink of
CO; south of 45°S, which betrays significant process-based errors. The northward cumulative
plots in figure 2 show that the uncertainty in the total global uptake is established by 30° S, and
thus the Southern Ocean is critical to the estimates of both the global mean and the uncertainty in
CO; uptake.
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Figure 3. The seasonal cycle of CO, uptake into the Southern Ocean, south of 45° S, in PgC yr—". The CMIP5 models are shown
in blue, MOM4p1-BLING models in red, the LDEO p(0; climatology in black and the MCMC p(0; history in green. The area south
of 45° S was chosen to avoid contaminating the seasonal cycle with subtropical signals.

The seasonal cycle is considered for uptake south of 45°S in figure 3. The observationally
derived uptake in the summer and autumn is driven by biological uptake and surface
stratification. In the winter, deep mixed layers and the associated upwelling CO, drive weakened
uptake or outgassing [5] (cf. black and green lines in figure 3). In CMIP5, the range in monthly
estimates is quite large over the annual cycle, and those models do not demonstrate a clear
seasonal cycle (blue lines in figure 3) [26]. The MOM4p1-BLING simulations (red lines in figure 3)
show reasonable agreement with the empirically derived seasonal cycles, though the magnitude
of the seasonal cycle is smaller in the model. The CMIP5 models, however, are inconsistent and
many vary widely from the observationally based estimates. The seasonal amplitude of the fluxes
in the CMIP5 models is particularly large compared with the observationally based estimates, in
opposition to what happens with the forced models.

Reproducing the seasonal cycle of CO; fluxes in the Southern Ocean clearly poses a particular
challenge for models. In forced ocean models, resolving the mixed layer depths, and thus the
entrainment and export of dissolved inorganic carbon (DIC) from the surface, is vital to capturing
the seasonal cycle in CO, fluxes [27]. Most forced models miss winter outgassing because of
poor mixed layer simulation, including the MOM4p1-BLING simulations. These errors seem
enhanced in the CMIP5 models, which have a wide variety of mixed layer characteristics but are
generally too shallow [28]. However, the relative contributions of biological processes are yet to
be determined, as the parametrization of co-limitation by temperature, light and micronutrients
can also have a significant impact on the seasonal cycle [29-31].

The paucity of measurements makes empirical analysis of the seasonal cycle difficult. Analysis
of surface pCO, measurements provides the most information about the seasonal flux of CO; over
several decades. The sampling that is available for surface pCO; in the newly released Surface
Ocean CO, Atlas (SOCAT) database [32,33], similar in nature to that which was used to make the
climatology [5], is shown in figure 1. It shows that the seasonal cycle is resolved only in limited
parts of the Southern Ocean and that there is a strong bias towards summer sampling. The lack
of measurements limits the ability of the data to constrain the seasonal fluxes. For instance, the
two pCO, data products shown in figures 2b and 3 use the same surface pCO, dataset [34] to
calculate the air-sea CO; flux, yet the fluxes from the MCMC pCO, history express a higher-
amplitude seasonal cycle than the LDEO climatology. Meanwhile, they are not distinguishable
with the observations, with root mean squared error (RMSE) against the data of 20.6 (MCMC
history) and 23.7 (climatology). The disagreement between the two occurs in regions and months
where there is little or no data, and is created by differences in the spatial interpolation schemes,
representation of the seasonal cycle and interannual variability [23]. The difference between the
estimates projects into the overall carbon budget, where the available measurements cannot

St 2 St


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org on June 3, 2014

separate the estimates of the CO, flux that are different by 0.3PgCyr~! or nearly 30% of the
total Southern Ocean uptake.

(b) Southern Ocean carbon—climate feedbacks

Ocean circulation and mixing changes induced by global warming might affect the CO, uptake
through several mechanisms. Wind-driven increased upwelling of CO,-rich deep waters may
result in increased outgassing of natural CO, if biological production does not balance the
increased supply of DIC [35]. These wind-driven changes are closely related to changes in the
Southern annular mode (SAM) [36]. However, increases in stratification due to changes in sea ice
or precipitation at high latitudes may oppose the wind-driven changes via a reduction of natural
outgassing south of the ACC [12]. In addition, thermal solubility effects may reduce the ability of
the surface to capture CO, from the atmosphere [12]. The potential impact of climate change on
the Southern Ocean CO;, uptake is difficult to anticipate because of the varying balances between
biology and ocean circulation that govern the Southern Ocean CO; uptake.

The impact of climate is estimated by calculating the difference in the CO, uptake
between model runs with and without climate change, but with increasing atmospheric CO,
concentrations. Current coupled modelling efforts indicate that the Southern Ocean CO; flux
may have already decreased owing to changes in the climate, relative to model simulations where
climate is held constant, but that the impact is currently small [3]. Northward cumulative climate
impacts indicate that climate signals decreased the modelled CO, uptake in the Southern Ocean
between 1970 and 2005 by 2-3PgC (cf. figure 4b). That decrease in uptake holds in five of the
seven simulations.

The picture of reduced uptake in the past few decades, relative to what might be expected
in the absence of climate change, holds across forced and coupled models and the empirical
estimates. Figure 4b shows the northward cumulative climate impact from the CMIP5 and
MOM4p1-BLING models integrated from 1970 to 2005. A negative value in the cumulative plots
indicates where the effect of climate has been to decrease the oceanic sink. The preponderance
of negative values at 30° S illustrates the role of the Southern Ocean in establishing the climate
impacts from figure 4a.

Recent joint studies of ocean model simulations and atmospheric inversions introduced the
hypothesis that changes in the Southern Ocean CO, uptake are already occurring [37]. They
proposed that increases in the wind stress (positive SAM) over the Southern Ocean had decreased
the uptake of CO, into the Southern Ocean by —0.08 PgC yr—! decade ™! between 1981 and 2004
(approx. —2 PgC total) relative to what the uptake would have been had there been no change
to the ocean circulation. In situ observations support the hypothesis that surface carbon has been
increasing [38], though it is unclear whether that has been expressed as a decreasing flux for the
whole ocean [23]. Evidence from chlorofluorocarbon measurements suggests that the Southern
Ocean has recently displayed substantial ventilation increases [39].

Ocean biogeochemical models support this hypothesis, but show to varying extents that
the mechanism is reduced by alkalinity-driven solubility changes [40] and enhanced biology
[41,42] responding to increased upwelled nutrient levels [43]. In addition, the coarse resolution
used in these ocean modelling studies means that the predicted reduction of the carbon uptake
may have been overestimated compared with models with improved eddy representation (or
what we might expect in the real ocean) [41,44,45]. However, the exact sensitivity of the carbon
flux to changing winds is not well constrained. It is likely that wind-driven changes in the
circulation have dominated the climate change impact on the carbon uptake in recent decades,
as stratification changes in the higher latitudes are only just beginning [46].

3. Float-based sampling experiment

Increased observational density in space and time should enhance our ability to monitor the
Southern Ocean CO; uptake and to constrain models of the processes that drive uptake and
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Figure 4. (a) The impact of climate change on the total global ocean (0, uptake between 1970 and 2005. The time series show
the uptake of C0,, with (dashed) and without (solid) climate variability, by the ocean from CMIP5 (blue) and MOM4p1-BLING
simulations (red). The MCMC uptake is shown in green, and an extrapolation of the Mikaloff Fletcher inversion is shown in solid
black. (b) The climate impact on (0, uptake, in PgC, integrated over 19702005 and northward from 90° S for each model.
(c) The climate impact on €0, uptake, in PgC, integrated over 1860—2100 and northward from 90° S for the RCP4.5 simulations.

its response to global warming. A simple OSSE is used here to evaluate the effectiveness of a
float-based sampling programme for estimating the basin-scale CO; flux in the Southern Ocean
(beyond 30° S) and monitoring it for trends and changes. The OSSE generates a synthetic sampling
from model output and attempts to reconstruct the modelled fields from the simulated data.

The GFDL-ESM2M ‘historical” simulation (years 1995-2000) [47] is used as the ‘true’ case from
which the synthetic sampling is produced. The sampling points are randomly distributed across
the area of the Southern Ocean south of 30°S (cf. figure 5). The simulated floats do not move
horizontally and sample the surface CO, flux from the model grid cell that they occupy monthly.
The lack of horizontal movement, which should occur passively with the flow, may add some bias
to the reconstruction, but the effect of movement in reconstructing physical parameters in other
OSSEs has been quantified [48]. The monthly sampling produces a set of 60 individual samples,
le"del, for each of the N floats. The value of N is 200 in the base case, as shown in figure 5, but a
range of values from 100 to 500 is explored.
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Figure 5. The modelled annual flux, in mole m—2 yr~", from the ESM2M historical simulation is shown as calculated (a) directly
on the fully sampled model grid and (b) using 200 randomly distributed and stationary floats with a 20% sampling error. The
true flux for the year was 0.79 PgC, and the reconstruction shown here results in a flux of 0.76 PgC.

Random fluctuations are added to the direct samples, X?‘Odd, to model instrumental error and
because the coarse resolution of the model grid and the monthly sampling do not represent the
variability present in real point surface measurements. The sources of likely variability include:
effects of mesoscale eddies, synoptic variability in the surface fields, analytical error in inverting
the carbon system, and instrumental error. The error is imposed by adding deviations to the
sampled model values. The deviations are modelled as uncorrelated normal random variables
with standard deviations equal to a percentage of the true value, i.e. std(X)) = eanOdel. The
synthetic samples include this fractional error, such that X; = Xmodel 4 x/.

The scale of the error term, €, that would be expected in real observations is not known.
Estimates of the air-sea CO; flux from float data must involve an inversion of the surface
carbonate chemistry to pCO;, from two of pH, DIC and alkalinity. Alkalinity can be estimated
from diagnostic relationships with salinity, temperature and depth with reasonable precision
(+£8.4 pmol kg_l) [49]. Low-power pH sensors, for deployment on floats and moorings, are
currently in development [50]. Mooring-based instruments for pH have achieved estimates of
pCO,, inverted using salinity-estimated alkalinity and pH measurements, of £13 patm over
two-month deployments, but suffer some drift [51]. This work assumes that pH-instrumented
floats will be available with similar precision and drift correction in the near future. Given the
coarse resolution of the model field, eddy effects would also need to be taken into account,
though along-track pCO, observations indicate that this is a small effect and adds an error of
about 3 patm [15]. While these sources of error should not be discounted, it is assumed that
the gas exchange parametrization error will be dominant in achieving local flux estimates from
point measurements. The expected precision of inverted pCO, and the effects of eddies would
be between 1% and 3% of an average Southern Ocean pCO; of 340 patm; smaller than the
uncertainties associated with gas exchange piston velocity [5]. Thus, a fractional sampling error
of 20% is assumed for the base case presented here, because this is the error associated with the
parametrization associated with gas exchange. This level of error assumes that the other error
sources are small and potentially compensating, but a range of fractional errors from 0.0 to 0.5 are
explored to examine the robustness of the results to a range of inverted pCO, precisions.
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The simulated samples X; are projected back onto the model grid using simple objective
mapping with inverse distance scaling. The gridded values then constitute the reconstructed CO,
flux for each month (cf. figure 5b). The error induced by the mapping and carried through from the
error added to the samples negatively affects the accuracy of the reconstructed CO; flux. The error
in the basin-scale CO, uptake estimate is found via bootstrapping from a Monte Carlo simulation
for each combination of (N, €). The Monte Carlo simulation consists of 1000 simulated samplings,
each with an individual distribution of the simulated floats. The error in the reconstructions is
estimated using the standard deviation across the 1000 members of the Monte Carlo simulation.

The ability of the sampling strategies to capture trends in the basin-scale CO, flux is assessed
using the bootstrapped error estimates and the autocorrelation in the time series of the modelled
uptake. The calculation of the minimum amplitude detectable is carried out according to the
relationship in equation (3.1) [52], between the number of years of monthly estimates 7, the error
in the monthly estimates o and the autocorrelation in the time series ¢:

3.30N 1+¢. 3.1)

min|A| = 22N T=¢

Equation (3.1) shows that the minimum detectable trend increases with the size of the noise in the
data and with the level of autocorrelation in the time series. The dependence on autocorrelation
is quite important to this analysis, as it increases the time necessary to detect a trend of a
certain magnitude. For a fixed period of observation, a moderate autocorrelation of ¢ =0.5
will increase the size of the minimum detectable trend by a factor of 1.73. The GFDL-ESM2M
“historical” simulation’s Southern Ocean CO; annual uptake has an autocorrelation of 0.5. Thus,
it plays an important part in evaluating the ability of the repeated observation to detect a
trend. The bootstrapped error in the monthly reconstructions is also an important input for the
trend detection.

(a) Estimates

The reconstructed fluxes capture the total Southern Ocean uptake (south of 30° S) and the large-
scale structures in the flux field. One example of the reconstructed flux, averaged for the year
2000, is shown in figure 5 for the base case sampling with 200 floats. While the sampling in the
base case is still sparse, the reconstruction is capable of resolving many features of the flux field
because of the zonal nature of the Southern Ocean and the large-scale features in the coarse-model
flux field [15]. Here, we assess the skill of the reconstructed fluxes to capture the total uptake of
CO; at the basin scale and the patterns of variability within the Southern Ocean.

Capturing the total uptake of CO, with high precision is an important task for constraining
the global carbon budget. In the example shown in figure 5, the total uptake is 0.79 PgC yrfl,
which differs by 0.03 PgC yr~! error from the true modelled value of 0.76 PgC yr~!. Monte Carlo
simulation provides context to the error in that instance. In a simulation with 1000 arrangements
of the 200 floats, the bootstrapped error of the year-to-year estimates (measured by standard
deviation) is 0.07 PgC yr~!. The total uptake in the example is thus consistent with the true flux
within the bootstrapped error estimate.

We find that the reconstructed fluxes capture the true value of the annual uptake within the
bootstrapped precision for the 5 years of the considered simulation. The annual fluxes for the
5 years of reconstruction and the model are shown in figure 6a. There, the £10 range of the
mean estimates (blue lines) contains the true annual values (black lines) from the model and
separates the higher uptake in model years 1999 and 2000 from the earlier years. Thus, the base
case sampling is capable of capturing the year-to-year Southern Ocean CO, uptake with enough
precision to resolve interannual variability and to constrain and monitor Southern Ocean CO;
uptake.

The monthly estimates of the total CO, uptake from the float-based sampling constrain the
seasonal cycle in total uptake. The estimated error for the month-to-month fluxes is 0.1 PgCyr~!,
and monthly reconstructions are also successful in capturing the monthly flux, within the +1o
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Figure 6. The annual reconstruction of the Southern Ocean C0, uptake, in PgC yr—", from the ESM2M historical simulation years

over the period from 1996 to 2000 (a) and the averaged monthly uptake values for the 5 year reconstruction (b). The black line

connects the true values of the flux. The blue bars show the 1o uncertainty for each estimate, based on a 1000-member
Monte Carlo simulation of 200 floats with 20% fractional sampling error.

bands, of the mean estimate from the Monte Carlo simulation (cf. figure 6b). Note that the seasonal
cycle in uptake south of 30°S, as shown in figure 6D, is different from the region south of 45°S,
as was shown in figure 3. However, the simulated sampling retrieves the seasonal cycle in the
smaller domain as well.

(b) Trend detection

The bootstrapped error for the monthly uptake estimate contributes to the calculation of
the minimum detectable trend via equation (3.1). The calculation also relies on the lag-1
autocorrelation in the CO, uptake from the ESM2M simulation. The autocorrelation is set at
the modelled value of 0.5, and the monthly error in the uptake estimate is 0.07 PgCyr—'. The
magnitude of the minimum detectable trend (90% significance level) is shown in figure 7. The
magnitude of the minimum detectable trend decreases quickly with the number of years of
continuous monthly observations and asymptotes towards very small trends after 40 years.

The detection of the trends associated with the continued uptake of CO; in the Southern
Ocean and the response of the circulation to climate change from models is important. Based
on the scenario projections from the CMIP5 simulations discussed in §2, we can calculate that
the uptake of continued CO; emissions to the atmosphere will drive an increasing trend in the
Southern Ocean CO, uptake of 0.2 PgCyr~! decade™!. Changes to that background trend due
to the potential impacts of climate change have an unknown magnitude. Thus, we focus on
detecting a trend magnitude of the same size as the one associated with recent saturation of the
Southern Ocean COj sink, which is equivalent to a decadal change of —0.08 PgC yr~! decade ™!
[37]. Inverting the detection limits in figure 7, we find that the trend from continued growth of the
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Figure 7. Minimum detectable trend (red lines), in PgCyr—" decade™, is a function of the number of years of monthly

sampling, the error in the monthly estimates and the autocorrelation in the time series of uptake. Fifteen years of continuous
monthly sampling are required to capture the historical trend associated with the uptake of anthropogenic C0; in the Southern
Ocean (blue diamond, 0.2 PgC yr—" decade ™). More than 20 years are required to capture a trend with the magnitude expected
from changes in the overturning circulation (green circle, —0.08 PgC yr " decade ™).

Southern Ocean CO, sink would take 13 years to detect, and the reduction due to climate would
require 24 years of continuous monthly measurements.

(c) Sensitivity studies

The robustness of the reconstructions to the size of the sampling array and the error associated
with the individual measurements is assessed via a sensitivity study. Here, the number of
floats is varied between (50, 500) and the fractional sampling error varies over (0.0, 0.5). For
each pair of parameters, we use the same method of simulating the observations as previously
outlined and use a 1000-member Monte Carlo simulation to estimate the errors associated with
the reconstruction process. The reconstructions are examined for both the total integral error,
associated with uptake estimates for the Southern Ocean, and resolution of the local fluxes. For
the latter, we measure the percentage of reconstructed cells, on the GFDL-ESM2M model grid,
where the bootstrapped error estimate is larger than a threshold value of 1molem=2yr~—!. The
threshold level of 1molem~2yr~! is small enough to resolve the local seasonal cycle over 99%
of the Southern Ocean area in the ESM2M simulation. The two measures evaluate the potential
contribution of varying sampling arrays to monitoring Southern Ocean uptake and the flux
variability within the Southern Ocean.

We chose the percentage of exceedance as a metric of the fidelity of the reconstructions, because
it provides a basin-wide estimate of the ability of the reconstructed fluxes to re-create spatio-
temporal variability of the Southern Ocean CO; uptake. The fidelity of the reconstructions at the
local scale will define their usefulness for examining the process-based questions that result in the
high degree of uncertainty in the uptake estimates and projections. Examples of the exceedance
percentage for float arrays with 75, 200 and 400 samplers indicate that large areas within the
Southern Ocean will be resolved for the more moderate sampling (cf. figure 8). Nevertheless,
higher numbers of floats decrease the areas with error exceeding the threshold by nearly 20%
of the Southern Ocean area. The high-sampling cases leave only coastal and boundary regions
where the precision of the reconstruction is above this threshold throughout the year.

The number of floats strongly influences the ability of the float-based sampling to capture both
the integral error and the local fluxes with high precision. The estimated error of the monthly
basin uptake goes from more than 0.2PgCyr~! to less than 0.05PgCyr—! between 50 and 500
floats, with a strong drop-off in the error estimate occurring before 200 floats (cf. figure 9). The
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Tmole m~2 yr—". The area of exceedance decreases from samplings with 75 (), 200 (b) and 400 (c) floats. The bootstrapped
errors come from the 1000-member Monte Carlo simulation for each number of floats.
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Figure 9. (a) Error estimates for the annual reconstruction of the Southern Ocean (0, uptake, in PgC, for varying number
of floats. The error estimates are calculated as the standard deviation of the basin-integrated annual (0, flux from the
reconstructed fields and the true model. (b) The percentage of the Southern Ocean, south of 30° S, where the monthly error
estimate s larger than the threshold value of 1 mole m=2 yr—". In both plots, different lines reflect reconstructions with varying
levels of sampling error. The error in the estimate of total uptake is less sensitive to the sampling error than the percentage of
exceedance.

same drop-off is present in the percentage area of exceedance. For the fractional sampling error
of 20%, the area of exceedance falls from 34% to 9% between 50 and 200 floats. It falls to 4% with
500 floats. Again, the percentage exceedance asymptotes with more floats, such that there are
diminishing returns for numbers of floats increasing beyond 200.

The sensitivity of the percentage of exceedance to the scale of the sampling error is much larger
than that for the total uptake. The curves in figure 9 show the relationship for the integral error
and percentage exceedance against the number of floats. In the case of integral error, the error
estimates vary little with the scale of the sampling error compared with the difference across the
number of floats. By contrast, the percentage area of exceedance is as sensitive to the fractional
sampling error as it is to the number of floats over the ranges tested for each. The low-high
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estimates for the percentage exceedance are (30%, 50%) for simulations with 50 floats and (4%,
18%) for simulations with 500 floats (cf. figure 9) for the fractional sampling errors that vary from
0% to 50% imposed error.

4. Discussion

The results from the OSSE presented here indicate that a float-based measurement system should
be able to resolve the Southern Ocean CO, flux with a greater level of certainty than current
methods. Current measurement density allows for a substantial difference in decadal empirical
estimates of the CO, uptake, 0.3PgC yrfl, with an even larger spread in model behaviour (cf.
figure 2). Reducing the empirical uncertainty in the monthly and annual CO, fluxes to 0.07 and
0.1PgCyr~! should be possible with a float-based sampling at a scale of 150-200 floats. Such a
system would be able to represent both the seasonal cycle and the annual mean uptake, which
would provide a major constraint for atmospheric inversions [27] and studies of the ocean’s role
in the global carbon cycle [53].

Previous studies have considered the number of surface measurements that are necessary to
capture the CO, flux at monthly and annual scales. Samplings with a density of 3° latitude and
30° longitude have been proposed as sufficient to resolve the annual Southern Ocean uptake
[15]. Such a sampling density is similar to the base case that we investigated, with a density
of one float per 95 square degrees on the ESM2M model grid. This study shows that, for the
number of floats above 150200, the ability to resolve both the monthly uptake and the local
fluxes stops increasing, even when the floats are randomly distributed. This is most likely a result
of the average decorrelation length scale in the coarse resolution models being resolved with 150
200 samplers [15]. It is still unknown how well the coarse ocean model that forms the basis of
this study resolves the statistics and dependences of the CO; flux from the real ocean. Similar
studies with high-resolution models might provide some additional information about the scales
of variability that the floats must sample to generate suitable flux reconstructions. Future studies
with high-resolution models might also give some indication of the actual size of the fractional
sampling error due to variability that is not resolved by the 1° model that we used and provide
benchmarks for the statistical upscaling of subgrid-scale variability.

The ability to capture trends in the CO, uptake in the Southern Ocean is limited by
the error in the monthly estimates of the uptake, the month-to-month variability and the
autocorrelation in the time series of uptake. The increased uptake from increasing atmospheric
CO;, will take a decade or slightly more to detect. The time to capture departures from such
an expected trend, from changes associated with climate change, for instance, will take decades
or more. Directly detecting changes in the Southern Ocean CO, uptake, such as the decrease
of —0.08 PgC yr_1 decade™! associated with changes in wind stress [37], will take up to three
decades. The smaller changes expected from reduced future uptake in the CMIP5-type models
(—0.02 PgC yr~" decade™}; cf. figure 4c) will require 60 or more years of continuous observations.
While the changes to the carbon uptake that are currently projected are hard to detect, mainly
owing to the effects of autocorrelation and monthly variability, an updating flux estimate will
provide some ability to measure large, unexpected, changes to the CO, uptake at the decadal
scale (up to 0.3 PgCyr~! decade™! or half of the current uptake).

The synthetic sampling that we present here is an idealized case, which was meant to show
how many measurements and what precision of measurement were needed to understand
seasonal and year-to-year variations in the Southern Ocean CO, uptake. Continued effort should
be expended to evaluate float-based sampling strategies within data assimilation frameworks
and OSSEs such as this one. Critically, transport of the floats by the mean flow and eddies may
affect the basin-scale monitoring of CO, uptake and may invalidate the assumption of a random
distribution that we have used. In a high-resolution OSSE, the strong currents of the Southern
Ocean affected the sampling distribution of floats in the Indian Ocean [54]. While eddies enforce a
more uniform sampling distribution [48], strategies for float release, parking depth, time between
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profiles and ice avoidance will need to be critically evaluated for how they impact the information
provided by the whole sampling array and target undersampled regions.

5. Conclusion

Empirical and model estimates indicate that the flux of CO; in the Southern Ocean is critical to
the global carbon budget. Up to 50% of the anthropogenic CO; that is absorbed by the ocean
is captured within the Southern Ocean. Moreover, a significant portion of the uncertainty in
estimates of the global oceanic CO, uptake originates in the Southern Ocean, south of 30° S. This
is true for both empirical and model-based estimates, where empirical estimates are limited by
the lack of available data in the Southern Ocean and model estimates show significant differences
across models at the process level. Increased observational density is necessary to resolve the
uncertainty in the Southern Ocean CO, uptake and the process-level understanding of the
dynamics that govern the Southern Ocean CO flux.

We have shown that an observational programme based on 150-200 vertically profiling floats,
which could estimate surface CO; flux, would offer significantly more information about the
Southern Ocean CO; uptake than is currently available on monthly, annual and interannual time
scales. Such a system would provide annual estimates of the Southern Ocean uptake with an
error of less than 0.1PgCyr~! or less than 20% of the current uptake in the Southern Ocean
or 5% of global oceanic uptake. This would be an important tool for monitoring the uptake of
anthropogenic CO; by the ocean and understanding and monitoring the global carbon budget.
This is particularly important for the Southern Ocean, where changes in the flux due to the effects
of climate change could be a significant portion of the carbon cycle’s response to climate change.

Moreover, an observational programme featuring 150-200 sampling floats would provide
much higher resolution of the CO; flux at local and monthly scales. For an assumed threshold
of 1molem™2yr~! (to capture more than 90% of the seasonal cycle), this system will offer
resolution of the CO; flux over 90% of the Southern Ocean every year. This resolution will provide
an opportunity to dramatically improve process-based understanding of the Southern Ocean
CO; flux to help address the balances between gas exchange, biological uptake, upwelling, and
entrainment and detrainment at the base of the mixed layer. By offering dense information at
the ocean surface, it would provide an important complement to monitoring strategies based on
repeat hydrographic monitoring of carbon accumulation in the ocean interior. Those studies could
provide a benchmark against which the carbon uptake inferred from the float array measurements
could be evaluated.

This study has focused on the uncertainty in and constraints for the Southern Ocean CO; flux.
The array network considered here could serve as a critical component of a larger integrated
network, wherein the floats could be equipped to measure nutrients, temperature, salinity and
other biogeochemically important quantities. Profiling floats are specifically valuable because
they measure the water column to 2000 m and provide information for subsurface studies. The
spatially diffuse and temporally consistent measurements from these floats could provide a
bridge between sparse, high-precision, hydrographic measurements and very high-resolution
satellite products to develop an integrated understanding of Southern Ocean biogeochemistry
at many time scales. Ongoing work is devoted towards achieving such a monitoring system
[55,56]. In the same way that 150200 floats measuring surface CO, could dramatically improve
our understanding of the CO; flux, these measurements could contribute to understanding and
monitoring other aspects of the biogeochemical system in the Southern Ocean, which is critical to
the global cycling of nutrients and the capture of excess heat due to climate change by the ocean.
Much more than being a tool for CO, monitoring, measurements of this scale and nature would
offer significant opportunity to monitor and understand the Southern Ocean’s role in an evolving
ocean.
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