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in air-sea CO, fluxes in the Southern Ocean
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and Sebastiaan Swart'?

'Southern Ocean Carbon - Climate Observatory, CSIR, Rosebank, South Africa, 2Department of Oceanography, University
of Cape Town, Rondebosch, South Africa, 3Sorbonne Université (UPMC, Paris 6)/CNRS/IRD/MNHN, Laboratoire
d'Océanographie et du Climat, Institut Pierre, Simon Laplace, Paris, France, *NOAA/PMEL, Seattle, Washington, USA

Abstract The Southern Ocean (SO) contributes most of the uncertainty in contemporary estimates of
the mean annual flux of carbon dioxide CO, between the ocean and the atmosphere. Attempts to reduce
this uncertainty have aimed at resolving the seasonal cycle of the fugacity of CO, (fCO,). We use hourly CO,
flux and driver observations collected by the combined deployment of ocean gliders to show that resolving
the seasonal cycle is not sufficient to reduce the uncertainty of the flux of CO, to below the threshold
required to reveal climatic trends in CO, fluxes. This was done by iteratively subsampling the hourly CO,
data set at various time intervals. We show that because of storm-linked intraseasonal variability in the
spring-late summer, sampling intervals longer than 2 days alias the seasonal mean flux estimate above the
required threshold. Moreover, the regional nature and long-term trends in storm characteristics may be an
important influence in the future role of the SO in the carbon-climate system.

1. Introduction

The Southern Ocean (SO), south of the Sub-Tropical Front (STF), contributes 50% (~1Pg Cyr™") of the total
ocean uptake of anthropogenic CO, and is the main source of uncertainty in empirical and model-based
estimates of the mean annual CO, fluxes between the ocean and the atmosphere [Landschlitzer et al.,
2014; Lenton et al.,, 2013; Lovenduski et al., 2015; Majkut et al., 2014; Matear and Lenton, 2008; Takahashi
et al, 2012]. Climate sensitivities of CO, ocean-atmosphere exchange (FCO,) and storage in the SO are
increasingly recognized as one of the major sources of uncertainty in the century-scale projections of atmo-
spheric CO, and associated long-term climate adjustments that lead to climate change [Anav et al., 2013; Fay
and McKinley, 2013; Fay et al., 2014; Gruber et al., 2009; Hauck et al., 2013; Le Quéré et al., 2009; Sabine et al.,
2004; Wanninkhof et al., 2013]. Resolving interannual variability and trends in the air-sea CO; flux in the SO
will contribute to reducing both the magnitude of the uncertainty of CO, fluxes and provide a better under-
standing of the climate sensitive dynamics that drive them [Fay and McKinley, 2013; Landschditzer et al., 2014;
Majkut et al., 2014]. The paucity of observations, limitations around biogeochemical model dynamics and
uncertainties linked to model-scale sensitivities in the SO still present major challenges to ocean climate
research goals to resolve interannual variability of CO, fluxes [Landschiitzer et al., 2014; Le Quéré et al.,
2014; Lenton et al., 2013; Majkut et al., 2014; Resplandy et al., 2014; Rédenbeck et al., 2013].

Reducing this uncertainty to <10% (<0.1 PgCyr‘1) of its mean annual net uptake of CO, is critical to
resolving interannual variability and trends of FCO, in the Southern Ocean [Landschiitzer et al., 2014;
Majkut et al.,, 2014; Monteiro et al., 2010]. This is particularly urgent in the context of the strengthening of
the nonsteady state dynamics of natural and anthropogenic ocean carbon resulting from climate-linked
changes in ocean physics and carbonate chemistry [Le Quéré et al., 2007; McNeil and Matear, 2013].

Resolving the seasonal bias of observations in the SO—there are far fewer in winter—is considered a major
challenge in reducing the uncertainty in the mean annual fluxes and resolving the seasonal cycle is consid-
ered a first-order contribution to reducing the uncertainty of the mean annual CO, flux [Landschditzer et al.,
2014; Lenton et al., 2012; Majkut et al., 2014; Monteiro et al., 2010; Takahashi et al., 2009]. However, to date,
most of the effort in sustained CO, observations in the SO have been ship based contributing in a coordi-
nated approach to a global gridded data set [Bakker et al., 2012; Pfeil et al., 2013; Sabine et al., 2013]. Ships
alone are not able to adequately resolve the seasonal cycle due to the operational limitations of the required
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sampling frequency: quarterly circumpolar meridional lines with a 30° interval [Monteiro et al., 2010; Lenton
et al.,, 2006]. High temporal resolution Lagrangian drifting buoy studies have also contributed to both con-
straining the basin-scale mean seasonal cycle along their trajectories and pointing to the potential role of
fine-scale dynamics [Boutin et al., 2008; Resplandy et al., 2014]. Models have been used to close the spatial
and temporal data sparseness of existing ship-based observations, particularly in the most recent Regional
Carbon Cycle Assessment and Processes (ReCCAP) assessment of global and regional trends in ocean-
atmosphere CO, flux assessments [Lenton et al., 2013]. However, while inverse, coupled ocean biogeochemical
models and Coupled Model Intercomparison Project Phase 5 models show adequate (—0.42 +0.07) agreement
on the mean annual FCO, in the SO, they disagree on the phasing and amplitude of the seasonal cycle [Lenton
et al, 2013; Anav et al,, 2013]. This raises questions about the scale sensitivity of process dynamics in global models
and their own limits in terms of reducing uncertainties and predicting trends of the mean annual CO, fluxes.

Most recently, the challenge of reducing the uncertainty of the mean annual flux of CO, in the SO by fully
resolving the seasonal cycle is being addressed through observational and empirical modeling approaches
where the sparseness and variability of the data are captured by proxy variables [Landschlitzer et al., 2014;
Majkut et al.,, 2014; Rédenbeck et al., 2013]. An ocean model-based set of observational-system simulation
experiments showed that monthly observations from 200 profiling floats could resolve the seasonal cycle
across the SO and reduce the uncertainty of the mean annual CO, flux to <0.1PgCyr~' [Landschiitzer
et al, 2014]. These studies are reducing the uncertainties in seasonally resolved annual fluxes and
starting to characterize interannual and decadal variability from long-term trends in the CO, fluxes in the
SO [Fay et al., 2014; Landschiitzer et al., 2014; Le Quéré et al., 2007; Rédenbeck et al.,, 2013]. However, an additional
source of uncertainty could arise from the subsampling of a highly varying system, which can alias the mean
fluxes. A model study applied to the midlatitude Mediterranean Sea has suggested that the sampling period
must be no greater than a few days to estimate the CO, flux with less than 20% error [Mémery et al., 2002].

Here we use an unprecedented quasi-fixed location high-resolution data set from a robotic glider-based
experiment to examine whether resolving the seasonal cycle is sufficient to meet the uncertainty threshold
in a highly variable part of the SO. We show how the mean seasonal air-sea fugacity (fCO,) and flux (FCO,) of
CO, are sensitive to intraseasonal modes of variability and consequently how error and biases of their mean
are sensitive to the sampling period. In our study the use of intraseasonal refers to variability modes spanning
synoptic to subseasonal scales.

2. Materials and Methods

The 4month long second Southern Ocean Seasonal Cycle Experiment (SOSCEx Il) was set in the Sub-
Antarctic Zone (SAZ), here defined as the zone between the Sub-Antarctic and Sub-Tropical fronts, approxi-
mately 1300 km SW of Cape Town (Figure 1 and Figures S1a-Sic in the supporting information). These
spatiotemporally high-resolution (hourly and 1km) observations were obtained from a simultaneous
deployment of a Liquid Robotics Wave Glider outfitted with a surface CO, sensor modified from a
MAPCO?2 system [Sutton et al.,, 2014] and a profiling buoyancy glider (Figures S1a-S1c). The gliders were
deployed at 41°S, 9.5°E on 13 October 2013 and navigated to a pseudomooring circular sampling pattern
with a diameter of 16 km, centered at 43°S, 8.5°E where they arrived on 17 November 2013. The experiment
was terminated on 8 February 2014. This MAPCO2 system achieves a precision of < 2 patm for seawater
pCO, [Sutton et al., 2014]. Air-sea CO, fluxes were calculated from in situ air and sea pCO,, temperature,
and salinity measurements and scatterometer winds (http://podaac.jpl.nasa.gov) using the Nightingale
et al. [2000] formulation.

To assess the sensitivity of the seasonal mean to the sampling period, the hourly air-sea CO, gradient (AfCO,)
and air-sea flux of CO, (FCO,) time series (Figure 2a) were sampled over a continuous range of intervals from
hourly to monthly (Figures 2b and 2c). In order to obtain many realizations of a mean, the starting time was
shifted iteratively by an hour for each sampling interval. This means that a 2 h interval would return two
mean values and sampling every 3 days (72 h) resulted in 72 possible mean values. These mean values for
various sampling intervals were plotted as a two-dimensional histogram (bin resolution of 0.5days and
2 umol m™2h™"). Bins were normalized by the number of bins for each sampling interval to show the percen-
tage likelihood of achieving a particular observation (right-hand axis in Figures 2b and 2c¢).
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Figure 1. The sampling location for SOSCEx Il (black-white dot) was in a region of intraseasonal dynamics in the Sub-Antarctic
Zone south of Africa and that these characteristics extend over at least 30% of the area of the Southern Ocean. The mean
positions of the Sub-Tropical Front (STF) and the Polar Front (PF) are depicted over the spatial characteristics of the correlation
of the seasonal cycle (1998-2007) with the decadal mean of the seasonal cycle of satellite chlorophyll a. Areas of low corre-
lation (r2 < 0.4: low seasonal cycle reproducibility) are dominated by intraseasonal dynamics and a high correlation coefficient
(> 04 high seasonal cycle reproducibility) are characterized by a seasonal cycle reproducible interannually.

In order to generalize our results to the Southern Ocean, we adopted a methodology that linked the sampling
scale error that emerged from our data at the SAZ sampling location (Figures 2b and 2c) to the Chl a-based
seasonal cycle reproducibility correlation (r?) in Figure 1. The details of this methodology and all its
assumptions are outlined in the supporting information Text S3. This methodology was used to generate a
SO-scale plot of the spatial distribution of the mean sampling error based on a uniform 10day sampling
period (Figure 4).

3. Results and Discussion

3.1. Spatial Extent of Intraseasonal Variability in the Southern Ocean

The large spatial scale extent of intraseasonal modes of variability in the Southern Ocean is highlighted in
Figure 1. It depicts the correlation (r%), termed the seasonal cycle reproducibility for satellite chlorophyll a
(Chl a). It is the fraction of the overall variance for the period 1998-2007 that is explained by the mean
seasonal cycle [Thomalla et al., 2011]. Areas with r? > 0.4 are characterized as having high seasonal cycle
reproducibility and those where r* < 0.4, low seasonal cycle reproducibility (Figure 1). In the latter the varia-
bility is dominated by intraseasonal (largely storm driven) modes [Carranza and Gille, 2015; Swart et al., 2014].
It shows that intraseasonal variability is a characteristic of large areas of the SAZ and in the vicinity of the ice
edge. Here we only use Chl a as a proxy for areas where CO, may also be exposed to comparatively high-
frequency forcing because both have been found to be modulated by storm forcing [Swart et al., 2014;
Thomalla et al., 2011] for Chl a and this study for CO,. Based on these plots we estimate the area in which
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Figure 2. (a) 4 month time series of observed AfCO, (natm) and derived fluxes FCO, (mmol C m 2 h_1) from the SOSCEx Il
sampling location in the SAZ. It shows the strong intraseasonal modes and highlights important differences in the
intraseasonal timing between the two variables. (b and ¢) The sensitivity of the sampling means of AfCO, (Figure 2b) and
FCO, (Figure 2c) to the sampling interval (period). The widening ranges indicate how, in systems characterized by strong
intraseasonal variability, the uncertainty in the mean seasonal AfCO, and FCO, increase as the sampling frequency
decreases. The dashed lines represent the 10% uncertainty threshold on either side of the hourly data mean, and the
broken solid line depicts the variability of the mode. It shows (right-hand scale) that the probability of achieving the
accurate hourly sampling mean falls rapidly with increasing sampling period to < 1% above a 10 day period.

the annual seasonal cycle is dominated by intraseasonal modes to cover 30-40% of the SO Southern Ocean
south of the STF.

Surface carbon (fCO, and FCO,) and water column physics variables for the full hourly sampled time series show
that there are a variety of strong intraseasonal (1-10 days) modes of variability (Figure 2a). This time scale corre-
sponds to that of atmospheric storms passing over the gliders [Swart et al.,, 2014]. The intraseasonal variability
ranges from strong ingassing fluxes of —0.1 to —0.45 mMm~2h~" (equivalent to —24 to —10.8mMm~—2d™")
to near-zero magnitude fluxes and short periods of strong outgassing air-sea fCO, gradients (AfCO,) but weak
outgassing fluxes. (Figure 2a) The seasonal means for AfCO, and FCO, from the hourly data over the 4 month
period are —14.5patm and —2.3mMCm™2d™", respectively (Table 1). We now examine the question of
whether subsampling over a range of periods creates a systematic alias of these means.

3.2. Sampling Period Sensitivities

The relationship between sampling period and uncertainty in the means is depicted for fCO, and FCO, in
Figures 2b and 2c. The wider the spread of means, the lower the probabilities of achieving a particular mean
(Figures 2b and 2c). If each seasonal mean were insensitive to the sampling period, then the magnitudes
would remain close to the hourly based mean over the range of periods (Figures 2b and 2c).
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Table 1. Summary of the Increasing Uncertainty Ranges of the Means at Three Widely Used Sampling Periods®

Sampling Period AfCO, FCO,

Days Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile
1 —143 —0.6 +0.9 -23 —0.12 +0.15

10 —14.3 —28 +4.2 —23 —0.66 +0.64

30 —14.3 —10.6 +11.4 —23 —-1.77 +1.08

%It compares the absolute mean seasonal AfCO and FCO, for the hourly high-resolution data set with the magnitudes
of the ranges at the 5th and 95th percentiles. It contrasts the < 10% uncertainty at 1 day period with > 75% uncertainty
at monthly periods.

Three notable features are revealed by Figures 2b and 2c: first, for both AfCO, and FCO, the range of the
sampling means, a measure of the uncertainty, increases sharply from daily to 10 daily to monthly sampling
frequencies (see also Table 1). Expressed statistically, the likelihood of returning the hourly sampled mean
decreases rapidly from >50% at <5day periods to <1% at > 10day frequencies. Second, and from a
perspective of reducing the uncertainty of the mean annual FCO,, a more serious problem, is the uncertainty
in the magnitude of the biases that emerge (Figures 2b and 2c). At certain sampling periods, the probability
of returning a mean that is significantly different to the hourly mean is larger, which would result in not just
increased uncertainty but also a bias. This is seen for both AfCO, and FCO, where higher probabilities occur
above or below the hourly mean (Figures 2b and 2c). Third, the percent contribution of the increasing
uncertainty associated with decreasing sampling frequencies is greater for the FCO, than for AfCO, (see also
Table 1). For AfCO, and FCO, the range of sampling means, our absolute measure of uncertainty or observa-
tional error, increases from a minimum of +5% of the hourly based data mean at daily resolution to +20%
(AfCO,) and £50% (FCO,) in the 10 day period and +75% (AfCO,) and £100% (FCO,) in the monthly sampling
period range (Table 1 and Figures 2b and 2c). That is, FCO, is more sensitive to the sampling period than
AfCO,. We now examine the basis for these differences.

3.3. Differences in Intraseasonal Variability of Air-Sea CO, Gradients and Fluxes

The explanation for the differences in the sampling period sensitivities for f{CO, and FCO, is that the intrasea-
sonal periods of variability are different: the longer AfCO, period is determined by the phasing of the phyto-
plankton bloom dynamics and storm-driven entrainment of subsurface dissolved inorganic carbon (DIC),
whereas the shorter FCO, is modulated by the phasing of the wind and the entrainment of DIC (Figure 3).
The mechanistic basis for the differences in aliases between AfCO, and FCO, is synthesized in Figure 3 as
a single idealized event. It shows that the contrasting modal characteristics for AfCO, and FCO, arise from
differences in the phasing of the two main drivers of the flux of CO,: primary productivity (2), which affects
DIC and AfCO; and wind stress (1), which affects both the magnitude of the flux as well as the entrainment of
subthermocline high-DIC waters (8). The period of the AfCO, mode is initiated by the intraseasonal bloom
event (2), which rapidly strengthens a negative disequilibrium relative to the atmosphere (3). During this
phase the flux (grey) remains weak or zero because the low wind stress (4) and the intraseasonal bloom
(2) are out of phase. The ingassing flux only strengthens (5) and peaks (6) late in the AfCO, cycle when the
next synoptic storm event (4) increases the wind stress. However, strong magnitude storms not only enhance
air-sea gas exchange but also deepen the mixed layer depth, entraining subpycnocline DIC (7, 8). In a CO,
sink region such as the SAZ, DIC entrainment rapidly weakens AfCO,, which weakens the flux even though
the wind stress may remain high (7, 8). The net effect of the phase difference between the intraseasonal
bloom and synoptic wind stress is that AfCO, and FCO, have different periods with the latter being signifi-
cantly shorter (1-3 days) than the former (5-8 days). The aliases between AfCO, and FCO, seasonal means
then develop as a result of the extent to which fine-scale (<2 days) and coarse-scale (>10 days) samplings
resolve these contrasting intraseasonal CO, modes.

This conceptual model is supported by a wavelet analysis of AfCO, and FCO, time series, which shows that
the latter has high-frequency modes of < 2 days, which are largely absent in the AfCO, data set (Figures S3a
and S3b in the supporting information). Sampling AfCO, as opposed to FCO, lessens the error significantly
(by about half), but the greater sensitivity of FCO, to sampling error highlights that it is critical to also resolve
the synoptic scale of the wind stress in order not to overestimate the magnitude of the fluxes derived from
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Figure 3. A schematic showing how differences in the phasing of the intraseasonal scales in wind and phytoplankton blooms lead to differences in the sensitivities of
AfCO, and FCO, to sampling frequency. FCO, has a shorter intraseasonal period than AfCO, (see text).
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Figure 4. (a) The spatial variability of the FCO, uncertainties, which arise from a uniform 10 day sampling period choice.
The Southern Ocean is characterized with uncertainties of 10-25% (10-25 pmol m~2h7") at this sampling period.
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observed AfCO.,. In other words, the synoptic period and the spatial scale of the wind stress, particularly the
magnitude and phasing of storm events, make a significant contribution to reducing the uncertainty of the flux.

This finding highlights that efforts to reduce the uncertainty of FCO, in the SO by resolving the seasonal cycle
will not be sufficient to reduce the uncertainty to below 10% of the mean annual flux or <0.1PgCyr™"
required to resolve interannual variability and trends [Lenton et al., 2006; Monteiro et al., 2010; Landschiitzer
et al., 2014; Majkut et al., 2014]. We show that daily to 2 day period observations are essential in regions of
high intraseasonal variability, such as the SAZ, and the Marginal Ice Zone if an uncertainty of <10% is to
be achieved in this important part of the global ocean carbon cycle. These sampling frequency sensitivities
would apply only to regions of the SO characterized by intraseasonal variability (Figure 1) but also raise
the need to further investigate the impact that these scales of variability have on global mean annual CO,
fluxes and the regional biases that emerge from different basins. It also suggests that we need to have a
sampling frequency strategy that is sensitive to the local characteristics of variability. An analysis using 0.5°
resolution model with a 5day resolution but sampled at 15day intervals supports comparable results
(see supporting information Text S5 and Figure S5).

3.4. Southern Ocean-Scale Observations Implications

We now propose a Southern Ocean-scale generalization of the significance of these findings by examining the
large-scale impact of a fixed period (10 days) sampling strategy, typical for profiling floats on the uncertainty
range of the air-sea flux of CO». (Figure 4). Here we use the correlation (r?) ranges for seasonal cycle reproduci-
bility depicted in Figure 1 and the flux uncertainties derived from our observations in Figures 2b and 2c
(methodology described in the supporting information). It shows that based on a mean seasonal flux of
~0.095 mmol Cm~2h~", derived from the hourly data set, a uniform 10 day sampling period results in uncertain-
ties in the range of 10-25% over much of the SO (Figure 4 and Table 1). The plot points to the SAZ and the mar-
ginal ice zone as being regions where the sampling alias is most sensitive to high-frequency sampling or where
the error at a sampling frequency of 10 days is highest (Figure 4). It is also notable that the Atlantic Ocean basin
may be making the strongest contribution to sampling alias errors for the Southern Ocean (Figure 4).

As a corollary, we propose that a response to the error limitations, highlighted by a fixed period strategy
typical of floats in Figure 4, may be a variable sampling period strategy (Figure S3). It shows that areas with
a seasonal cycle reproducibility r* < 0.5 may only be resolved by sampling periods of 1-3 days, while in areas
with high seasonal cycle reproducibility (r? > 0.5) sampling periods of 5-10 days are viable.

These plots do not aim to provide accurate estimates of the CO, flux sampling error sensitivity but rather should
be considered as useful for illustrative purposes to further explain the discussion in the ocean CO, observations
community that is initiated by our results. The objectives show that because of the heterogeneity of intrasea-
sonal to seasonal modes of CO, fluxes in the SO, fixed period sampling strategies will not yield the required
low uncertainties. This may be achieved by a scale sensitive adaptive sampling strategy (Figure S3).

4, Synthesis

In conclusion, our study shows that resolving the seasonal cycle is not sufficient to resolve interannual
variability and trends in the flux of CO, in the SO. Planned expanded sampling strategies using ships and
biogeochemical floats to minimize the uncertainty of FCO, < 0.1 PgCyr~" in the SO will not achieve their
objectives unless they are able to use an adaptive sampling frequency ranging from 1 to 30 days depending
on the region and the season. This applies especially in zones characterized by CO, intraseasonal dynamics,
such as the Sub-Antarctic Zone and the Marginal Ice Zones where most of the CO, uptake and subsequent
interior storage in the SO occurs. These findings also highlight an important climate sensitivity of the carbon
cycle in the SO and comparable areas of the ocean in general to changes in the characteristics of buoyancy
forcing and storms, both of which regulate the intraseasonal dynamics.
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