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Abstract Regional and temporal patterns of air—sea carbon exchange are strongly linked to the surface
ocean partial pressure of carbon dioxide (pCO,), which varies with sea surface temperature (SST), salinity,
dissolved inorganic carbon (DIC), and alkalinity. It is well-known that temperature controls the pCO, seasonal
cycle in the subtropics, whereas DIC dominates at high latitudes. The balance of mechanisms governing the
boundary between these regimes, however, are not well characterized due to lack of year-round pCO, data.
Here, we use autonomous biogeochemical float measurements from the South Pacific to investigate the
processes that control meridional variations in pCO, seasonality. We find that the transition between pCO,
regimes is linked to the poleward decrease in SST seasonal cycle amplitude, which is closely associated

with the northern boundary of deep winter mixed layers. Processes that determine the annual SST range are,
therefore, central to the response of oceanic carbon uptake to anthropogenic forcing.

Plain Language Summary Air—sea carbon fluxes, which regulate the global climate system, vary
seasonally and geographically, in large part due to variability in the surface ocean partial pressure of carbon
dioxide (pCO,). Surface pCO, variability can be separated into components due to changes in temperature and
biology. The relative importance of these components varies regionally. In the subtropics, the pCO, seasonal
cycle is controlled by temperature, while the non-thermal component dominates in polar regions. In this study,
we examine what controls the location of the boundary between these two pCO, regimes. To do this, we use
measurements from autonomous biogeochemical floats, which sample year round in the South Pacific, a region
with limited historical measurements. We find that the transition between pCO, regimes is most closely related
to the decrease in annual surface temperature range toward the south, where winter mixing is deep. This result
can help diagnose biases in modeled air—sea carbon fluxes and indicate whether locations of oceanic carbon
uptake will change in the future.

1. Introduction

The Southern Ocean, south of 30°S, constitutes a significant portion of the global oceanic carbon uptake, which
regulates the climate system (Caldeira & Duffy, 2000; DeVries, 2014; Frolicher et al., 2015; Orr et al., 2001).
Although the Southern Ocean is a net sink for atmospheric carbon dioxide (CO,), air—sea carbon fluxes (Fco,)
exhibit variability across a wide range of scales (Gruber et al., 2019; Ritter et al., 2017; Rodenbeck et al., 2015).
Fco, (Figure S1 in Supporting Information S1) strength depends on the difference in partial pressure of CO,
(pCO,) between the ocean and atmosphere, the gas transfer velocity, and the solubility of CO, in seawater (Taka-
hashi et al., 1997; Wanninkhof, 2014). The direction of the flux, however, is determined solely by the sign of the
air—sea pCO, gradient. Given that spatio-temporal variability in surface ocean pCO, is much greater than that of
atmospheric pCO,, the oceanic pCO, determines seasonal and geographic variations in air-sea carbon exchange
(Takahashi et al., 2002).

Surface ocean pCO, variability can be decomposed into components due to changes in sea surface temper-
ature (SST), salinity, dissolved inorganic carbon (DIC), and total alkalinity (TA; Sarmiento & Gruber, 2006;
Takahashi et al., 2014). The dominant mode of variability is the seasonal cycle, which is generally assumed to
be controlled by the temperature and DIC components (Landschiitzer et al., 2018; Mongwe et al., 2018; Taka-
hashi et al., 2002, 2014). The temperature (or “thermal’”’) component of pCO, seasonality peaks in late summer
when sea surface temperature (SST) is highest due to incoming solar radiation and air—sea heat fluxes. The
“non-thermal” component of pCO, seasonality, in contrast, peaks in late winter when surface DIC is highest
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due to respiration and entrainment of subsurface carbon during wintertime mixing (Landschiitzer et al., 2013;
Takahashi et al., 1997, 2002).

Therefore, the seasonal cycle of pCO, at a given location depends on the relative magnitude of the thermal and
non-thermal components, which are out of phase. For example, the subtropics are thermally driven, as evidenced
by the strong correlation of pCO, with SST (Sutton et al., 2017; Takahashi et al., 2002), with pCO, high in winter
and low in summer. In the subpolar and polar regions, on the other hand, pCO, is non-thermally driven and thus
in phase with DIC changes (Fay et al., 2018; Williams et al., 2018). The transition between these two regimes in
the Southern Hemisphere occurs in the southern subtropical gyre and is often attributed to a meridional gradient
in the Revelle Factor (RF), which increases the sensitivity of pCO, to DIC variations at high latitudes (Fassbender
et al., 2018; Takahashi et al., 2002). However, changes in the annual range of SST or DIC could also contribute
to these patterns. While the latitudinal variation in the leading driver of pCO, seasonality has been well-docu-
mented (Landschiitzer et al., 2018; Takahashi et al., 2002, 2014; Williams et al., 2018), the processes controlling
the position of the boundary between regimes have not been well characterized. This is likely due to the sparsity
of year-round in situ biogeochemical measurements, which make it difficult to assess detailed spatial patterns of
pCO, seasonality.

Until recently, the seasonal cycle of pCO, in the Southern Ocean was resolved at only a few locations (Fay
et al., 2018; Munro et al., 2015). However, autonomous floats deployed south of 30°S by the Southern Ocean
Carbon and Climate Observations and Modeling (SOCCOM) project have dramatically increased the regional
distribution of year-round biogoechemical data (Talley et al., 2019), which can be used to estimate carbon system
parameters (Williams et al., 2017, 2018). Here, we use measurements from 10 floats in the subtropical Pacific
sector of the Southern Ocean to investigate the meridional shift in the leading driver of pCO, seasonality. Under-
standing what controls this transition point is necessary to improve climate models, which poorly represent the
phasing of the pCO, seasonal cycle in the Southern Ocean (Anav et al., 2013; Mongwe et al., 2018). Furthermore,
determining these mechanisms can help predict whether the distribution of pCO, regimes will change in the
future, which would have implications for oceanic carbon uptake.

2. Data and Methods

In this study, we analyze biogeochemical data from SOCCOM floats, which measure temperature, salinity,
dissolved oxygen, nitrate, pH, fluorescence and backscatter over the top 2,000 m of the water column (Johnson
et al., 2017). The quality-controlled data from the 22 December 2020 SOCCOM snapshot are used here. (https://
doi.org/10.6075/J0B27STS), and all profiles are linearly interpolated onto a regular depth axis with 5 m vertical
resolution. The SOCCOM snapshots include estimates of TA from a locally interpolated alkalinity regression
(Carter et al., 2017), as well as pCO, and DIC derived from the alkalinity estimates and in situ pH (Williams
et al., 2017). Here, we use data from 10 floats in the South Pacific (trajectories shown in Figure 1 and float IDs
listed in Table S1 of Supporting Information S1) to investigate regional differences in pCO, seasonality. The
float profiles are divided into thermally driven (TD; orange trajectories in Figure 1) and non-thermally driven
(NTD:; purple trajectories in Figure 1) regimes based on their position relative to the zero contour of winter minus
summer mean surface ocean pCO, from the Landschiitzer climatology (Figure 1; further discussed in Section 3).
The distribution of data by year and month is similar for both zones (Figures S2 and S3 in Supporting Informa-
tion S1). We also use data from the full Argo array (Roemmich et al., 2019) up to 30 August 2020 to calculate
mixed-layer depth (MLD) at individual profiles using a 0.03 kg m~3 density threshold (Dong et al., 2008); we
then sort the profiles into 1° X 1° bins and find the maximum MLD in each bin.

In addition to the autonomous float measurements, we utilize monthly climatologies of pCO, and DIC from Land-
schiitzer et al. (2016) and Broullén et al. (2020), respectively. Both are observational data products that interpo-
late all available shipboard pCO, and DIC measurements onto 1° X 1° grids at monthly temporal resolution using
feed-forward neural networks. We use Version 6.6 of the Landschiitzer pCO, climatology, which is based on
Surface Ocean CO, Atlas (SOCAT) data from 1982 to 2021 (Bakker et al., 2016). The DIC climatology is derived
from Global Ocean Data Analysis Project (GLODAP) and Lamont-Doherty Earth Observatory (LDEO) data
from 1957 to 2019 (Olsen et al., 2019; Takahashi et al., 2017). We also use the NOAA Optimum Interpolation
(OI) SST reanalysis, which combines satellite and in situ SST measurements (Reynolds & Smith, 1994). Here we
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Figure 1. Autonomous float trajectories from the thermal (orange) and non-thermal (purple) regimes; the end of each float trajectory is marked with a circle. Shading
denotes the winter (JJA) minus summer (DJF) mean surface ocean pCO, (uatm) from the Landschiitzer climatology. This quantity is positive (red) where pCO, is
highest in winter, hence non-thermally driven, and negative (blue) where pCO, is lowest in winter, hence thermally driven. Black lines mark the Antarctic Circumpolar
Current fronts (Gray et al., 2018), which are from north to south, the Subtropical Front (STF), Subantarctic Front (SAF), and Polar Front (PF).

use the monthly SST climatology at 1° X 1° resolution from OI Version 2.1, which incorporates data from 2002
to 2020 (Huang et al., 2021). Finally, we use the 1980-2000 mean surface Revelle Factor from Jiang et al. (2019).

For the TD and NTD regimes, we calculate climatological seasonal cycles of all measured and derived fields
from the float data. Each profile is averaged over the top 20 m of the water column to represent the surface value,
and climatologies are calculated at 10-day temporal resolution by linearly interpolating the profile data in time
to common 10-day intervals and then averaging over each interval (Figure 2). We then decompose the pCO,
seasonality into temperature, salinity, DIC, and alkalinity components (Sarmiento & Gruber, 2006; Takahashi
et al., 2014). In this framework, the first-order terms of a Taylor expansion are used to relate changes in pCO,
(6pCO,) directly to changes in temperature (5T), salinity (6S), DIC (6DIC), and TA (6TA). This is only strictly
valid for small perturbations.

dpCO,

9pCO> _ apCO, 0pCO,
5pCO, = 5T 55 SDIC
PR = oot T T bic * oA

6TA. ey

Since we are interested in the seasonal cycle, 5pCO,, 6T, 6S, 6DIC, and 6TA are taken to be deviations from the
annual mean. Following Takahashi et al. (2014), we assume that the terms on the right-hand side of Equation 1
are approximated by

0pCO, — 5T
26T =2 5C0; (exp (0.0423 : 7) - 1) , )
apcsoz 58 = 0.026 - pCO,6S, 3)
902 e = rE [ 2222 ) spic, @)
oDIC DIC
0pCO, »CO,
5TA = y [ 22222 ) 57a,
oTA r ( TA ) )

where the overbar denotes an annual mean. RF is the Revelle Factor, and y is the buffer factor for alkalinity; both
are evaluated from the float data using CO2SYS (Humphreys et al., 2020). Figure 3 shows the decomposition
of the seasonal cycle for the TD and NTD regimes. The left-hand and right-hand sides of Equation 1, as calcu-
lated from the float climatologies, are not necessarily equal given that spatial and sub-seasonal variability may
be aliased into the climatologies, and also that the Taylor expansion approximation is imperfect (Landschiitzer
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Figure 2. Autonomous float-derived climatologies of (a) surface ocean pCO, (uatm) (b) sea surface temperature (°C) and (c) surface dissolved inorganic carbon (#mol/
kg) for the thermal (orange) and non-thermal (purple) regimes (see float trajectories in Figure 1). Error bars reflect the variability within the region (i.e., standard error
of the mean) as well as the uncertainty associated with estimating carbon system parameters from in situ pH (~12 patm), calculated following Williams et al. (2017).
These two uncertainties are added in quadrature to give the error bars.

et al., 2018; Lovenduski et al., 2007). However, we find that the residuals are small for both the TD and NTD
(dashed black lines in Figure 3).

3. Results
3.1. Float Analysis

The spatial distribution of thermally and non-thermally driven pCO, regimes can be visualized by plotting the
difference between austral winter and summer mean surface pCO,, which is shown in Figure 1 from the Land-
schiitzer climatology. This quantity is positive (red) to the south where pCO, peaks in winter (i.e., is non-ther-
mally driven), and negative (blue) to the north where pCO, peaks in summer (i.e., is thermally driven). The
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Figure 3. Decomposition of the pCO, seasonal cycle (black), expressed as a deviation from the annual mean, into components associated with variations in surface
temperature (blue), salinity (orange), DIC (green), and TA (purple). The components are calculated from the float climatologies for the (a) thermal and (b) non-thermal
regimes using Equations 1-5. Residuals are plotted as black dashed lines in each panel.

transition between regimes is marked by a narrow white region, around 45°S, where the pCO, seasonal cycle
amplitude goes to zero. This transition is also evident from the 10 floats shown in Figure 1. Namely, float clima-
tologies (Figure 2) show that surface pCO, is in phase with SST in the TD regime, signifying the temperature
dominance of the seasonal cycle. In contrast, the pCO, amplitude is near-zero but slightly in phase with DIC in
the NTD regime, reflecting the close proximity of the floats to the transition point (Figure 1).

The distinct pCO, seasonal cycle in the TD and NTD zones corresponds to differences in the mean and annual
range of SST and DIC (Figures 2b and 2c), as well as RF (Table S2 in Supporting Information S1). In order to
systematically assess the impact of these differences on the observed pCO, variability, we decompose the pCO,
seasonal cycles using Equations 1-5 (Figure 3). The pCO, changes associated with salinity and TA are similar
between both regimes and small in amplitude relative to the SST and DIC components. For example, the seasonal
cycle amplitude of the salinity component is at most 1.7% of the SST component and 17.6% of the DIC compo-
nent in the TD and NTD. Therefore, the relative importance of thermal and non-thermal drivers is quantified by
taking the ratio of the amplitudes of the temperature (Equation 2) and DIC (Equation 4) components, henceforth
referred to as S/D (for “SST”/“DIC”); Takahashi et al. (2002) called this ratio 7/B (for “temperature”/“biology”),
however here we adopt the notation S/D to acknowledge that surface DIC is altered by both biological and phys-
ical processes. Note that S/D does not explicitly contain any phase information; however, if we assume that the
temperature and DIC components are exactly out of phase, pCO, is thermally driven when $/D > 1 and non-ther-
mally driven when S/D < 1. The boundary between regimes occurs when the components perfectly compensate,
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i.e. S/D = 1. While SST and DIC are not necessarily exactly out of phase, this is a reasonable approximation for
the data considered here (Figures 2b and 2c¢), and thus, the S/D value can be interpreted without considering phase
offsets. Based on the float climatologies, S/D is 3.04 in the northern subtropics, as expected for the TD regime.
In the southern subtropics, S/D is 0.71, reflecting the slight dominance of the DIC component and consistent with
the NTD regime; the closeness to 1 signifies the much smaller pCO, seasonal cycle amplitude. This difference in
S/D between regimes is due to changes in the amplitude of both the temperature and DIC components, as shown
next.

Several possible factors could lead to the meridional gradient in S/D, including changes in RF in addition to the
seasonal cycle amplitudes of SST and/or DIC. Therefore, to understand the dominant driver, we must consider
the magnitude of annual SST and DIC variations as well as the local chemical conditions (i.e., mean pCO, and
buffering capacity). The thermal component is a function of both the annual SST range and the annual mean
pCO, value (Equation 2). Regions with the same SST seasonal cycle but different mean pCO, values will respond
to temperature perturbations with different amplitude pCO, changes. This effect, however, is minimal when
comparing the TD and NTD, which have similar mean pCO, (Table S2 in Supporting Information S1). Therefore,
the smaller amplitude thermal component in the NTD regime must be solely due to the smaller annual SST range.
Moving from the TD to the NTD, the SST seasonal cycle amplitude decreases by 48%; this corresponds to a 50%
decrease of S/D due solely to the change in §SST. In fact, the NTD would be thermally driven if it had the same
annual SST range as the TD, leaving all other variables unchanged.

The DIC component, in turn, depends on both the annual DIC range as well as RF (Equation 4). RF is larger in
the polar regions, due to cold temperatures and upwelling of deep waters with high DIC/TA, which means that
pCO, is more sensitive to DIC perturbations (Fassbender et al., 2017; Jiang et al., 2019); this effect helps explain
the dominance of the non-thermal component of pCO, at high latitudes (Fassbender et al., 2018; Takahashi
et al., 2002). However, the float data suggest that spatial differences in RF alone do not explain the exact position
of the boundary between pCO, regimes. Moving from the TD to the NTD, RF increases by 21%; this corresponds
to an 18% decrease of S/D due solely to the change in RF. This decrease in S/D is not large enough on its own to
account for the change in pCO, seasonal cycle phasing between the TD and NTD, which would require a 39%
increase in RF to produce the observed difference. In addition to RF, the regimes also have distinct differences in
DIC seasonal cycle amplitude. Namely, the annual DIC range increases by 52% from the TD to the NTD, which
corresponds to a 44% decrease of S/D due solely to the change in the magnitude of the DIC seasonal cycle.

3.2. Gridded Products

We place these results in a larger-scale regional context by using satellite and in situ data products. Figures 4a
and 4b shows the annual SST range and annual mean pCO,, which together determine the amplitude of the
temperature component of pCO,. Figures 4c and 4d then shows the annual surface DIC range and annual mean
RF, which together determine the amplitude of the DIC component of pCO,. Finally, Figure 4g shows the ratio
S/D derived from the gridded climatologies. 6SST decreases toward the south (Figure 4a), which is related to the
annual range of net surface heat flux and MLD distribution (Chiodi & Harrison, 2010). RF, in contrast, increases
poleward (Figure 4d) due to colder temperatures, as well as unutilized macronutrients and upwelling of high DIC/
TA waters in the Antarctic Circumpolar Current (ACC; Egleston et al., 2010; Sabine et al., 2004). Both of these
factors favor a thermally driven pCO, seasonal cycle in the subtropics and a non-thermally driven pCO, seasonal
cycle at high latitudes. However, the precise location of the boundary between pCO, regimes (dashed white line
in Figure 4) corresponds to a sharp decrease in 5SST, whereas RF increases linearly with latitude across the whole
Southern Ocean (Figures 4e and 4f).

The nearly 50% decrease in annual SST range coincides with a significant deepening of the maximum winter
mixed-layer depth toward the south (Figure 5a). This is expected because deep MLDs in the Subantarctic Zone
(SAZ)—between the Subtropical and Subantarctic Fronts—increase the volume of the mixed-layer, which makes
SST less responsive to atmospheric forcing, and thus damps 6SST (Chiodi & Harrison, 2010). Furthermore, there
is a tight correspondence between the pCO, regime boundary and a front that marks the northern edge of deep
winter mixed layers in the SAZ (Figure 5b). Zonal variations in both fields mirror each other almost exactly. They
also align with the border between the Fay and McKinley (2014) subtropical seasonally stratified and subtropical
permanently stratified biomes. Their bioregion definitions were based on SST, surface chlorophyll, and MLD,
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Figure 4. (a) SST seasonal cycle amplitude (°C) from the NOAA OI monthly SST climatology; (b) annual mean surface ocean pCO, (patm) from the Landschiitzer
climatology; (c) surface DIC seasonal cycle amplitude (zmol/kg) from the Broull6n et al. (2020) monthly DIC climatology; (d) 1980-2000 mean surface Revelle Factor
from Jiang et al. (2019); (g) The ratio of thermal to DIC component amplitudes (S/D) derived from the gridded products. In each of these panels, black lines denote the
ACC fronts. The dashed white line is the approximate boundary between pCO, regimes, inferred as the zero contour of JIA-DJF mean surface ocean pCO, (Figure 1)
from the Landschiitzer climatology. (e) SST seasonal cycle amplitude (°C) from the NOAA OI monthly SST climatology and annual mean surface ocean pCO, (uatm)
from the Landschiitzer climatology, (f) surface DIC seasonal cycle amplitude (#mol/kg) from the Broullon et al. (2020) monthly DIC climatology (solid) and from the
Keppler et al. (2020) monthly DIC climatology (dashed), and 1980-2000 mean surface Revelle Factor from Jiang et al. (2019). All quantities in (e) and (f) are zonally
averaged over the Pacific (160°E to 80°W). Gray shading in these panels mark the approximate latitude range of the pCO, regime boundary in the Pacific.

but not pCO,. This points to the overall importance of MLD in determining not only the pCO, regime boundary
but also biogeography.
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Figure 5. (a) SST seasonal cycle amplitude (°C) from the NOAA OI monthly SST climatology (blue) and maximum winter MLD (m) from Argo data (purple). Both
quantities are zonally averaged over the Pacific (160°E to 80°W). Gray shading marks the approximate latitude range of the pCO, regime boundary in the Pacific. (b)
Maximum winter MLD (m) in 1° X 1° bins from Argo data, 2000-2020. Black lines mark the Antarctic Circumpolar Current fronts (Gray et al., 2018). The dashed
white line is the approximate boundary between pCO, regimes, inferred as the zero contour of JJA-DJF mean surface ocean pCO, (Figure 1) from the Landschiitzer
climatology.
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The float data suggest that SDIC also contributes to the difference in pCO, seasonality between the TD and NTD,
which could be related to increased biological productivity in the great calcite belt compared with the oligotrophic
gyre (Balch et al., 2016). However, the annual DIC range from the Broulldn et al. (2020) product does not exhibit
a strong meridional gradient (Figures 4c and 4f). This may be due to sampling bias by the floats, since subsam-
pling the Broullén et al. (2020) product at the float profile locations increases the difference in SDIC between
frontal zones (not shown). It is also possible that seasonal biases in the shipboard data used to train the Broullén
et al. (2020) neural network lead to an underestimate of SDIC at high latitudes. However, a different DIC product
that incorporates year-round SOCCOM float data (Keppler et al., 2020) also shows a weak meridional gradient in
6DIC at the pCO, regime boundary (Figure 4f). In other words, 6DIC does not appear to control the position of
the regime boundary, despite its correspondence to the location of the great calcite belt (Figure S4c in Supporting
Information S1) as inferred from satellite estimates of particulate inorganic carbon (Balch et al., 2005).

4. Discussion

Surface ocean pCO, exerts control over spatial and temporal patterns of air—sea carbon exchange. Therefore,
untangling the drivers of pCO, variability has important implications for global climate. The phasing of the pCO,
seasonal cycle exhibits significant regional differences. It has long been known that pCO, is thermally driven in
the subtropics and non-thermally driven at high latitudes (Landschiitzer et al., 2016; Takahashi et al., 2002, 2014;
Williams et al., 2018). The mechanisms controlling this shift could include the lower buffering capacity of seawa-
ter in the polar regions (Fassbender et al., 2018; Takahashi et al., 2002), the southward increase in biological
productivity associated with the great calcite belt (Balch et al., 2005), meridional variations in wintertime entrain-
ment of DIC, and changes in the SST seasonal cycle amplitude. Here, we have shown that the precise boundary
between thermally and non-thermally driven pCO, regimes in the South Pacific is most strongly related to the
poleward decrease in annual SST range, which is primarily tied to the MLD distribution. Namely, the transition
occurs within the SAZ and is aligned with a front along the north side of the deep winter mixed layers (“Mode
Water” formation region) in the southern subtropical gyre.

These results stem from new autonomous biogeochemical float measurements, which fully resolve the pCO,
seasonal cycle in locations with limited year-round historical measurements. We separated float profiles into TD
and NTD regimes, and decomposed the pCO, variability into components due to temperature, salinity, DIC, and
TA variations. We found that the transition between pCO, regimes corresponds to changes in the amplitude of
both the temperature and DIC components. The amplitude of the temperature component is 55 patm smaller in
the NTD compared to the TD, which is due entirely to differences in the annual SST range. Meanwhile the ampli-
tude of the DIC component is 44 patm larger in the NTD due to both a higher RF and larger annual DIC range.
While our focus here is on the South Pacific, the results may also be applicable to other basins; the transition
between pCO, regimes occurs further to the north in the South Atlantic and Indian Oceans, but still appears to be
related to the annual SST range and maximum winter MLD (Figure S4 in Supporting Information S1).

Isolating the components of pCO, variability is relevant to climate models, which often do not capture the correct
phasing of the pCO, seasonal cycle in the Southern Ocean (Anav et al., 2013; Mongwe et al., 2018). Namely,
the models show peak pCO, in summer in the Southern Ocean, which does not match observations (Fay &
McKinley, 2021). The discrepancy arises from the boundary between pCO, regimes being too far south in the
models. Our findings imply that representing the annual SST range is crucial to modeling regional patterns of
pCO, seasonality. This is consistent with results from Mongwe et al. (2018), who found that many CMIP5 models
have an exaggerated SST seasonal cycle amplitude, resulting in biases in the seasonal cycle of pCO, and Fco,.
Furthermore, Mongwe et al. (2018) showed that even models with realistic pCO, seasonal cycles often still had
SST biases that were compensated for by excessive DIC changes associated with higher than observed primary
productivity. Together with our results, this suggests that accurately reproducing the magnitude of seasonal SST
changes is a prerequisite to better representation of air—sea carbon fluxes in climate models. Moreover, capturing
the annual SST range likely requires improving model MLDs, which are known to be poorly represented in the
Southern Ocean in many CMIP models (Sallée et al., 2013).

In addition to the ramifications for modeling, understanding what controls the transition point between pCO,
regimes is necessary to predict future changes. There is already observational evidence that the pCO, seasonal
cycle is amplifying due to anthropogenic carbon uptake (Landschiitzer et al., 2018), which increases the mean

PREND ET AL.

8of 11



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL095797

Acknowledgments

CJP, MRM, STG, and LDT were
supported by NSF PLR-1425989 and
OPP-1936222. CJP was also supported by
a National Science Foundation Graduate
Research Fellowship under Grant No.
DGE-1650112. JMH was supported

by the High Meadows Environmental
Institute Internship Program. Profiling
float data were collected and made
freely available by the Southern Ocean
Carbon and Climate Observations and
Modeling (SOCCOM) Project funded
by the National Science Foundation,
Division of Polar Programs (NSF
PLR-1425989), supplemented by NASA
(NNX14AP49B), and by Argo and the
NOAA programs that contribute to it.

surface ocean pCO, (making pCO, more sensitive to temperature perturbations) and decreases the buffering
capacity (making pCO, more sensitive to DIC perturbations). It has also been shown that changes in RF under
RCP8.5 forcing drive an asymmetric amplification of the pCO, seasonal cycle (Fassbender et al., 2018). In
addition to these mechanisms, which are solely associated with the response of seawater chemistry to increas-
ing atmospheric CO,, changes in stratification and primary productivity could impact the annual ranges of sea
surface temperature, salinity, DIC, and TA (Behrenfeld et al., 2006; Boyce et al., 2010; Capotondi et al., 2012;
Chavez et al., 2011; Li et al., 2020; Sallée et al., 2021). Indeed, predicting future changes in pCO, seasonality is
difficult given the complex dependence on chemical, physical, and biological processes. Still, our results suggest
that the SST seasonal cycle amplitude plays a leading order role in determining the distribution of thermally and
non-thermally driven pCO, regimes, and thus deserves further examination in regard to modeled Fco, biases and
the impact of climate change on the carbon cycle.

5. Summary and Conclusions

Spatial patterns of surface ocean pCO, seasonality greatly influence oceanic carbon uptake. Previous analyses
of shipboard data have showed a meridional gradient in the leading driver of the pCO, seasonal cycle (Land-
schiitzer et al., 2013, 2018; Takahashi et al., 2002, 2014). Namely, pCO, is thermally driven in the subtropics and
non-thermally driven at high latitudes (Landschiitzer et al., 2018; Takahashi et al., 2014; Williams et al., 2018).
The boundary between these regimes could result from differences in the buffering capacity of seawater, or in
the size of annual SST or DIC fluctuations, which in turn could be due to multiple mechanisms. In this study, we
use new autonomous float measurements to demonstrate that the dominant driver of the regime boundary is the
SST seasonal cycle amplitude, which is closely related to the spatial pattern of MLD. Understanding the precise
processes that control this boundary is crucial in order to improve model biases, and here we have found that
accurate representation of the SST seasonal cycle is necessary to reproduce the observed pCO, variability. Future
work should investigate how this mechanism modulates the pCO, and Fco, response to anthropogenic forcing.

Data Availability Statement

The quality-controlled data from the 22 December 2020 SOCCOM snapshot are used in this analysis (http://doi.
org/10.6075/J0B27ST5). We also utilize the monthly pCO, climatology evolved from Landschiitzer et al. (2016)
Version 6.6 using data through 2021 (http://www.nodc.noaa.gov/archive/arc0105/0160558/3.3/data/0-data/), the
monthly DIC climatology from Broullén et al. (2020) (http://doi.org/10.20350/digital CSIC/10551), the NOAA
Optimum Interpolated monthly SST climatology from OI Version 2.1 (http://psl.noaa.gov/data/gridded/data.noaa.
oisst.v2.html), and the 1980-2000 mean surface RF from Jiang et al. (2019) (http://doi.org/10.25921/kgqr-9h49).
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