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Supplementary Text
1.1 Constraining the C:N Ratio of Dissolved Organic Matter (C:Npom) Production

C:Npom is constrained using a recently published compilation of global shipboard
observations (Hansell et al., 2021; Fig. S18a) that includes concurrent measurements of dissolved
organic carbon (DOC), total dissolved nitrogen (TDN), and inorganic nitrogen (IN: including
nitrate and nitrite). Dissolved organic nitrogen (DON) is computed by subtracting IN from TDN.
In seawater, a considerable fraction of TDN is attributed to IN, particularly in high-latitude regions.
Thus, the DON values derived by differencing two large values may be subject to a significant
error. Unfortunately, accuracies for TDN and IN are not reported in the compiled dataset. We use
an analytical error of 4% for TND and 2% for IN measurements to approximate the propagated
error associated with our DON estimate (opgy, Eq. S7):

opon = +/ (TND x 0.04)2 + (IN x 0.02)2  Eq. S7
We discard all DON values below opgy-

Since a large fraction of DOM is refractory (1), the C:N ratio of the bulk DOM pool does not
reflect the labile DOM production ratio. Thus, we estimate the C:Npowm for labile DOM production
using the seasonal DOC and DON inventory changes. Since the DOM seasonal cycle is rarely
resolved (i.e., there are few wintertime observations), we use two approaches to infer the
wintertime DOM value (DOMyinter) using summertime DOM (DOMg,mmer) Observations. The
first method is to set DOMyipter to the mean of DOMg,mmer Values above the annual maximum
MLD (MLDmax) following Baetge, et al. (2) (Eq. S8):

J-(iVILDmaX DOMsyummer dz

DOM,,; =
winter MLD max

Eq. S8

where MLDnax i1s determined using an existing monthly Argo climatology product (3). A visual
example of this method is shown Fig. S21. The second method is to assume that DOMyipter 1S
equivalent to the DOMg,mmer profile concentration at the base of annual MLDmax (4). After
estimating DOMyinter, We can calculate the seasonal change in DOC and DON within ze, to
quantify C: Npom (Eq. S9):

ADOC

Zeu
J-o DOCsymmer dz - Zeu X DOCyyinter

C: NDOM = Eq. S9

Zeu
fo DONsymmer dz - Zeu X DONyinter
ADON

Before averaging the C: Npgpvalues into 5° meridional bins, we remove implausible values
(e.g., <5 or>25) that we attribute to unresolved horizontal advection or EP effects. The meridional
patterns of C: Npgy derived from the two DOMy,inter r€construction approaches generally agree
within their uncertainties (Fig. S18b). In this study, we use the C:Npowm values derived from the
Baetge, et al. (2) approach as the subsequent carbon pool partitioning results exhibit better
agreement with ship-board observations (Fig. 2d in the main text).
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1.2 Compilation of Shipboard Measurements of Sinking Particle Flux

We compile published shipboard observations of POC and PIC sinking flux (Fpgc and Fpc)
determined by **Th-2*8U disequilibrium in the SO during the productive season (Fig. S20; Henson,
et al. (5), Le Moigne, et al. (6), Rosengard, et al. (7)). In these compiled dataset, Fpc is estimated
from Fpgc multiplied by the PIC:POC ratio determined from contemporaneous observations of
suspended particles (7). To maintain a consistent integration depth, we scale the Fpgc and Fpc
values measured at different depth horizons to the base of zey using the Martin Curve and applying
a global average attenuation coefficient (b) of 0.84 (8). The z., normalized Fpg¢ and Fpy¢ values
are then averaged into 5° meridional bins. Finally, the seasonal flux is inferred as Fpgc multiplied
by the average number of days in the productive season at each latitude band (Fig. S1b), assuming
a steady flux over the course of the productive season.

1.3 Residual Potential Nitrate Growth Rate and Dissolved Iron

We analyze the meridional pattern of Residual Potential Nitrate Growth (RNPG, (9)) and
dissolved iron to gain insight into the environmental conditions that may favor coccolithophore
blooms. RNPG is an index describing the residual potential growth rate for nitrate-dependent algae
(Unoj) relative to silicate-dependent algae (pis;), under the observed nutrient conditions (9, 10)

(Eq. S15):
RNPG = I.lNog — MUsi Eq. S15

The sign of RNPG indicates which type of algal group is expected to outcompete the other,
assuming trace metal limitation is relieved. pyo; can be modeled as the Michaelis-Menten

formulation (Eq. S16):

NO3
KNOE,max"'NO;

UNo; = MNO3Z_max X Eq. S16

where Uno;_max represents the maximum nitrate-dependent growth rate in the absence of substrate
limitation, Kno;_max 18 the half-saturation coefficient for the growth, and NO3 is the seawater
concentration from float measurements. Unlike with NO3, it is thought that phytoplankton are

unable to fully exhaust seawater silicate (Si). Thereby, a residual Si term (Siy) is added in the pg;
parameterization as follows (Eq. S17):

Hsi = Hsi max X

where Si, is set to 0.7 umol L' (9). We estimate seawater Si along the float trajectory using the
CANYON-B algorithm (11). The maximum growth and half-saturation coefficient are dependent
on the nutrient condition, which can be modeled as a function of substrate concentration (S,
corresponding to seawater NO3 and Si concentration in our study, Eq. S18, and Eq. S19):
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S
Us max = E X3 Eq. S18

Kg = % x5.5 Eq.S19
Dissolved iron concentrations are extracted from a gridded, global, monthly climatology product
that was created using machine learning to gap fill shipboard observations (12). We interpolate the
dissolved iron product in 3-dimensions (location, time, and sampling depth) to align with each
float profile before averaging the result into 5° meridional bins for comparison with our PIC
production estimates (Fig. S7).

1.4 Annual CO, Flux Estimate in the Southern Ocean and Comparison with Prior Studies

Our float-based estimate of the annual Southern Ocean (south of 35°S) carbon sink (Fcg,;
-0.43 £0.14 Pg C yr!; where negative values indicate ocean carbon uptake) is larger in magnitude
than prior float-based estimates (-0.08 + 0.55 Pg C yr!', Gray, et al. (13), and -0.35 £ 0.19 Pg C
yr', Bushinsky, et al. (14)), indicating a stronger CO, sink. This is somewhat surprising because,
unlike prior studies that applied a pH-dependent pH adjustment to quality-controlled pH values
that yields lower pCO, estimates, we expected to find a weaker annual CO, sink in the Southern
Ocean. However, it is worth noting that prior studies relied on float observations from May 2014
to April 2017, reflecting significantly fewer observations than our study. To test the importance of
data density, we recalculate F¢, using only the float observations from May 2014 to April 2017
and replicating all flux calculation procedures from prior studies (13) except for the pH-dependent
pH adjustment. This includes the use of ERA-interim wind speed and the division of the Southern
Ocean into five frontal regions, with the PAZ further partitioned into the PFZ and ASZ. We find
the SO to be a source of CO, to the atmosphere (+0.28 + 0.076 Pg C yr'), matching expectations.
Recent finding by Stammerjohn, et al. (15) similarly found that greater data coverage from the
current, larger float array leads to an elevated SO CO, sink estimate. Therefore, the difference in
data coverage and/or inter-annual variability could be contributing to the larger SO CO, uptake
found in our work using float observations from 2014 to 2021.

Notably, our float-based SO F¢q, estimate still suggests a weaker annual sink than
estimates derived from shipboard observations upscaled to the entire SO using machine learning
techniques (~ -1.1 Pg C yr'! in the south of 35°S) (14, 16, 17). These gap-filled data products have
known seasonal sampling biases in their training datasets due to a lack of wintertime observations
in high-latitude regions that are anticipated to exhibit strong seasonal CO, outgassing (13, 18). A
recent study by Long, et al. (19), using atmospheric CO, gradient observations from aircraft,
reported nearly double the CO, influx (-0.53 + 0.23 Pg C yr'; average over 2009-2018) of our
float-based estimate in the region south of 45° S (-0.26 + 0.07 Pg C yr'). Further study is needed
to reduce the uncertainty in Southern Ocean Fq,estimates by considering potential discrepancies
in methodology, inter-annual variability, and sampling coverage.

1.5 Potential Biases in Float-based POC and PIC Estimates and the Implications in Carbon
Pool Partitioning
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Float-based POC concentrations (POCbbp) in our study are derived from float by, observations

using a global empirical relationship (20). This might not be suitable in regions with
coccolithophore blooms (e.g., 47-57 °S in our study, Fig. S7) where highly-refractive calcite
particles (coccoliths) could lead to elevated by, signals (9). Such a bias in our POCbbp estimate

could distort the magnitude and meridional pattern of net biological production solved from the

aPO
POCbb budget <—b |Blo) Further, since the net biological production of suspended PIC

°bp |gio multiplied by the satellite derived surface PIC:POC

9PICy,, 9POC
<— IBIO) is calculated from

F)
. . . aPICbb . . .
ratio (Eq. 7 in the main text), Tp |gio Will be influenced by the assumption of a constant
PIC:POC ratio throughout the euphotic zone column.

Our work focuses on variability in the export potential of distinct biogenic carbon pools

aDIC aDIC aDIC
pm —— |Bio_POC> —— ™ |Bio_DOC> o —— |Bio_p1c) and the associated particle sinking fluxes (Fpoc and Fpic).

The former relies on linking multiple chemical tracer budgets (Eq. 4-5 in the main text), which
eliminates the relevance of a potential POCbbp and PICbbp bias. However, such a bias would

propagate into the subsequent computations of Fpoc and Fpic, which are determined by subtracting

OPOCy,, OPICpy, aDIC aDIC
p
—0 IBio (Of— |Bio) from — =i _poc (Or ——=

magnitudes of biologlcal terms solved from suspended particles are one-tenth of the corresponding
chemically derived export potential values (Fig. S22). Therefore, Froc and Fpic are less sensitive
to potential errors in the POCbbp bio and PICbbp bio EStimates.

|Blo pic)- It is worth pointing out that the

1.6 Tracer Budgets

We use a 1-dimensional mass balance model approach to account for processes affecting the
time rate of concentration change (mmol m d!) of biologically relevant tracers (DIC, TA, NOs",
and POCy,,) that are observed by profiling floats within the euphotic zone (zeu) (Eq. S1):

dT(DIC,TA,Nog,Pocbbp)
lobs =
dt zeu
TCAO_OC aTCAO_OC
AT (i) N (DI ,TA,NO3 P bbp>| N (DI ,TANO3,P bbp>| .
It Gaszey It Physzeu It EPzeu

or DIC,TANO3, POC
(picTanog, pocy, )

- |Bioses EG- S1

where subscripts on the right-hand side represent air-sea gas exchange (Gas), physical transport
and mixing (Phys), evaporation and precipitation (EP), and biological activity (Bio), respectively.
The computation of air-sea gas exchange for the dissolved inorganic carbon (DIC) budget is
described in the methods section.

When zey is deeper than the mixed layer depth (MLD; defined by a temperature increase of
0.2 °C relative to the 10 m temperature, following de Boyer Montégut, et al. (21), physical
transport and mixing at the base of zeu consists of diapycnal diffusion and wind-induced Ekman
pumping (shown here for DIC, Eq. S2):
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dDIC dDIC

_ Zey ODIC
ot PhySZeu - (KZ_Zeu X 9z IZeu + WZeu x f

—, )/Zeu; forz>MLD  Eq.S2

Diapycnal diffusion Ekman pumping

where K, ,_ is the diapycnal diffusivity coefficient, (’)];_;C |2, 18 the vertical DIC gradient across
Zeu, Wy, 18 the Ekman pumping Velocity computed from satellite-derived wind stress following
Signorini, et al. (22) and f zeu DIC 4o the depth integrated DIC vertical gradient. In this study, we

set Kz to 10*m s°2 at the base of the mixed layer (23) with an exponential decay to the background
value of 10 m s2 over 20 m following 1/e scaling (24). We recognize the present choice of Kz is
somewhat arbitrary. Nevertheless, our analysis focuses on the spring/summer season when the
upper layer water column is stratified and stable. Therefore, we believe the diapycnal diffusion
during this period is minimal and the magnitude of Kz has a limited effect on the biological term
estimate.

. . aDIC : _
During periods when the MLD exceeds Zeu, e |phys,,, 18 scaled from the physical transport

and mixing at the base MLD (alzltc |PhysMLD) by assuming the impacts of physical transport and
mixing occurring at the base of MLD will be equally distributed throughout the entire mixed water
column (Eq. S3):

aDIC | aDIC
ot l:’hyszeu -

IPhySMLD l:[il]l)) for Zeu < MLD Eq. S3

aDIC
It |PhySMLD

entrainment, to account for tracer changes induced by MLD changes (Eq. S4):

Compared with 222¢ |Physz shown in Eq. S2, — encompasses an additional term,

6DIC aDIC MLD aDIC dMLD

P — lphyspip = Kapp X 5 IMLD + Wyp X f — 4 (DICpase — DICyyp) X )/MLD
Diapycnal dlfqulOIl Ekman pumping Entrainment
Eq. S4

D) and the

difference between the average DIC concentration within MLD (DICy; p) and DIC concentration
at the base of MLD (DICy,s.). The entrainment term is set to zero when the MLD shoals

(5 <)

Entrainment can be modeled as a product of the MLD time rate of change (61\35

The evaporation and precipitation term is quantified using the ratio of tracer to salinity at initial
. T(DIC,TA,Nog,Pocbb) o o )
time tl £ |¢1 | multiplied by the salinity time rate of change due to EP

Sal

(B=ler,,, ) (Eq. S5):

OT (pic,TA, NO3, POCbbp) asal T(p1cTA NOT, POCbbp)

ltr Eq. SS

= — X
ot EPzeu ot EPzeu Sal
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e | EPyq, is computed from the difference between observed salinity changes and estimated

physically driven salinity changes (Eq. S6):

dSal dSal dSal
dat |EPZeu_ at |ObSZeu o at IPhySZeu Eq' S6

After accounting for abiotic terms, the biological term can be calculated as a residual.

1.7 Reconstruction of DIC and TA for Different Productivity Scenarios

To assess the role of biology in maintaining the Southern Ocean carbon sink, we reconstruct
DIC and TA time series for different scenarios of modified productivity: only organic matter
production and zero biological production (abiotic). Float-derived DIC values (DICops n) can be

expressed as a sum of the DIC concentration at the start of the productive season (DICops 1) and
dayp_, 0DIC

day, ot

S dayp_, 0DIC . .
|Gas), and other abiotic  processes (Zdaz‘l‘ 17|0ther) including

the time integral of DIC changes from biology (Z |Bio) , air-sea gas exchange

dayp_, 0DIC
(Za 5o
evaporation/precipitation, and physical transport and mixing (Eq. S10):

_ dayy—4 9DIC dayp—4 9DIC dayp—4 9DIC
DICobs n=DICobs_1 + Loy " 5 |BioT Lday, 3¢ lGas + Lday, 3¢ lother Eq.S10

Likewise, the time-series of DIC in the reconstructed, abiotic ocean (DIC,p;, ) can be written as
follows (Eq. S11):

_ dayp—4 0DIC dayp—4 9DIC
DICabioticin_ DICObsﬁl + Zdayrll at |Gas_abiotic + Zdayrll ot Other_abiotic Eq‘ S11

For simplicity, we assume the “other” terms are equivalent between the observed and reconstructed

. day,_, 0DIC . yvdayp—q 9DIC ) .o
scenarios (X, — |other = Lday, — ¢ lother_abiotic), and rearrange DICabio_n by linking Eq.

S10 with Eq. S11 (Eq. S12, same as Eq. 12 in the main text):

_ dayp—4 0DIC dayp—4 9DIC dayp—4 9DIC
DICabioticin = DICObsﬁn - Zdayrll ot |Bio - Zdayl ot |Gas - Zdayl "5t |Gas_abiotic Eq‘

S12

As shown in Eq. S12, the abiotic DIC time series can be inferred from the float-derived DIC at the
corresponding time step, with an adjustment for the time integral of biological production and the
gas exchange difference between the two scenarios. A similar approach can be used to derive the
abiotic TA time series (TAapiotic n)> Which excludes the influence of gas exchange (Eq. S13, same
as Eq. 11 in the main text):

day,_, 0TA

TAabioticin = TAObsﬁn - Zday 1 gt |Bio

Eq. S13
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Since TAobs n and |Blo n are previously quantified terms, we can directly reconstruct TAuabiotic
following Eq. S13

The 22! dDIC

For the 1n1t1al time step (n =1), we assume the DIC and TA concentrations and gas exchange terms

are identical between the observed (biotic) and reconstructed (abiotic) ocean (DICapiotic 1 =

6DIC ach
DICObSﬁl; TAabioticJ = TAObs 1; |Gas abiotic_1 —

|GaS abiotic term required to compute DICapiotic in Eq. S12 is determined iteratively.

|GaS 1)- It follows that there is also no

difference between the biotic and ablotlc gas exchange terms for the subsequent time step (n = 2,
Eq. S14).

o day, dDIC day, dDIC day, dDIC
DICab10t1072_DICOb572_ Zdayl At |B10 - Zdayl ot IGas Zdayl ot |Gas_abiotic Eq' S14

setto0

With DICapiotic 2 and TAabiotic 2 We can calculate the abiotic seawater partial pressure of CO>
(pCO3 sea abiotic 2) and the associated air-sea gas exchange ( |Gas abiotic 2)- DICabiotic 3, and all

subsequent time steps, can then be computed following Eq SlZ Through this procedure, we

dDIC

iteratively reconstruct the time-series of DICabiotic, PCO3 sea abiotic, and —— |Gas _abiotic- A Vvisual

example of our reconstruction for different productivity scenarios is prov1ded in Fig. S23.

We COuld IIlfCI' DICab]Qt]c n fI’Ol’Il DICab]ot]c - n- l+ gbIc

gas exchange estimates would accumulate 1terat1vely, which could pull our abiotic terms far from
the starting DIC value. Considering that the gas exchange velocity (k) used to parameterize air-sea
CO; flux has a ~30% uncertainty (25, 26), we opt for a method that starts with the float-based DIC
estimate at each time step to ensure we are not far from reality. This approach also ensures that
pCO2 changes caused by other physical processes, such as horizontal advection, are not
unintentionally omitted.

|G2lS abiotic n—1 ; however, any biases in the

1.8 Exclusion of Additional pH-dependent pH Adjustment to Quality-controlled SOCCOM
Float pH for pCO, Computation

The calculation of pH from DIC and TA does not always agree well with directly measured
pH values, and this bias can exhibit a pH dependency. Such a pH-dependent pH bias has been
identified in numerous high-quality shipboard datasets in which at least three carbonate chemistry
parameters (including pH) were measured (27-29). In effort to align float-based pCO, estimates
with pCO, values that would be computed from high-quality DIC and TA observations, a pH-
dependent pH adjustment (28) has been routinely applied to quality-controlled SOCCOM float pH
observations before computing the pCO, values provided in SOCCOM data snapshots
(https://soccom.princeton.edu/content/data-access). However, implementation of this adjustment
is based on the pH-dependent pH bias at 1500 m, which is then applied to the entire profile as an
offset. Thus, the pH adjustment is not applied in a pH-dependent manner and does not correct for
the issue presented in Williams, et al. (28) and Carter, et al. (27), Carter, et al. (29). Since 2019, a
collaborative international effort entitled the Ocean Carbonate System Intercomparison Forum
(OCSIF), supported by the U.S. Ocean Carbon and Biogeochemistry Program (https://www.us-
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ocb.org/ocean-carbonate-system-intercomparison-forum/), has focused on identifying the origin
of the pH-dependent pH bias in high-quality shipboard observations. While efforts remain ongoing,
the current OCSIF recommendation is to use the quality-controlled float pH data directly, without
any type of additional pH adjustment, for computations of pCO,.
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329  Fig. S1 The meridional patterns of environmental parameters during the Southern Ocean
330  productive season, where shading indicates the propagated error. Median light within mixed layer
331  depth (MLD) is computed based on the remotely sensed surface light field and its attenuation as
332 inferred from float Chl-a profiles (30). Note that the frontal labels depicted on the top of the panels
333  indicate rough locations of frontal regions, with a more precise representation appearing in Fig.
334  S2a. STF: subtropical front; STZ: subtropical zone; SAZ: subantarctic zone; PF: polar front; PAZ:
335  polar Antarctic zone; SIF: seasonal ice front; SIZ: sea ice zone; SST: sea surface temperature;
336 NOgs™: nitrate; MLD: mixed layer depth.
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339
340  Fig. S2 Net biological production during the Southern Ocean productive season as averaged across

341  the four main frontal zones. (a) Mean location of each float for each seasonal production estimate,
342  with frontal zones labeled. Net biological term (bio) results for each frontal region determined
343 from the (b) dissolved inorganic carbon (DIC), (¢) nitrate (NO3"), (d) total alkalinity (TA), and (e)
344  particulate organic carbon (derived from particle backscattering coefficient; POCbbp_bio) tracer

345  budgets. Error bars represent the propagated errors. Numbers in panel a indicate how many
346  independent, float seasonal cycles were evaluated in each frontal zone. Zones as described in Fig.
347  S1. NF: nitrogen fixation.
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Fig. S3 (a) C:N ratio for biological production of different carbon pools, (b) magnitude and
fraction of distinct carbon pool export potential, (¢) sinking flux of particulate organic carbon (Fpoc)
and particulate inorganic carbon (Fpic) during the Southern Ocean productive season (P), and (d)

influence of biology on air-sea CO exchange for different productivity scenarios as averaged over
the four main frontal zones. The dissolved organic matter (DOM) and particulate organic matter

(POM) end-member C:N ratios are derived from ship-based observations. The bulk biological

production, total organic matter (TOM) production, and TOM production with the correction for

nitrogen fixation (TOMNnr) are derived from float observations and a biogeochemical inverse

model. Error bars represent the propagated errors. Positive values in panel d indicate a source of
carbon to the atmosphere. Zones as described in Fig. S1. DOM: dissolved organic matter; TOM:

total organic matter; PIC: particulate inorganic carbon; POM: particulate organic matter; DOC:

dissolved organic carbon; POC: particulate organic carbon. Abiotic: reconstructed, abiotic ocean;

TOM only: reconstructed ocean with only total organic carbon production; Observed: observed,

biotic ocean including both TOM and particulate inorganic carbon production. U: unproductive

season.
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Fig. S4 Area-weighted cumulative annual (a) magnitude and (b) fraction of distinct carbon pool
export potential, and (¢) influence of biology on annual air-sea CO> exchange for different
productivity scenarios as averaged over the four main frontal zones. Positive values in panel c
indicate a source of carbon to the atmosphere. Error bars represent the propagated errors. Zones as
described in Fig. S1. TOM: total organic matter; DOC: dissolved organic carbon. Note the annual
biological production estimate is scaled from the float-estimated biological production during the
productive season using data-constrained model estimates of the fraction of annual biological
production that occurs during the productive period at each float location (Method and Material
in the main text).
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386  Fig. S5 Comparison of seasonal export potential during the Southern Ocean productive season
387  solved from multiple studies. Export potential values derived from nitrate and oxygen are
388  converted to units of carbon using the Redfield ratio to facilitate comparison. Error bars represent
389  the propagated errors. Zones as described in Fig. S1. NOs™: nitrate; DIC: dissolved inorganic
390  carbon; Oz: oxygen.
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Fig. S6 Relationships between the fraction of total carbon export potential attributed to dissolved
organic carbon (DOC) and various environmental parameters during the Southern Ocean
productive season. Light availability in panel a refers to the median light field within the mixed
layer (Fig. Sle). Error bars represent the propagated errors. NO;™: nitrate; SST: sea surface
temperature.
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Fig. S7 The meridional pattern of (a) seasonal particulate inorganic carbon (PIC) export potential,
(b) backscattering to Chlorophyll-a ratio (bpp:Chl-a), and (¢) dissolved iron (dFe) and residual
nitrate potential growth rate (RNPG; detailed description in Text S1.3) during the Southern Ocean
productive season. Yellow shading highlights the region with enhanced PIC production. Shading
on each line reflects the propagated error. Zones as described in Fig. S1.
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Fig. S9 Year 2008 to 2018 average euphotic zone integrated export potential of total organic
carbon (EP1oc) in the Southern Ocean for the productive and unproductive seasons derived from
data-constrained biogeochemical Southern Ocean State Estimate (B-SOSE) model output (31).
Results are shown for (a) 5° latitude bins and (b) the four main frontal regions. Frontal regions as
described in Fig. S1.
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Fig. S10 Time cumulative air-sea CO, gas flux for different productivity scenarios during the (a)
unproductive period and (b) the full year based on the different model settings. Gold lines show
the observed CO, fluxes. Frontal zones as described in Fig. S1. Positive values indicate a source
of carbon to the atmosphere. Error bars and shading represent the propagated uncertainty in each
scenario. Model 1 (adopted in the main text): reconstruction results the abiotic and TOM
production only scenarios in which the unproductive season contributes to the total annual
production (Materials and Methods in main text); Model 2: reconstruction results the abiotic and
TOM production only scenarios in which the unproductive season does not contribute to the total
annual production.
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Fig. S11 Schematic of Southern Ocean carbon cycling during the productive season.
Contributions of distinct biogenic carbon pools to the total biological carbon production and the
associated impacts on air-sea CO, flux. Arrow sizes are proportional to the area-weighted,
cumulative carbon flux magnitude within each frontal zone. Inset bar plots show the percentage
contributions of each biogenic carbon pool to the export potential.
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Fig. S12 Trajectories of the floats used in this study. White dots show the deployment locations.
The background color shows a climatology of remotely sensed surface chlorophyll-a during austral
summer. Black lines show the climatological boundaries (mean of 2004-2014) of the Southern
Ocean fronts determined using an Argo-based climatology of temperature and salinity (32). Zones
as described in Fig. S1.
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Fig. S13 (a) Comparison of the sea surface partial pressure of carbon dioxide (pCO, .,) from float
estimates and underway shipboard observations compiled in SOCAT (version 2022 (33)). (b) The
float and ship samples were paired based on location (+0.2°) and sampling date (+2 days). The
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described in Fig. S1.
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560  Fig. S15 Meridional pattern (5° bin) of tracer budget integrated over the euphotic zone during the
561  Southern Ocean productive season. Error bars represent the propagated error. The positive value
562  indicates the process leads to an increase in the tracer inventory. DIC: dissolved inorganic carbon;
563  NOs: nitrate; TA: total alkalinity; POCbbp : particulate organic carbon derived from the
564  backscattering coefficient. Zones as described in Fig. S1.
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Fig. S16 Evaluation, using data constrained biogeochemical Southern Ocean State Estimate (B-
SOSE) model output (31), of how representative the float-based productivity estimates are of the
entire Southern Ocean. Comparison of subsampled (along float trajectories) versus fully resolved
(1°x1°) model fields of euphotic zone integrated export potential of total organic carbon (Eroc)
during the productive season. Results are shown as an average (a) across meridional bands and (b)
the four main frontal regions. Shading and error bars reflect spatial variability in EProc within each
sub-region. Red and blue numbers near the bottom of each panel show the number of grid points

used in each sub-region for computing the average value. The frontal regions are as described in
Fig. S1.
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Fig. S17 The meridional pattern of (a) climatology of nitrogen fixation (NF) derived from a data-
driven inverse model (34), and (b) net biological term solved from nitrate tracer budget (NO3™bio),
(¢) carbon-to-nitrogen ratios (C:N) for biological production of different carbon pools during the
Southern Ocean productive season. The dissolved organic matter (DOM) and particulate organic
matter (POM) end-member C:N ratios are derived from the compilation of existing ship-based
observations. The bulk biological production, total organic matter (TOM) production, and TOM
production with the correction for nitrogen fixation (TOM~r) are derived from float observations
and a biogeochemical inverse model. Shading on each line reflects the propagated error. Zones as
described in Fig. S1.
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and DOM (C:Npowm) produced during the Southern Ocean productive season. Shading represents
the propagated error. Zones as described in Fig. S1. C:Npom_method 1 and C:Npom_method 2
represent the results from two different approaches described in Text S1.1.
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Ocean productive seasons. See Text S1.2 for a detailed description of the flux calculation and
integration adjustment. Zones as described in Fig. S1.
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nitrogen (DON) collected during the stratified summer. Method following Baetge, et al. (2).
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Fig. S23 Time-series of (a) biologically-induced dissolved inorganic carbon (DIC) change, (b)
biologically-induced total alkalinity (TA) change, (¢) DIC concentration, (d) TA concentration, (e)
partial pressure of carbon dioxide (pCQO,), and (f) air-sea CO, gas flux over two annual cycles for
a representative biogeochemical float (WMO ID: 5904761) under three different productivity
scenarios: observed, abiotic, and total organic matter production only. Reconstructions of
productivity during the unproductive (U) period are based on the fraction of total production
occurring during the productive (P) period in B-SOSE model output (Materials and Methods in
main text).
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Fig. S24 Mean location of each float during each annual cycle, productive season, or unproductive
season. Black lines show the climatological locations (mean of 2004-2014) of Southern Ocean
fronts determined using an Argo-based climatology of temperature and salinity (32). Zones as
described in Fig. S1.



707  Table S1. List of World Meteorological Organization identification numbers (WMO IDs) for the
708  biogeochemical floats used in this study.

709
No. WMO ID No. WMOID No. WMOID No. WMO ID
1 5904188 21 5904686 41 5905135 o6l 5906244
2 5904395 22 5904693 42 5905981 62 5906245
3 5904396 23 5904695 43 5905982 63 5906250
4 5904468 24 5904761 44 5905995
5 5904469 25 5904765 45 5905996
6 5904470 26 5904766 46 5905997
7 5904473 27 5904768 47 5905998
8 5904657 28 5904842 48 5906003
9 5904658 29 5904844 49 5906007
10 5904659 30 5904854 50 5906031
11 5904660 31 5904856 51 5906032
12 5904661 32 5904857 52 5906204
13 5904662 33 5904980 53 5906208
14 5904663 34 5904982 54 5906209
15 5904673 35 5905075 55 5906211
16 5904675 36 5905105 56 5906216
17 5904679 37 5905109 57 5906218
18 5904682 38 5905131 58 5906222
19 5904683 39 5905132 59 5906224
20 5904684 40 5905134 60 5906227
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726

727



728
729

730
731
732

733

Table S2 Assignment of uncertainties used in the Monte Carlo error analysis. NO3™: nitrate; TA:
total alkalinity; POC,, : particulate organic carbon based on backscattering coefficient; Chl-a:

Chlorophyll-a concentration based on Chlorophyll-fluorescence; COz: carbon dioxide; MLD:
mixed layer depth; POM: particulate organic matter; DOM: dissolved organic matter.

Variable Uncertainty Reference

pH measurement +0.005 Johnson, et al. (35)

NO; measurement +0.5 umol kg'! Johnson, et al. (20)

TA estimates +4.5 ymol kg Bittig, et al. (11)

POCy,, estimates +30% Graff, et al. (36)

Chl-a estimates 20% Johnson, et al. (20)

CO; gas model +30% Bender, et al. (25), Wanninkhof (26)

Background eddy diffusivity coefficient — +35% Yang, et al. (23)

Ekman pumping velocity +50% Haskell, et al. (37)

Thickness of MLD +0.5m Vertical resolution/4

Thickness of euphotic zone 5-15m Spatial variability at each latitude band (Fig. S1a)
C:N ratio for POM/DOM production 0.5-2.5 Spatial variability at each latitude band (Fig. S18a)
Model-simulated N, fixation 10-30% Spatial variability at each latitude band (Fig. S17a)
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Table S3 Summary of ancillary parameters used in this study.

Parameters

Description

Reference /Link

| Usage
g€

Parameters used to partition carbon pools and in tracer budget closure

Ice coverage

Monthly surface ice
coverage; 25 km
resolution

Global Sea Ice Concentration Climate Data
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-
sea-ice-concentration?tab=overview)

Scale the air-sea
COz exchange
by ice fraction

Euphotic zone depth
(Zeu)

Remote-sensed daily
surface property.
MODIS; 083°%0.

083°; Level 3

Ocean color
(https://oceandata.sci.gsfc.nasa.gov/directdataaccess/Level-
3%20Mapped/Aqua-MODIS)

Determine the
Zeu

Wind stress

Daily surface wind
stress; 0.25° x 0. 25°

Advanced Scatterometer product
(https://manati.star.nesdis.noaa.gov/datasets/ ASCATData.php)

Calculate the
Ekman pumping
velocity

Calculate the

N fixation

prognostic ocean
models; 1°x1°; 24
depth interval

Wang, et al. (34)

Wind speed t
Air pressure Daily values; NCEP-DQE reanalysis: 11 . atm;é%zenc
0.16 °x0.16° (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2. html) | _ . ~- = CO»
Relative humidity fluxes
Monthly climatology
simulated from inverse
biogeochemical and Correct NOs3

potential export

Particulate inorganic
carbon (PIC)

Particulate organic
carbon (POC)

Daily surface
properties; 083°x0.
083°; Level 3

Ocean color
(https://oceandata.sci.gsfc.nasa.gov/directdataaccess/Level-
3%20Mapped/Aqua-MODIS)

Derive the
PIC:POC ratio to
estimate
seawater PIC
inventory

Dissolved organic
matter (DOM)

Global compilation of
dissolved organic
carbon (DOC) and
dissolved organic
nitrogen (DON=total
dissolved nitrogen —
total inorganic
nitrogen) observations

Hansell et al., (2021)
(https://www.ncei.noaa.gov/access/metadata/landing-
page/bin/iso?id=gov.noaa.nodc:0227166)

Particulate organic

Global compilation of
suspended particulate
organic carbon (POC)

Martiny, et al. (38)

Constrain the
end-member
C:N ratio of
DOM and POM
produced

carbon sinking flux

inferred from 2**Th

Henson, et al. (5), Le Moigne, et al. (6), Rosengard, et al. (7)

matter (POM) and particulate organic (https://www.bco-dmo.org/dataset/526747)
nitrogen (PON)
observations
Parameters used to validate or compare with float analysis
Particulate Compilation of POC
organic/inorganic and PIC sinking fluxes Compare with

the float estimate

(Fpoc/Fpic) U
A Evaluate the
Monthly climatology . representativeness of
Export potential of (2013-2021); Biogeochemical Southern Ocean State Estimate (B-SOSE) the spatial variability
organic carbon 016°x0.16° (http://sose.ucsd.edu/) (31) of carbon export

derived from the
float locations

Parameters used to analyze light and nutrient availability




736
737
738
739
740
741
742
743
744
745
746
747
748
749
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754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772

Dissolved iron (dFe)
concentration

Monthly climatology
simulated from a data-
driven model; 1°x1°;
33 depth interval

Huang, et al. (12)
(https://zenodo.org/record/6994318#.Y 0m2fuzML k)

Analyze the
meridional
pattern of dFe

SiO4 concentration

Estimated from float

temperature, salinity,

and dissolved oxygen
observations

Canyon-B algorithm
)

Analyze the
meridional
pattern of SiO4
dependent
growth rate

Photosynthetically
available radiation
(PAR)

Remote-sensed daily
surface properties;
MODIS; 083°%0.

083°; Level 3

Ocean color
(https://oceandata.sci.gsfc.nasa.gov/directdataaccess/Level-
3%20Mapped/Aqua-MODIS)

Analyze the
meridional
pattern of light
availability
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