A G s

> SPACE SCIENCE

Geophysical Research Letters’

RESEARCH LETTER
10.1029/2021GL096805

Key Points:

e Surface waters in the subtropical
mode water formation region are
lower in pCO, than in the atmosphere
in winter by ~50 patm

e Strong wintertime winds drive
atmospheric CO, into the ocean near
the Gulf Stream with high spatial and
temporal variability

e Uncrewed surface vehicles provide an
opportunity to refine quantification
and understanding of CO, exchange
near western boundary currents

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

S. Nickford,
sarah_nickford @uri.edu

Citation:

Nickford, S., Palter, J. B., Donohue, K.,
Fassbender, A. J., Gray, A. R., Long, J.,
et al. (2022). Autonomous wintertime
observations of air-sea exchange in the
Gulf Stream reveal a perfect storm for
ocean CO, uptake. Geophysical Research
Letters, 49, €2021GL096805. https://doi.
0rg/10.1029/2021GL096805

Received 27 OCT 2021
Accepted 28 JAN 2022

Author Contributions:

Conceptualization: J. B. Palter, K.
Donohue, A. J. Fassbender, A. R. Gray,
A.J. Sutton

Data curation: S. Nickford, A. J.
Fassbender, J. Long, A. J. Sutton, N. R.
Bates, Y. Takeshita

Formal analysis: S. Nickford

Funding acquisition: S. Nickford, J. B.
Palter, K. Donohue, A. J. Fassbender, A.
R. Gray, A. J. Sutton

Investigation: S. Nickford, J. B. Palter,
K. Donohue, J. Long

Resources: A.J. Fassbender, J. Long, Y.
Takeshita

Supervision: J. B. Palter

Visualization: S. Nickford

Writing — original draft: S. Nickford
Writing - review & editing: J. B. Palter,
K. Donohue, A. J. Fassbender, A. R.

© 2022. American Geophysical Union.
All Rights Reserved.

Autonomous Wintertime Observations of Air-Sea Exchange in
the Gulf Stream Reveal a Perfect Storm for Ocean CO, Uptake

S. Nickford!
A. J. Sutton?

, J. B. Palter!
, N. R. Bates>®

, K. Donohue! (2, A. J. Fassbender?
, and Y. Takeshita*

, A. R. Gray® (2, J. Long* (2,

!Graduate School of Oceanography, University of Rhode Island, Narragansett, RI, USA, 2NOAA/OAR Pacific Marine
Environmental Laboratory, Seattle, WA, USA, 3School of Oceanography University of Washington, Seattle, WA, USA,
“Monterey Bay Aquarium Research Institute, Moss Landing, CA, USA, Bermuda Institute of Ocean Sciences, Ferry Reach,
Bermuda, ®Department of Ocean and Earth Sciences, University of Southampton, Southampton, UK

Abstract A scarcity of wintertime observations of surface ocean carbon dioxide partial pressure (pCO,) in
and near the Gulf Stream creates uncertainty in the magnitude of the regional carbon sink and its controlling
mechanisms. Recent observations from an Uncrewed Surface Vehicle (USV), outfitted with a payload to
measure surface ocean and lower atmosphere pCO,, revealed sharp gradients in ocean pCO, across the Gulf
Stream. Surface ocean pCO, was lower by ~50 patm relative to the atmosphere in the subtropical mode water
(STMW) formation region. This undersaturation combined with strong wintertime winds allowed for rapid
ocean uptake of CO,, averaging —11.5 mmol m~2 day~! during the February 2019 USV mission. The unique
timing of this mission revealed active STMW formation. The USV proved to be a useful tool for CO, flux
quantification in the poorly observed, dynamic western boundary current environment.

Plain Language Summary The North Atlantic Ocean absorbs more atmospheric carbon dioxide
(CO,) than most regions of the global ocean. Using an ocean drone in the Gulf Stream region during the winter
of 2019, we measured the air-sea CO, difference, calculated the air-sea CO, exchange, and compared our results
to previous wintertime ship-based measurements. We find that the region south of the Gulf Stream can absorb
vast amounts of atmospheric CO,, owing both to surface ocean properties and the strong wintertime winds.
Because of extremely sparse wintertime observations in this region, we hypothesize that ocean uptake of CO,
may be underestimated. Our work suggests that ocean drones can help close the observational gaps that create
uncertainty in ocean carbon uptake in challenging regions and seasons, if these vehicles and the sensors they
carry can be made robust to large breaking waves.

1. Introduction
1.1. Western Boundary Current Regions Are Hot Spots for CO, Uptake

Western Boundary Currents (WBCs), like the Gulf Stream, and their neighboring subtropical mode water
(STMW) formation regions are locations of intense heat loss (Marshall et al., 2009) and are thought to have high
rates of ocean carbon dioxide (CO,) uptake (Andersson et al., 2013; Bates et al., 2002; Landschiitzer et al., 2013;
Takahashi et al., 2009). Here, heat and carbon exchange between the ocean and atmosphere is mediated by strong
winds. As the surface water cools, the solubility of CO, increases, thereby intensifying the difference between
atmosphere and surface ocean partial pressure of CO, (ApCO,). Additionally, the Gulf Stream transports waters
out of the tropics that have a low Revelle factor and are therefore more efficient at absorbing atmospheric CO,
(Sabine et al., 2004). Thus, the wintertime Gulf Stream region has the ingredients for a “perfect storm” of CO,
uptake: strong and cold winds, large air-sea pCO, gradient, and low Revelle factor.

Despite their potential to act as hot spots of ocean CO, uptake, WBC regions have seldom been observed in winter
and lack carbon system measurements. One exception is in the North Pacific, where 7 years of measurements
from the Kuroshio Extension Observatory surface mooring have shown that the lowest ocean pCO, and highest
capacity for ocean CO, uptake occur in winter (Fassbender et al., 2017). Even in the well-observed North Atlan-
tic, wintertime ocean carbon measurements in the Gulf Stream region have been rare (Bakker et al., 2016). Two
research cruises conducted in 2006 and 2007, both part of the US CLIVAR Mode Water Dynamics Experiment
(CLIMODE; Andersson et al., 2013), are the only surveys to measure ocean carbon in complete cross-Gulf
Stream transects in the wintertime.
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North Atlantic STMW, also known as 18° Water, is formed on the southeast side of the Gulf Stream (Worth-
ington, 1959). Here, surface cooling creates deep wintertime mixed layers with nearly vertically homogene-
ous temperature (17.8°~18.4°C), absolute salinity (36.45-36.55 g kg~'), and potential density (6 = 1026.45—
1026.55 kg m~3, Andersson et al., 2013; Bates, 2012). At the start of spring, this mixed layer is capped by a warm
layer and may be subducted into the main thermocline (Stommel, 1979). The STMW occupies a large volume
of water (Forget et al., 2011) with substantial interannual variability in carbon storage rates (Bates, 2012). Due
to the limited observations leading up to, during, and after the formation of STMW in the North Atlantic, our
understanding of CO, dynamics in this region is incomplete.

Uncrewed Surface Vehicles (USVs) can increase observing capacity in WBCs, by reducing the expense associ-
ated with ship time and the risk to crew in difficult weather. The Saildrone Explorer is a highly maneuverable
USV with an endurance of several months that moves quickly through the water (2—4 kts) and carries a large
sensor payload (Supporting Information S1). Saildrones are capable of making the measurements needed to quan-
tify air-sea CO, exchange in a variety of challenging environments like the Southern Ocean, as shown by previous
studies (such as Meinig et al., 2019; Sabine et al., 2020; Sutton et al., 2021; Zhang et al., 2019).

Here, we analyze and interpret measurements from the deployment of a Saildrone USV equipped with an Auton-
omous Surface Vehicle CO, (ASVCO,™; Sabine et al., 2020) system in the Gulf Stream in February 2019 and a
ship-based survey on the R/V Endeavor in the subtropical gyre in March 2019. Our objectives were to: (a) collect
climate-quality pCO, measurements (measurement uncertainty of ocean pCO, of <2 patm; Bender et al., 2002) in
the Gulf Stream and surrounding region during winter; (b) quantify air-sea CO, fluxes in the Gulf Stream, STMW
formation region, and subtropical gyre interior; (c) compare the results to existing pCO, and air-sea CO, flux data
and products; and (d) describe the physical processes that create ocean pCO, anomalies.

2. Materials and Methods
2.1. In Situ Data Collection
2.1.1. The Saildrone USV

From 2 to 21 February 2019 the Gulf Stream Saildrone Mission provided continuous ocean and lower atmosphere
temperature and pCO, data (Figure 1), among a suite of additional variables (Text S1 in Supporting Informa-
tion S1). With each Gulf Stream crossing, we aimed to occupy a transect extending at least 10 km beyond the Gulf
Stream to both the north and the south. The center of the Gulf Stream is identified as the depth-averaged velocity
maximum (Halkin et al., 1985), and the Gulf Stream's northern and southern edges are defined by the 0 m s~!
isotachs. In total, the USV crossed the Gulf Stream center five times.

Ocean and atmosphere pCO, were measured hourly by the ASVCO,, which performs a two-point calibration
before measuring each sample. Ocean pH was measured by a Honeywell Durafet at 10-min intervals. Because of
the sharp gradients and rich spatial structures associated with the Gulf Stream, we use the higher-resolution pH
data to infill the gaps between hourly directly measured pCO, measurements. Moreover, the pH sensor persisted
in taking measurements for 24 hr after a storm damaged the ASVCO, system. Therefore, we calculate pCO, from
the pH data using a regional total alkalinity-salinity relationship (Equation S1 in Text S2 in Supporting Informa-
tion S1) in CO2sys, which is a carbonate system calculator (Lewis & Wallace, 1998). The drift of the pH sensor
was corrected by subtracting the 12-hr running mean of the offset between the directly measured pCO, data and
the calculated pCO, (see Figure S1 and Text S2 in Supporting Information S1), after which the calculated and
directly measured pCO, closely match (r = 0.87, RMSE = 3.85 patm). Hereafter, we use pCO, calculated from
the 10-min pH data; the qualitative results and interpretation are unchanged if we used the directly measured
pCO, for the time that both sensors were operating.

Over the entire mission, wind speeds averaged 9.4 + 4.3 m s~! (mean =+ standard deviation; 18.3 + 8.4 kts), with
daily average maximums reaching 21 m s~! (40.8 kts) due to four substantial storms in which the central pressures
plunged as low as 960 hPa and significant wave heights peaked at 7 m. During a fifth storm, the ASVCO, and pH
sensors stopped functioning, ending data collection for those sensors on February 20 and 21, respectively. This
slowly moving storm built up the sea state, producing significant wave heights of 12.6 m that damaged the USV
wing on 26 February 2019, bringing the mission to an early end.
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Figure 1. Wind speed (black contours, m s~!) and along-USV-track ApCO,

(dots) plotted on mean February 2019 ApCO, (shaded background) from the
Landschiitzer et al. (2020) product (referred to as L20). Wind speeds are from

6-hourly NCEP reanalysis on 2/18/2020 at 18:00:00, during a strong storm.

The USV position at the time of the plotted winds is shown by the Saildrone

icon (icon reproduced from https://www.saildrone.com/technology). Black
open circles show the locations of Argo profiles (vertical profiles shown in

Figure 4a) with the nearest profile to the USV shown as a filled black circle.

The black open triangle shows the location where the USV encountered
subtropical mode water (STMW) formation.
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2.1.2. R/V Endeavor

A planned rendezvous between the R/V Endeavor and the USV was rerouted
after the storm damaged the USV sensors. Instead, the cruise sampled in
calmer conditions northwest of Bermuda from 27 February 4 March 2019
(Figure 2). In addition to the ship's Conductivity-Temperature-Depth (CTD),
Acoustic Doppler Current Profiler (ADCP), and meteorological sensors,
Endeavor was equipped with a pH sensor (Deep-Sea-Durafet; Johnson
et al., 2016) attached to the underway seawater intake (5 m depth) that
sampled every 15 s. The pH data, on the total scale at in sifu temperature,
were calibrated with 17 discrete pH samples, which were also analyzed
for dissolved inorganic carbon (DIC) and total alkalinity (TA; Text S3 in
Supporting Information S1).

2.1.3. The CLIMODE Program

The CLIMODE Program supported five cruises from 2005 to 2007 in the
North Atlantic STMW formation region (Marshall et al., 2009). The second
CLIMODE cruise (CLIMODE-2) took place from 18 to 31 January 2006 and
was the only cruise to take continuous underway carbon system data, while
it zig-zagged across the Gulf Stream for a total of 10 Gulf Stream crossings.

CO2 Flux (mmol m'zday'1)

002 Flux (mmol m'zday'1)

62" W 57" W 72°W 67" W 62" W 57" W

Figure 2. Ocean pCO, (left) and air-sea CO, flux (right; negative numbers indicate ocean carbon uptake). Top panels show
the February 2019 L20 ocean pCO, and air-sea CO, flux in color shading with data from the Uncrewed Surface Vehicle
(USV) 2 to 21 February 2019 mission and R/V Endeavor 27 February 4 March 2019 cruise as dots along their respective
tracks. Bottom panels show the same but for the January 2006 L20 and the second CLIVAR Mode Water Dynamics
Experiment (CLIMODE-2) 18-31 January 2006 cruise track. Cumulative along-track distances are labeled in km with an
arrow (at 0 km) indicating direction of the platform. Black contours show the average sea surface temperature (SST) for the
respective month of the cruise from satellite GHRSST at 1°C intervals with the 18°C isotherm in bold (indicating the mean
position of the Gulf Stream). The open squares indicate the location of the Gulf Stream center at the time of crossing and the
magenta circle in the bottom panels indicates the location of the CTD cast featured in Figure 4c.
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The ship collected surface data via a thermosalinograph and Submersible Autonomous Moored Instrument pCO,
sensor (SAMI-CO,), and occupied CTD sections on five crossings. The SAMI-CO, was connected to the ship's
underway seawater intake line (4 m) and sampled every 15 min, with calibrations provided by discrete DIC and
TA samples (Andersson et al., 2013, Text S4 in Supporting Information S1). Atmospheric pCO, was not meas-
ured on the ship and is therefore taken from the weekly Tudor Hill Marine Atmospheric Observatory observations
in Bermuda.

3. Results and Discussion
3.1. Low Ocean pCO, Measured in STMW Precursor Waters

As the CLIMODE-2 and USV missions proceeded from west to east over the course of a few winter weeks,
data show progressive cooling of SSTs. For example, Figure 3b shows the USV measurements south of the
Gulf Stream cooling from 20°C to 18°C from along-track distance 750 km to 2,800 km (approximately 69°W
to 58°W). Similarly, Figure 3f shows CLIMODE-2 cruise measurements south of the Gulf Stream cooling from
20°C to 19°C from along-track distance 400-2,200 km (approximately 69°W to 63°W).

Cooling of seawater in isolation would cause a pCO, decline due to the thermodynamic effect. Equation 1 is
typically applied to help interpret the pCO, seasonal cycle (Takahashi et al., 1993, 2002). Here, we use it to
explore how cooling of Gulf Stream waters influences surface pCO, on the south side of the Gulf Stream, under
the assumption that these waters are effectively recirculating Gulf Stream waters (see Brambilla & Talley, 2006):

pCOY = pCOYS X exp[0.0423 (T — Tes)], @)

where pCO§ is the predicted pCO, due to ocean cooling, pCO‘;S is the mean pCO, observed within the Gulf
Stream, 7-T, is the anomaly from the mean Gulf Stream SST. The data reveal this simple framework, which
seems to explain the SST-pCO, relationship above 20°-21°C (black solid lines in Figures 4b and 4d), albeit with
considerable scatter. This relationship appears to change sign at ~20°C, for which a hypothesized mechanism is
proposed in Section 3.2.

The pCO, minimum is found in the STMW precursor waters, which are those surface waters south of the Gulf
Stream that are cool relative to the Gulf Stream but reside above the seasonal thermocline and have the poten-
tial to be transformed to STMW in late winter under continued cooling (Figures 4a and 4c). The distinct pCO,
minimum in STMW precursor waters is most visually apparent in CLIMODE-2 (Figures 2¢ and 2d; Figures 3e
and 3f), which consistently sampled well to the south of the Gulf Stream. The low pCO, in STMW precursor
waters leads to strong ocean CO, uptake in the STMW formation region: —11.5 mmol m~2 day~! during the USV
mission, and —20.0 mmol m~2 day~! during CLIMODE-2 (Text S5 in Supporting Information S1). In both cases
large fluxes were driven by strong winds (Table 1).

In Figures 2 and 3 and Table 1, we compare measured pCO, from USV, Endeavor, and CLIMODE-2 surveys to
an annually updated, monthly ocean pCO, estimate created byLandschiitzer et al. (2016) version 2020 (referred
to as L20). This product is constructed by relating measured ocean pCO, from the Surface Ocean CO, Atlas to
predictor variables, such as mixed layer depth and SST from satellite observations or ocean reanalysis products,
using a neural network approach (Landschiitzer et al., 2016). For this analysis, we use the 2020 version of L20,
which did not include the 2019 USV measurements in its training data set (https://doi.org/10.7289/V5Z899N6).
We interpolate the L20 ocean pCO, field for the month and year of observations to the location of each obser-
vation. The monthly L20 surface ocean pCO, product agrees with the measured values (Table 1). However, its
1° horizontal resolution hides the spatial gradients captured by in situ observations in the Gulf Stream region.
Moreover, L20 does not capture the pCO, minimum in the STMW formation region, where difference between
observations and L20 are largest, likely due to the lack of wintertime training data and coarse spatial resolution
of the L20 product (Table 1; Figure 2). Given that this region has strong winds in winter and the air-sea CO, flux
is dependent on the squared wind speed (Equations S2 and S3 in Text S5 in Supporting Information S1), air-sea
fluxes are maximized here, and a pCO, bias can have a large impact on the calculated flux. In contrast, during
the Endeavor cruise, the L20 ocean pCO, product is in close agreement with the observations collected in the
Sargasso Sea (Figures 2a and 3c; Table 1), possibly a result of the more spatially homogeneous conditions.
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Figure 3. Ocean pCO, and sea surface temperature (SST) as a function of distance along the uncrewed surface vehicle (USV), R/V Endeavor, and CLIVAR Mode
Water Dynamics Experiment (CLIMODE)-2 missions. (left) Ocean pCO,, with periods of hourly averaged wind speed >15 m s~! highlighted in gray, and (right) SST
during (a—b) USV, (c—d) R/V Endeavor, and (e-f) CLIMODE-2 cruises. The 18°C isotherm is shown as a black dashed line on right hand panels. Line color indicates
the position of the measurement relative to the Gulf Stream (as indicated in the legend in panel c). The black line in each panel on the left shows the L20 pCO, product
for the appropriate month linearly interpolated to the position of the USV or ship (Landschiitzer et al., 2020; version 2020). Dates corresponding to along-track
distances are shown at the top of each panel (month/day).

3.2. Autonomous Observations of Active STMW Formation

STMW formation occurs when strong wintertime surface heat loss on the equatorward side of the Gulf Stream
creates deep, vertically homogeneous mixed layers (300-500 m) with a temperature of ~18°C (Stevens
et al., 2020). At the end of the winter, these surface waters cool enough to mix past the seasonal thermocline. The
CLIMODE-2 cruise was too early in winter to sample STMW formation, as surface ocean temperatures were well
above 18°C and mixed layer depths were less than 200 m (Figures 4c and 4d).

We infer that the USV briefly encountered active STMW formation (location marked by black open triangle in
Figure 1) on 21 February, 1 day after a storm with 15 m s~! mean wind speeds and air temperatures of 9°C passed
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Table 1

Surface Properties and Fluxes Averaged Over the Observational Period When the Platform (Research Vessel or Uncrewed Surface Vehicle [USV]) Was Within 30 km
of the Gulf Stream (GS) Center or to its South

Location  Ocean RMSE® and MSD for Wind speed®
relative pCO,  L20 minus observations ApCO, (ms") CO, flux?
Observational mission to GS (patm) for ocean pCO, Atm pCO, (patm) (data source®)  (yatm) variance (mmol m~2 day~')
USV (Saildrone) (February 2019) GS 357.5 9.2 405.4 (ASVCO, on Saildrone) —48.1 8.6 —8.8
3.7 30.1
South 352.4 13.6 403.0 (ASVCO, on Saildrone) -50.8 9.9 -11.5
9.2 20.1
Endeavor (March 2019) South 360.5 5.5 404.4 (Tudor Hill) —43.9 7.5 -6.4
-2.8 8.3
CLIMODE-2 (January 2006) GS 343.8 7.5 378.8 (Tudor Hill) —=35:1 11.9 -11.7
—4.3 25.9
South 331.8 8.7 378.8 (Tudor Hill) —47.1 13.9 -20.0
4.7 24.5

aRoot Mean Squared Error (RMSE) and Mean Signed Deviation (MSD) are computed from the monthly L.20 data (from the same month as the corresponding mission),
interpolated along the route of the ship or USV. *Because some missions did not measure atmospheric pCO,, we indicate the data source for each row, with Tudor Hill
referring to the Tudor Hill Marine Atmospheric Observatory in Bermuda interpolated to the time of the ocean pCO, observations (Dlugokencky et al., 2021). “Wind
speed was measured on the research vessels and USV, adjusted to 10 m height when necessary, and reported as averages for the periods when the USV or ships were in
or south of the Gulf Stream. ‘CO, fluxes are calculated from wind speeds, ocean pCO, measured or calculated from pH contemporaneously on ships or the USV, and
the atmospheric pCO, listed in this table, with details provided in Text S5 in Supporting Information S1.

over the region. The inference of deep vertical mixing into the permanent thermocline was made by comparing the
SST measured by the USV to a nearby Argo float profile. The closest Argo profile to the USV path (6.3 km and
12 hr apart) is highlighted in Figure 4a, with its location indicated in Figure 1. Three days after the Argo profile
was collected, the USV first measured surface temperatures of 18.5°C, consistent with mixing past the seasonal
thermocline. The float profile shows that this surface temperature was previously found at a depth of 520 m and
capped by the seasonal thermocline (Figure 4a, purple line and dot). Therefore, SSTs at and below 18.5°C meas-
ured by the USV were likely the signature of vertical convective mixing to a depth of at least 500 m (Andersson
etal., 2013). In these cold surface waters, ocean pCO, was measured at the highest levels south of the Gulf Stream
(>380 patm; Figure 4b). These cold waters showed considerable pCO, variability, as would be expected if patchy
convective mixing were bringing to the surface remineralized DIC that had accumulated in the vestigial STMW
layer. We define vestigial STMW as the STMW formed in a previous year that has been recirculating beneath the
seasonal thermocline. We estimate the DIC of the vestigial STMW to be 2119.3 + 9.3 pmol kg~! (Texts S6 and
S7 in Supporting Information S1). The SST-pCO, relationship for waters below ~20°C can likely be explained by
this DIC-rich subsurface water mixing toward the surface during STMW formation (Figure 4b).

4. Conclusions

This work shows vigorous uptake of atmospheric CO, in the STMW formation region, both from traditional ship-
based and state-of-the-art autonomous measurements. In both wintertime surveys, ocean pCO, is lowest to the
south of the Gulf Stream in cool waters that have not yet mixed below the seasonal thermocline to become STMW
(Table 1). Here, ocean CO, uptake is maximized, with influxes of 11.5-20.0 mmol m~2 day~! due to the strong
winds and large ocean-atmosphere pCO, difference of ~—50 patm. Therefore, the cold, strong winds create the
“perfect storm” for ocean CO, uptake in the STMW precursor waters that are low in ocean pCO, before the verti-
cal mixing of vestigial STMW brings DIC-rich waters to the surface and reduces the CO, flux into the ocean.

The spatial average from an empirical reconstruction of surface ocean pCO, (L20) is in close agreement with
the observations presented here (Table 1). However, relative to the USV and CLIMODE-2 observations, the
L20 product misses the large undersaturation of STMW precursor waters, which will lead to low biases in the
ocean CO, uptake in this region. It is possible that overcoming the scarcity of wintertime measurements in this
challenging region could remedy this issue, with USVs feasibly offering a key tool to make these observations.
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Figure 4. pCO, versus sea surface temperature (SST) observed during the Uncrewed Surface Vehicle (USV) and CLIVAR
Mode Water Dynamics Experiment (CLIMODE) missions, and the inferred role of cooling versus vertical mixing. (a) Argo
profiles collected in the subtropical mode water (STMW) formation region during February 2019 (gray traces) and a profile
collected 12 hr before the USV passed by (purple trace; geographical location of profiles can be found in Figure 1). The
purple dot indicates the cold SST measured by the USV near the profile. The 18°C isotherm is marked with a dashed gray
line as a reference. (b) Scatterplot of USV-observed ocean pCO, versus SST for data collected south of the Gulf Stream,
colored by time (month/day). The black solid line shows the thermodynamic effect (Equation 1). The red square shows the
average SST and ocean pCO, in the Gulf Stream during the mission, used in the calculation (Equation 1). (¢c) CTD profiles
collected during the CLIMODE-2 cruise, following the same color scheme as (a), where the location of the representative
profile can be found in Figure 2 (magenta circle). (d) Same as in panel (b) but for CLIMODE-2 observations.

The STMW sets the memory of the subtropics because it records the previous winter's conditions, allowing these
properties to be reexposed in the following winter. Thus, an interesting question remains open: What is the fate
of the CO, absorbed in the STMW formation region? Lagrangian modeling studies suggest STMW contributes
to the northward limb of the Atlantic Meridional Overturning Circulation (AMOC, Burkholder & Lozier, 2014).
Therefore, CO, uptake during STMW formation may feed anthropogenic carbon into the AMOC deep limb
upon its densification at higher latitudes (Iudicone et al., 2016). If the annually integrated surface CO, fluxes
in the STMW formation region were higher than the STMW DIC accumulation rate, it would provide support
for this conceptual model in which CO, taken up in STMW is exported from the subtropical gyre. Sustained
measurements of air-sea CO, exchange in the Gulf Stream and STMW formation region would provide a means
to compare STMW CO, uptake with DIC accumulation rates directly measured at BATS, as well as with obser-
vations collected by the rapidly proliferating array of Biogeochemical-Argo floats.
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