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Three key points:
1. In situ Oo/Ar data aggregated over three cruises reveal a hotspot of net community
production to the north of the Kuroshio Extension Front.
2. The correlation between net community production, chlorophyll and sea level
anomaly (a proxy for mesoscale eddies) varies regionally and seasonally.
3. In aggregate, a region of high net community production is associated with the

Kuroshio nutrient stream, whereas chlorophyll varies with latitude.
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Abstract

The Kuroshio current separates from the Japanese coast to become the Kuroshio
Extension (KE) characterized by a strong latitudinal density front, high levels of
mesoscale (eddy) energy, and high chlorophyll (CHL). Recent work has also shown that
the KE carries subsurface nutrients into the region horizontally. While satellite
measurements of CHL show evidence of the impact of eddies on the standing stock of
phytoplankton, there have been very limited in situ estimates of productivity over
synoptic scales in this region. Here, we present highly spatially resolved estimates of net
community production (NCP) for the KE region derived from underway O/Ar
measurements made in spring, summer, and early autumn. We find large seasonal
differences in the relationships between NCP, CHL, and sea level anomaly (SLA, a proxy
for local thermocline depth deviations driven by mesoscale eddies). The KE front is a
pronounced hotspot of NCP in spring when NCP is almost completely decorrelated with
CHL. Conversely, we find that NCP and CHL are strongly correlated in summer away
from the front. We explore the mechanistic underpinnings of the relationship between
NCP and CHL and suggest that the KE nutrient stream as well as vertical motions
associated with mesoscale eddies might be a key factor in supporting an NCP hotspot that
is seasonally decoupled from CHL at the KE front. Our observations also highlight
seasonal and regional (de)coupling between NCP and CHL which may impact the

accuracy of CHL-based estimates of productivity.

Plain Language Summary

Biological processes in the surface ocean play an important role in the ocean carbon
cycle. Phytoplankton transform carbon dioxide into organic material, a portion of which
then sinks into the deep where it can be stored long-term. This mechanism of carbon
transfer from the surface to the deep ocean is known as the biological carbon pump. The
processes that mediate this biological carbon pump can occur over short time and space
scales. This is especially true in dynamic ocean systems such as western boundary
currents where there are local maxima in weekly to interannual variability within the

boundary current itself. Here we use novel continuous measurements made from ships of



52 opportunity to explore the variability in productivity and chlorophyll and how they are

53  connected to physical ocean dynamics.
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1. Introduction

The biological pump, the export of organic carbon from the surface to the deep ocean,
plays a key role in the global carbon cycle. Inorganic carbon is converted to organic
carbon by phytoplankton in the surface ocean through photosynthesis. A portion of this
organic carbon is then exported from the surface and remineralized as it sinks through the
water column, and is ultimately stored in the deep ocean with residence times of many
months to centuries [Delries et al., 2012; Giering and Humphreys, 2018]. The processes
that control the production, consumption, packaging, and export of organic carbon occur
over relatively short time scales, from days to months, associated with biological
processes, ecosystem dynamics and the evolution of the surface mixed-layer and
mesoscale motions. More specifically, the time scales that control the production and
export of carbon from the surface ocean span the division rate of phytoplankton cells O(1
day'), bloom events that last for weeks, and the seasonality of organic carbon production
over the annual cycle in the mid and high latitudes. The spatial distribution of
biogeochemical tracers in the surface ocean is also known to be very patchy, varying
widely over scales as fine as O(<lkm) [Mackas et al., 1985; van Gennip et al., 2016] up
to basin scales O(1000km). This temporal and spatial variability presents a challenge to
observing and understanding the drivers that control the production and export of organic

carbon, particularly in highly dynamic ocean regions such as western boundary currents.

1.1 Measuring net community production in situ

Synoptic measurements of physical, chemical and biological parameters made at
appropriate scales are necessary to understand the balance of processes that control rates
of productivity and export. These types of measurements are also necessary to determine
whether these processes are fully resolved, or at least well parameterized, in large-scale
climate models used to make predictions about changes in ocean biogeochemical
processes, and their impact on the global carbon cycle. However, measuring productivity
in situ can be challenging as traditional bottle methods for estimating productivity rates
are labor-intensive and do not allow for a large number of estimates to be made either at
high resolution or synoptically over large areas. Remotely sensed productivity estimates

can be made over large areas, but do not resolve fine scale variability and are subject to
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substantial uncertainty [Palevsky et al., 2016b]. As a result, although it is well-known
that phytoplankton standing stocks (e.g. measured by chlorophyll fluorescence, cell
counts and particulate organic carbon) are extremely patchy in time and space [Mackas et
al., 1985], little is known about the scales of variability of rates of productivity and

export.

Non-incubation-based dissolved gas tracers have been used to derive synoptic, high-
resolution estimates of biological carbon export. Net community production (NCP, mmol
C m day™!) is the net sum of the organic carbon produced by gross primary production
(GPP, mmol C m? day™') and the organic carbon remineralised by respiration by both
heterotrophs (Ruet) and autotrophs (Rpuy) in the surface mixed layer:

NCP = GPP - RPHY - RHET (1)
NPP

where NCP values are positive in net autotrophic systems, and negative in net
heterotrophic systems. Net primary production (NPP) is the net sum of GPP and
respiration by phytoplankton. In steady state conditions with no transient change in the
surface biomass concentration, NCP represents the rate of organic carbon export from the
mixed layer. NCP can be estimated based on the biological supersaturation of dissolved
oxygen in the mixed layer, determined from the O2/Ar dissolved gas ratio [Craig and
Hayward, 1987; Emerson et al., 1991]. The development of continuous underway
methods to measure O2/Ar [Cassar et al., 2009; Tortell, 2005] has enabled new fine
spatial-scale estimates of NCP, which have been widely applied in both coastal and open
ocean regions [Castro-Morales et al., 2013; Estapa et al., 2015; Eveleth et al., 2017; R C
Hamme et al., 2012; Izett et al., 2018; Kaiser et al., 2005; Lockwood et al., 2012;
Manning et al., 2017; Palevsky et al., 2013; Rosengard et al., 2020; Stanley et al., 2010;
Tortell et al., 2014; Tortell et al., 2011; Ulfsbo et al., 2014]. The continuous and
simultaneous collection of underway measurements of dissolved gases, chlorophyll
fluorescence and physical ocean properties (e.g. temperature and salinity) allows us to
examine the relationship between physical and biogeochemical tracers. The high
temporal resolution of these continuous underway measurements also resolves variability

from the submesoscale (~1-10km) and mesoscale (~10-100km) to the basin scale.
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1.2 A conceptual framework relating productivity, export and chlorophyll
The time rate of change of phytoplankton biomass is given by a balance between gross

primary production and loss from grazing and export:

o = GPP — (Rpuy + Rypr) — export )
where P is phytoplankton biomass (mmol C m), GPP is the gross primary production
(mmol C m day™), Rpny is the phytoplankton respiration rate (mmol C m- day!) and
Rugr is respiration due to heterotrophy (mmol C m- day™'). Phytoplankton biomass, P,
can be related to CHL, which is more routinely measured, to derive an evolution equation

for CHL:

ML _ [CHL I[N, T, 1) — Ry (T) — P — wip 2 o

where CHL is related to P via C:CHL, the ratio of phytoplankton carbon (C) to CHL; p is
the phytoplankton growth rate (day '), which varies as a function of nutrient
concentrations (N), temperature (T) and light (I); g(Z) is the zooplankton grazing rate
(mmol C m~ day™'); and wei, (m d!) is the sinking rate of phytoplankton cells. Whereas
NCP represents the net sum of the rate processes that remove organic carbon from the
surface mixed layer, CHL is a proxy for phytoplankton biomass modulated by the C:CHL

ratio, also known to vary regionally and seasonally [e.g. Westberry et al., 2016]. As a

o o o . .. P OCHL .
result of the significant variations in CHL:C in time and space, estimating e from —. s

subject to large uncertainties. Similarly, we might not expect CHL and NCP to vary in
concert as NCP represents a rate of change of phytoplankton biomass, while CHL is a

proxy for the biomass itself.

1.3 Productivity and export in the Kuroshio Extension

Western boundary current extensions are known to be regions of high open ocean
productivity and are hypothesized to be hotspots of carbon export. These regions are
characterized by both strong zonal currents and a strong density front. They are also
characterized by energetic mesoscale and submesoscale dynamics that have been
hypothesized to be strong drivers of primary production [Mahadevan, 2015] and export

[Honda et al., 2018]. As a result of this multi-scale variability in time and space, western
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boundary current regions present a particular challenge to making observations that

resolve key biogeochemical processes [Henson et al., 2016; Todd et al., 2019].

The Kuroshio Extension (KE) is the branch of the Kuroshio western boundary current in
the Pacific, which turns to the east after separating off the coast of Japan. The seasonal
cycle of primary productivity in the KE region is relatively well known at specific
locations from moored time series studies. These studies show similar annual net
primary production (NPP) rates, obtained by '3C incubations, both to the south and to the
north of the main KE front based on data collected at Station S1 (30°N, 145°E) in the
subtropical gyre, and Station K2 (47°N, 160°E) and the Kyodo North Pacific Ocean
Time-Series (KNOT, 44°N, 155°E) in the subarctic gyre, though with higher summer and
fall NPP to the north and higher winter and spring NPP to the south [/mai et al., 2002;
Matsumoto et al., 2016]. Although local time series studies are an important tool for
characterizing ocean biogeochemical processes, including the dynamics of the biological
carbon pump, they cannot fully describe the spatial variability found in the most dynamic
ocean regions [Henson et al., 2016], thus these pointwise estimates of productivity are
difficult to extrapolate to generate accurate regional estimates of productivity, limiting

their utility.

The Kuroshio and Kuroshio Extension have been shown to act as a large-scale subsurface
nutrient stream, supporting large lateral transports of nutrients within the upper
thermocline [Guo et al., 2013; Guo et al., 2012]. The Kuroshio Extension is effective in
transporting nutrients in part because of large volume transports, but also because frontal
and mesoscale dynamics are associated with eddy scale vertical motions that can result in
anomalously high subsurface nutrient concentrations compared to adjacent waters along
the same isopycnals [Nagai and Clayton, 2017]. This suggests that the Kuroshio nutrient
stream injects nutrients into the surface mixed layer. Using satellite measured sea level
anomalies (SLA) and satellite estimates of CHL, Kouketsu et al. [2015] showed a
negative correlation between SLA and CHL concentrations in the Kuroshio Extension
region, suggesting that higher CHL is associated with cyclonic eddies. They also showed

seasonal differences in the strength of the correlations between SLA and CHL,
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suggesting seasonal dynamics in the coupling between mesoscale eddies and CHL.
However, in situ observational evidence that supports the role of mesoscale dynamics in

nutrient delivery is still limited [Clayton et al., 2014; Nagai and Clayton, 2017].

Here we analyze underway O/Ar derived estimates of in sifu NCP spanning the KE
region from three different seasons: May 2011, September 2011, and July 2012. We use
satellite SLA data to identify eddy activity along the cruise tracks allowing us to we
investigate the role of physical ocean dynamics in regional and seasonal variations in the
relationship between NCP, SLA and CHL. In addition, the high alongtrack resolution
allows us to examine the scales of variability and seasonal variations in NCP and surface
CHL and the potential role of mesoscale eddies in fueling NCP. Finally, we examine the
relationship between NCP and surface CHL and how this relationship varies by season.
We find large seasonal differences in the correlation between NCP and surface CHL and
show that they are strongly decoupled across all scales in spring when NCP is at its peak,
but strongly coupled in summer away from the KE jet. Finally, we use the conceptual
model in eqn. 3 to propose hypotheses for the observed (de)correlation in the
distributions and variability of NCP and CHL, suggesting a (de)coupling in the processes

controlling these quantities in the KE.

(a) Cruise tracks (b) MIMOC MLD climatology
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Figure 1. (a) Ship tracks for the three container ship cruises (May 2011, July 2012 and September
2011) shown over mean dynamic topography for the Kuroshio Extension region. (b)
Climatological mixed layer depths for the study region bounded by 140°-170°E and 30°-45°N
derived from the MIMOC data product. The months of each cruise are indicated by a colored
Cross.
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2. Data and Methods

In this study we define the Kuroshio Extension sub-region of the North Pacific as the area
bounded by 140° - 170°E and 30° - 45°N, following the definition in [Palevsky et al.,
2016b]. We combine data from several sources, described in detail below, including data
collected underway from ships of opportunity (Figure 1a), remote sensing, repeat

hydrographic surveys, and Biogeochemical-Argo floats.

2.1 Underway and discrete sampling for O/Ar and CHL

We continuously measured O»/Ar dissolved gas ratios, temperature, salinity, and
fluorescence from an underway seawater system (10 m depth) during basin-wide
transects of the North Pacific on the M/V OOCL Tokyo (May and September 2011) and
the M/V OOCL Tianjin (July 2012). For each transect, the containerships transited
through the KE sub-region within approximately a week, resulting in synoptic
measurements. Temperature and salinity were measured using a Sea-Bird Electronics
SBE45 thermosalinograph. Fluorescence was measured using a Seapoint Chlorophyll
Fluorometer and calibrated to calculate underway chlorophyll-a concentrations for each
cruise based on discrete samples collected from the underway seawater line every 6-8
hours and measured following standard methods on a Turner fluorometer [Strickland and

Parsons, 1972].

Underway measurements of O»/Ar dissolved gas ratios were made using continuous flow
equilibrator inlet mass spectrometry (EIMS), following the method of [Cassar et al.,
2009]. Water from the underway seawater system was pumped into an equilibrator
cartridge (Membrana MicroModule G569, 0.75” x 17), the headspace of which was
delivered to a quadrupole mass spectrometer (Pfeiffer Prisma QMS) that measured
individual ion currents at one-second intervals. lon current ratios for O,/Ar are reported
as the mean over a three-minute measurement period, chosen to match the e-folding
response time for this EIMS setup. This yields a spatial resolution of ~2 km at the
average ship speed of ~25 knots. Thus, both mesoscale and submesoscale features are
resolved. For the September 2011 cruise, a Loess filter with a 30-minute half-span was

applied to remove high frequency instrument noise, reducing the spatial resolution to ~40
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km, giving a marginal sampling for mesoscale fields. This filter was not applied to the

May 2011 or July 2012 cruises in order to preserve the spatial resolution of the data.

Seawater dissolved gas O>/Ar ion current ratios from the mass spectrometer were
calibrated by first correcting for instrument drift based on measurements of atmospheric
O2/Ar (a known standard) sampled for 30 minutes every 3 hours, and second by
calibrating to discrete seawater samples collected every 6-8 hours and measured by IR-
MS (see Palevsky et al. [2016a] for details of the discrete sample measurement
procedures). The discrete sample calibration used a time-varying correction factor based
on the weighted mean of the individual correction factors determined from the three
nearest discrete samples. Uncertainty in the final corrected O>/Ar EIMS measurements,
determined based on comparison with the discrete IR-MS measurements, ranged from

0.4% to 1.0% across the three cruises.

NCP was calculated from measured O2/Ar dissolved gas ratios using a simplified mixed
layer mass balance budget. The calculation assumes that, other than the biological effects
on Oz owing to photosynthesis and respiration that we aim to quantify in calculating
NCP, air-sea gas exchange is the primary additional influence on mixed layer O, and Ar

concentrations.

NCP = k[0, ]eq (% _ 1) 4)
The subscript “meas” represents the measured values and the subscript “eq” represents
the temperature- and salinity-dependent concentrations of O» and Ar expected if the
mixed layer were in equilibrium with the atmosphere, calculated from the solubility of
both gases [Garcia and Gordon, 1992; R Hamme and Emerson, 2004]. k represents the
wind speed-dependent air-sea gas transfer velocity, calculated from daily wind speed data

from the NOAA National Climatic Data Center’s multiple-satellite Blended Sea Winds

product (https://www.ncdc.noaa.gov/oa/rsad/air-sea/seawinds.html) following the
Nightingale et al. [2000] equation and the Reuer et al. [2007] time-dependent weighting

scheme. Final NCP values are converted to carbon units using an O»: C photosynthetic

10
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quotient of 1.4 [Laws, 1991]. Mean uncertainty in calculated NCP is 4.6 = 2.3 mol C m~
d-!, determined by a Monte Carlo error analysis incorporating cruise-specific O2/Ar
measurement uncertainty and 14% uncertainty in the gas transfer velocity (as determined

by Palevsky et al. [2016a]).

We omit from the mass balance budget additional terms accounting for physical
advection, mixing, and transient changes due to non-steady state conditions over the
dissolved gas residence time in the mixed layer. Although these processes can
significantly influence the mixed layer O»/Ar budget in cases with strong vertical
exchange or deviations from steady state [Jonsson et al., 2013], previous analysis of the
mixed layer O2/Ar budget over the seasonal cycle in the Kuroshio region of the North
Pacific has shown that these influences are minimal during the period from springtime
restratification through fall, the seasons chosen for analysis in this study [Palevsky et al.,

2016a].

2.2 Sea Level Anomaly data

In order to identify the location of the KE front and associated mesoscale eddies, we used
1/4° x 1/4° gridded daily sea level anomaly product that merges the data from multiple
satellites to obtain a high-solution view of the dynamics of the upper ocean (the
Ssalto/Duacs altimeter products produced and distributed by the Copernicus Marine and
Environment Monitoring Service, CMEMS). Closed contours of sea level anomaly that
enclose a hill/depression of sea level indicate the location of an anti-cyclonic/cyclonic
(clockwise/anti-clockwise) eddy. There is an associated anomaly in thermocline depth
that mirrors the SLA. For each cruise, we determined the date at which the cruise track
crossed the KE front and used the SLA data for that day for our analysis of the linkages
between NCP, CHL and SLA. For the May 2011, September 2011 and July 2012 cruises,
we used SLA data obtained on 19/05/2011, 23/09/2011 and 27/02/2012, respectively. The
container ships collecting the underway data crossed the region of interest within a 4- to
5-day period and we did not find any large changes in SLA within that time frame. In

order to compare the higher resolution underway data to the satellite data, we binned and

11
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averaged the underway data into each of the 1/4° x 1/4° SLA grid cells coinciding with
the ship tracks.

2.3 Nitrate data

Samples for dissolved nutrient analyses were collected from the underway seawater line
at roughly the same frequency as the CHL samples, every 6-8 hours. These samples were
analyzed at the University of Washington Marine Chemistry Laboratory using standard
methods [/ntergovernmental Oceanography Commission, 1994]. Although nutrient
samples were collected at the surface concurrently with the NCP and CHL data, these
data do not provide any information on the vertical structure of the nutrient fields in the
KE. The depth of the nutricline has been shown to vary considerably across the KE front
[Clayton et al., 2014; Nagai and Clayton, 2017] and this is likely to be an important
control on vertical nutrient fluxes within the KE region. In order to understand possible
links between vertical nutrient fluxes and CHL and NCP, we make use of a range of
available, vertically resolved, in situ data collected between 2010 and 2017. This includes
data collected by Biogeochemical-Argo floats and Japan Meteorological Association
(JMA) repeat sections within the KE region in the period before and after our cruises.
The Biogeochemical-Argo nitrate data was downloaded directly from the MBARI

Chemical Sensor Group’s FloatViz page (http://www.mbari.org/science/upper-ocean-

systems/chemical-sensor-group/floatviz/), and was comprised of measurements made by
two BGC-Argo floats, 7546 and 7674, both equipped with nitrate sensors and deployed in
the KE region in March 2013. Float 7564 and float 7674 continued collecting data until
early March 2017 and early January 2017, respectively. Only data from the floats flagged
as “good” was used in our analysis. In addition, we used data from the following JIMA
cruises: 10-07 (October 2010), 11-08 (July — August 2011), 11-09 (September 2011), 12-
03 (April - May 2012), 12-05 (June — July 2012), 12-06 (July — September 2012), 13-04
(April — May 2013), 14-04 (April — May 2014), 15-04 (April — May 2015), 16-04 (April
— May 2016). Data from all of the JMA cruises are publicly available from the JMA data

portal (http://www.data.jma.go.jp/gmd/kaiyou/db/vessel obs/data-

report/html/ship/ship_e.php).

12
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During our study period, the KE took a zonal path, and was in its stable mode with no
large-scale meander (e. g. Figure 3; Qiu et al. [2014]). The nitrate data from the sources
listed above also corresponded to the KE’s stable mode, thus allowing us to use that data
to construct a composite section of the vertical structure of nitrate across the KE front.
We excluded data collected during winter months (November, December, January and
February) when the surface nutrient signals can be driven by deep winter mixing [ Wong
et al., 2002]. Finally, we restricted the analysis to the top 150m of the water column in
order to capture the spatial patterns in nitrate within the surface mixed layer and the top

of the nutricline crossing the KE front.

2.4 Assessing spatial variability

Spatial variability for temperature, CHL and NCP from the May 2011 and July 2012
cruises was determined through a wavenumber Fourier transform. Because of the large
instrument noise in the September 2011 cruise data, the data was not of high enough
quality to determine variability at scales below ~80km, so it was excluded from this part
of the analysis. The container ships maintained a relatively steady speed along the tracks,
so the data are uniformly distributed in space, and we linearly interpolate the data onto a
regular 2 km track. In order to focus on submesoscale and mesoscale variability, we split
the data from each cruise into 500km overlapping segments, with 50 % overlap between
adjacent segments. We then removed the linear trend from each segment and applied a
Hanning window before performing the Fourier analysis. We normalized and averaged
the spectra for all of the segments to obtain the mean spectrum for each full cruise track.
We determine the 95% confidence interval in the spectra using the ¥* distribution. The
slope of the spectra, in the 5-20km and 20-200km wavelength ranges, is estimated by
applying a linear regression to the log power spectral density estimates against the log of

the wavelengths.

13
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355  Figure 2. Underway surface estimates of NCP (mmol C m™ d') and surface CHL (ug L"), when
356  available, for the (a) May 2011, (b) July 2012 and, (¢) September 2011 cruises.
357

358

359 3. Results and Discussion

360  3.1. Physical setting and observed distributions of NCP and CHL

361  Each of the three container ship transects crossed the KE axis, with the May and

362  September 2011 tracks both crossing the KE at approximately 145°E (Fig. 1a). The July
363 2012 transect was offset and crossed the Kuroshio front closer to the coast of Japan,

364 largely bypassing the KE jet. Since the KE was in its stable mode with a shorter path
365 length, a more northerly path, and relatively fewer mesoscale eddies [Qiu et al., 2014],
366  during the study period (May 2011 — July 2012), differences between May and

367  September should be largely driven by seasonality, rather than differences in the level of
368 mesoscale eddy activity. However, the transect in July was mostly to the north of the KE
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axis. Although we do not have direct estimates of the mixed layer depth for our study

period, we calculated the mean MLD over the study region from the Monthly Isopycnal
& Mixed-layer Ocean Climatology (MIMOC; Schmidtko et al. [2013], Fig. 1b). The

mean climatological MLDs over the study region are: 28.65 +/- 6.3 m, 17.46 +/-2.2 m

and 23.51 +/- 4.0 m in May, July and September, respectively with the uncertainty

reflecting the variability across the region. From June to August, the MLDs are at their

shallowest, while in May and September the MLDs are slightly deeper.

Table 1. Summary statistics for NCP (mmol C m? d") and CHL (ug L") data.

Mean =+ st. Minimum | Maximum
dev
May 2011 NCP |182+142 |-54 62.9
CHL [(04+02 0.2 1.3
July 2012 NCP |[4.6+6.2 -2.3 24.6
CHL [02+0.2 0.1 1.1
September 2011 | NCP | 14.5+9.9 -16.1 58.2
CHL - -- --

15
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381  Figure 3. Daily maps of SLA with NCP overlain for the (a) May 2011, (b) July 2012 and, (¢)
382  September 2011 cruises. The mean dynamic topography is also indicated by black contour lines
383  on each panel.

384

385 3.2 Correlations with SLA: influence of mesoscale processes on NCP and CHL

386  The correlation between SLA and NCP or CHL gives an indication of the importance of
387  mesoscale features (particularly eddies) in driving the observed distributions of NCP and
388 CHL. We examined correlations between SLA and NCP for each of the cruises

389 individually (Table 2, Fig. 4). Overall, the highest NCP values are associated with low
390 SLA (cyclonic cold-core eddies), however we did not find a consistent negative

391 relationship between NCP and SLA as might be expected if NCP were suppressed when
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Figure 4. The relationship between SLA and NCP for the (a) May 2011, (b) July 2012 and, (c)
September 2011 cruises. Regression lines are plotted on (a) for T > 18°C (red line) and T < 18°C
(blue line); and on (¢) for all points (black line).

the thermocline is deep. We found no significant relationship between NCP and SLA in
the May 2011 data when analyzed over the full KE region. However, when the data was
split into two subsets from north and south of the axis of the KE front, defined by
temperatures greater than 18°C to the south and less than 18°C to the north, we found two
distinct NCP vs. SLA regimes. South of the KE axis, with SST > 18°C, we found a
moderate positive correlation between NCP and SLA (r = 0.44). North of the KE axis,
with SST < 18°C, we found a strong negative correlation between NCP and SLA (r = -
0.76). In the September 2011 data, we also found a moderate negative correlation
between NCP and SLA (r = -0.50) over the entire cruise track, spanning both sides of the
KE axis. For July 2012, where most of the data was collected to the north of the KE axis,
we found a moderate positive correlation between NCP and SLA (r = 0.47). We also
determined the correlation between CHL and SLA. In May 2011, we found a consistent
moderate negative correlation between CHL and SLA (r = -0.48) across the full cruise
track. In the July 2012 data, there was a moderate positive correlation between CHL and
SLA (r = 0.36). Although fluorescence data was also collected during the September

2011 cruise, the fluorometer dynamic range was insufficient to obtain a good calibration

with discrete samples, so we have excluded that data.

It is expected that cyclonic eddies, negative SLA features where the MLD and

thermocline shoals and the nutricline is brought closer to the surface, should drive
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increased primary production and enhanced CHL concentrations. Indeed, previous
studies in the KE region have found negative correlations between SLA and satellite-
derived CHL estimates. Kouketsu et al. [2015] found consistently negative correlations
between SLA and CHL along and to the north of the KE main axis, but positive
correlations between SLA and CHL in the recirculation gyre to the south of the KE axis.
Some of our results are consistent with this previous work, however we also see positive
correlations between both NCP and CHL and SLA in the July 2012 data, and a positive
correlation between NCP and SLA in the warmer waters to the south of the KE axis in
the May 2011 data. The highest NCP values seen in the July 2012 data are found within a
region bounded by ~154°W and 165°W (Figure 3b), spanning roughly 600km of the
cruise track. The Rossby radius of deformation in this region is ~30km [Chelton et al.,
1998], so this high NCP feature is far too large scale to be associated with mesoscale
eddies. We also note that during the July 2012 cruise there was relatively low eddy
activity such that SLA is small and not coherent (Figure 3b), suggesting that the high
NCP north of the KE is related to the large scale circulation rather than mesoscale
activity, possibly owing to the eastward flowing Oyashio Current that may bring nutrient
coastal waters into the subarctic interior of the North Pacific [Kono and Sato, 2010].
This pathway is reflected by the mean SLA contours that originate near Hokkaido (the

northernmost island in Figure 1a).

Table 2. Pearson correlation coefficients (r-values) for NCP and CHL with respect to SLA, and
their respective p-values.

Correlation p-value
coefficient
May 2011
NCP -0.11 0.38 (Not significant)
NCP (T>18°C) 0.44 <0.05
NCP (T<18°C) -0.76 <0.05
CHL -0.48 <0.05
July 2012
NCP 0.47 <0.05
CHL 0.36 <0.05
September 2011
NCP -0.50 <0.05
CHL -- --
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While there is a negative correlation between SLA and CHL in the May 2011 data, the
NCP relationship to SLA is different north and south of the front (Fig. 4). South of the
KE axis, where CHL is high but NCP is relatively low (Figure 2a), the correlation
between SLA and NCP is positive (Fig. 4). Conversely, north of the KE axis CHL is
relatively low but NCP is high.
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Figure 5. Normalised power spectral density (PSD) plotted against wavelength for NCP (blue),
chlorophyll (green) and sea surface temperature (red) from underway data for the (a) May 2011
and (b) July 2012 cruises. The shaded area on each spectrum represents the envelope of the 95%
confidence interval.

3.3 Spectral slopes of NCP, CHL and SST: mesoscale and submesoscale variability
We investigate the range and magnitude of spatial variability in temperature, CHL and
NCP for the May 2011 and July 2012 cruises (Fig. 5). The September 2011 cruise data
was excluded from this part of the analysis because the data was not of high enough
spatial resolution to examine variance in the (sub)mesoscale range. Here, we examine the
spectral slopes (a, the slope of log PSD vs. wavelength) for the mesoscale (20-200 km)
and submesoscale range (5-20 km), reported in Table 3. Flatter spectral slopes (lower
values of a) are diagnostic of higher variability at smaller wavelengths (smaller spatial
scales). We find that values of a in the mesoscale range for all three tracers are similar in
May and July. However, values of a in the submesoscale range in May and July diverge

strongly between the three tracers. In May 2011, NCP has a much flatter spectrum in the
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submesoscale range (ancp = -1.81) than temperature (ar = -3.70) or chlorophyll (ocHL = -
4.01), indicating higher variability in NCP at smaller spatial scales. In the mesoscale
range, NCP and temperature have similar spectra (ancp = -2.52 and ot =-2.63), but
chlorophyll has a much flatter spectrum (acur = -1.66), indicating that chlorophyll has
more spatial variability in the mesoscale range. In July 2011, NCP has a much steeper
spectrum in the submesoscale range (oncp = -4.48) than temperature (ar =-2.91) or
chlorophyll (achr = -3.22). In the mesoscale range in July, all of the tracers have similar
spectral slopes (ancp = - 2.64, ar = -2.36, and acur = -2.05). These results suggest a
consistent decoupling between NCP and both temperature and chlorophyll within the
submesoscale range, with NCP having either much flatter or much steeper spectral slopes
(ancp) in May and July, respectively. However, NCP and temperature appear to be more
closely and consistently coupled in the mesoscale range, whereas chlorophyll consistently

has a flatter spectral slope than both NCP and temperature in the mesoscale range.

Table 3. Spectral slopes for temperature, NCP and chlorophyll from the May 2011 and July 2012
cruises, with their respective r-values (all fits have p-values < 0.05).

5 —20 km range 20 -200 km range
Slope () r-value Slope () r-value

May 2011

NCP -1.81 -0.93 -2.52 -0.95
Temperature -3.70 -0.97 -2.63 -0.98
Chlorophyll -4.01 -0.95 -1.66 -0.92
July 2012

NCP -4.48 -0.97 -2.64 -0.97
Temperature -2.91 -0.95 -2.36 -0.97
Chlorophyll -3.22 -0.93 -2.05 -0.93

Previous work has shown that both the reaction time (t) and the scale of injection of a
tracer can impact its spatial distribution, and therefore its spectral slope. Tracers with
longer reaction times can be mixed down to smaller scales by the flow field, so tend to
exhibit flatter spectral slopes [Abraham, 1998]. Additionally, the spatial scale of the
processes that control the injection of a tracer, and whether or not it is related to the flow
field also impacts its distribution. When the supply of a tracer is related to the structure of
the flow field (e.g. eddies supplying nutrients to fuel production), then the spectral slope
of the tracer tends to be flatter with more variance at fine scales [Lévy and Klein, 2004],
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compared to when the tracer supply is uncorrelated with the flow field, in which case the

spectral slope is controlled by the reaction time of the tracer [Bracco et al., 2009].

In interpreting the spectral slopes reported here in Table 3, we must take into account
fundamental differences in the controls on residence times of temperature, CHL, and
O»/Ar-based NCP. Sea surface temperature is largely controlled by ocean-atmosphere
interactions and the thermal capacity of water, resulting in a residence time of ~30 days
for temperature. We estimate the residence time for CHL to be on the order of 1-3 days
given a characteristic phytoplankton cell doubling time of 1 day™'. O»/Ar-based NCP
integrates over the dissolved gas residence time in the mixed layer (calculated as
MLD/k). The mean dissolved gas residence times for study region for the May 2011 and
July 2012 cruises, based on climatological MLD values and & (calculated as described in
the Methods section), are 9.6 days and 4.4 days, respectively. Given these residence time
estimates, in the simplest case where we assume that circulation features have no impact
on tracer distributions, we might expect that NCP would always have a flatter slope than
CHL (which has a shorter residence time) and a steeper slope than temperature (which
has a longer residence time). However, we do not consistently observe these relationships
between the temperature, CHL, and NCP spectral slopes. This indicates that coherent
velocity structures in the flow field likely impact the spatial structure of the observed
distributions of CHL and NCP, and may be diagnostic of localized vertical exchanges
either injecting nutrients into or modifying the light field in the MLD, or localized areas
of subduction removing organic carbon from the surface. Seasonal differences in the
strength of submesoscale processes [Rocha et al., 2016] might result in seasonal
differences in the magnitude of the vertical supply of nutrients into the surface ocean.
One interpretation of our results could be that there is a stronger submesoscale-driven
vertical nutrient supply in May, when the mixed-layer is deeper than in July. Similarly,
grazing will have an impact on both NCP and CHL variability, and heterotrophic

respiration will also impact NCP variability.

We cannot test these hypotheses directly with this dataset, but future research should be

designed to directly account for these processes. Understanding the individual and
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combined effects of the gas residence time, nutrient inputs, grazing and coherent

structures in the flow field on NCP spatial variability would be an important step in better

constraining the impact of different processes on the observed temporal and spatial

distributions of NCP.
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Figure 6. (a) Map of Biogeochemical-Argo and JMA profiles in the KE region from which
nitrate depth profiles were used to construct the binned averages in panel (b). (b) Bin-averaged
nitrate data in latitude vs. o, space. The data was limited to profiles made between April and
O(;t(?ber from the top 100m, to limit the influence of higher nutrient values driven by winter
mixing.

3.4 Influence of the Kuroshio Extension nutrient stream on NCP and CHL

We examine the NCP data along with in situ nitrate data from Biogeochemical-Argo
floats and JMA repeat sections from the KE region to discern whether regions where we
would expect an enhanced supply of the nitrate to the euphotic zone due to the KE
nutrient stream also support higher NCP. Although this in situ nitrate data was collected
currently with the NCP measurements, the data is limited to a similar seasonal time range
to the NCP data (April — October). We bin the in situ nitrate data into o vs. latitude bins
(Figure 6). We expect nitrate concentrations to be roughly constant along isopycnals, so a
positive nitrate anomaly along isopycnals in the vicinity of the KE frontal axis is
diagnostic of the nutrient stream. We find a positive anomaly in nitrate concentrations
between 33°N and 36.5°N, and between the 23.5 kg m™ and 25.5 kg m™ isopycnals with
respect to waters to the north and south (Figure 6). This confirms previous results based
on a much finer scale survey of the KE that also found a nitrate anomaly in the same

1sopycnal range [Nagai and Clayton, 2017], within a 50km swath centered on the KE
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axis. The main difference here is that we see the anomaly extending over a wider lateral
range. This is likely because we incorporate data from a larger meridional and latitudinal
range, spanning many months, whereas the previous survey took place over the course of
5 days over a much smaller region. The signature of the nutrient stream in our analysis of
the in situ nitrate data, albeit over a wider latitudinal range suggests that the stream is a
consistent feature of the KE that follows the KE axis as it moves meridionally. We
combine and bin the NCP and CHL data in the same way as for nitrate (Figure 7), using
CHL data from only the May 2011 and July 2012 cruises. We find that the highest CHL
values tend to be found in denser, more northerly waters, in a density range from 24 kg
m™ to 26.5 kg m™ and at latitudes north of 37°N. NCP has a different distribution, with
the highest NCP values found in a density range 23.5 kg m™ to 26.5 kg m™, and a
latitudinal range from 35.5°N to 38.5°N. These elevated NCP values are found within a

similar density and latitude range to the KE nutrient stream.
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Figure 7. Bin-averaged a) CHL (ug L) from the May and July cruises, and b) NCP (mmol C m™
d") from the May, July and September cruises, in latitude vs. o, space (note that CHL is shown on
a logo scale).

The overlap between the region of elevated NCP and the KE nutrient stream points to the
importance of localized lateral and vertical nutrient supply within the KE jet in driving
productivity in this region. However we do not find a similar overlap with the KE
nutrient stream in the CHL data. This mismatch may, in part, be due to the more

restricted set of CHL data skewing our results. However, annual climatologies of CHL in
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this region show an increase with latitude, suggesting that even the data presented here is
capturing consistent large-scale regional patterns in CHL. This result supports the
hypothesis that NCP in the KE region is strongly controlled by both lateral and vertical
nutrient supply within the jet. We would also expect to see seasonally driven differences
in the coupling between CHL and NCP, and CHL and the nutrient stream. Future targeted
studies in the KE region, with concurrent NCP and vertically resolved nutrient data,

would make it possible to directly test this set of hypotheses.

3.6 (De)coupling between CHL and NCP

As mentioned above, one of the more striking results of this work is the strong seasonal
and regional shift in the relationship between NCP and CHL, and the changing of the
relationships of these variables to SLA. We see a strong decoupling between NCP and
CHL in the May 2011 data (Figure 2a), with essentially no correlation (r = 0.01; p <0.05)
between NCP and CHL. In contrast, in the July data, NCP and CHL are very strongly
correlated (r = 0.85; p < 0.05). Previous studies with concurrent NCP and CHL
measurements have also found strong variations in the correlation between NCP and
CHL. In high latitude systems, strong correlations between NCP and CHL were observed
during the spring bloom [Tortell and Long, 2009], in summer [Tortell et al., 2012], and
across a springtime productivity hotspot at the transition between the coastal and open
ocean [Palevsky et al., 2013], but much weaker correlations after the peak of a bloom
[Tortell et al., 2011]. Conversely, a study in the equatorial Pacific found no correlation at
all between NCP and CHL [Stanley et al., 2010]. Previous studies have also demonstrated
spatial decoupling between NCP and export of particles from the mixed layer [Estapa et
al., 2015], as well as 2-15 day temporal lags between peaks in surface CHL

concentrations and in export flux [Stange et al., 2017].

Regions with high NCP but low CHL concentrations (such as the region north of the KE
axis in May 2011) could either reflect an early-phase bloom feature, where NCP is high
but biomass has not yet had sufficient time to accumulate and produce high CHL
concentrations, or could reflect an ecosystem where the majority of organic carbon

produced is quickly exported from the mixed layer rather than accumulating biomass in
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the surface. Similarly, regions with low NCP but high CHL concentrations could either
reflect a senescent bloom phase, where biomass remains high but NCP has diminished
due to a rise in respiration or decrease in primary production. Regions with both high
NCP and high CHL (such as the region north of the KE axis in July 2012) could reflect
an ecosystem where the majority of organic matter produced remains suspended in the
mixed layer rather than being exported, or an ecosystem with high export along with
significant biomass accumulation, although this latter scenario is probably less likely.
Future efforts to disentangle these potential explanations would benefit from
measurements of export below the mixed layer, and of particulate organic carbon and
phytoplankton community composition, since large cells that sink more quickly out of the
mixed layer may be more likely to contribute to export than to surface biomass

accumulation.

Although our study provides high spatial-resolution data across the KE region, each
cruise provides only a snapshot view of the system. As a result we cannot resolve
transient temporal contexts (e.g. bloom stage) that might influence the observed
relationships between NCP and CHL. Additionally, the KE jet is a strongly advective
system, with current speeds O(1 m s™"). This combination of dynamic ecosystem
processes embedded within a strongly advective system likely plays an important role in

driving some portion of the observed decoupling between CHL and NCP.

4. Conclusions

In this study, we have investigated the distribution of O»/Ar-derived NCP estimates in the
KE region with high resolution in situ underway data collected during spring, summer
and early fall. These observations reveal large spatial variability in NCP in the KE region
at all scales down to the submesoscale. We also find strong correlations between NCP
and SLA (a proxy for mesoscale eddies), but the sign of these correlations varies
seasonally and regionally. Several common threads emerge from our analysis. We find
that mesoscale dynamics consistently play an important role in modulating NCP. The KE
jet is a hotspot of NCP within the larger KE region, and high NCP is associated with the

same density and latitude range as the KE nutrient stream. Crucially, these observations
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reveal the extent of fine scale synoptic variability in NCP within the KE region. This
spatial and temporal variability is lost in large-scale climatological studies, where the KE
region is subsumed within broader regional averaging. Resolving and understanding the
drivers of this variability is likely to be key in building a mechanistic understanding of
the range of factors controlling rates of NCP in the region, which ultimately will enable

better parameterizations of these processes in Earth System Models.

Our observations also highlight seasonal and regional (de)coupling between NCP and
CHL which may impact the accuracy of CHL-based estimates of productivity. Previous
comparison of geochemical NCP estimates and satellite algorithm-based NCP in the
North Pacific has shown that no single algorithm is applicable both in the subarctic and
subtropical gyres [Palevsky et al., 2016b], confounding the ability to use these algorithms
to evaluate NCP across the Kuroshio Extension frontal region. Understanding the
mechanisms that control the degree of coupling between NCP and CHL will allow us not
only to better understand the processes controlling the biological carbon pump, but also

to better predict NCP from observations of CHL and ocean color.

Although the results of this work suggest several avenues for further study, all require the
development of methods for collecting sustained, high-resolution biogeochemical
measurements within such dynamic western boundary current regions [7Todd et al., 2019].
Underway measurements collected from ships of opportunity provide a means of
collecting data from repeat lines at high spatial resolution but are restricted to surface
waters. In order to develop a mechanistic understanding of the physical and biological
factors controlling NCP, it is key to observe not only the surface ocean, but also the
vertical structure of the mixed layer, the photic zone, and the nutricline. We believe that
the development and expansion of the Biogeochemical-Argo program [Claustre et al.,
2020; Johnson et al., 2009] will be a key source of synoptic data on the vertical
biogeochemical structure of the ocean. This study highlights the power of combining data
collected from a range of observing platforms across different spatial and temporal ranges
to build a fuller picture of this system. Future studies combining underway

biogeochemical measurements from the ocean surface (e.g. ships of opportunity,
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saildrones) with vertically resolved data derived from a range of platforms (e.g. floats,
gliders) will drive developments in our mechanistic understanding of how
biogeochemical processes in dynamic ocean regions are modulated by physical and

biological controls.
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