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The goal of the EXport Processes in the Ocean from RemoTe Sensing (EXPORTS) field campaign is to develop
a predictive understanding of the export, fate, and carbon cycle impacts of global ocean net primary
production. To accomplish this goal, observations of export flux pathways, plankton community
composition, food web processes, and optical, physical, and biogeochemical (BGC) properties are needed
over a range of ecosystem states. Here we introduce the first EXPORTS field deployment to Ocean Station
Papa in the Northeast Pacific Ocean during summer of 2018, providing context for other papers in this special
collection. The experiment was conducted with two ships: a Process Ship, focused on ecological rates, BGC
fluxes, temporal changes in food web, and BGC and optical properties, that followed an instrumented
Lagrangian float; and a Survey Ship that sampled BGC and optical properties in spatial patterns around the
Process Ship. An array of autonomous underwater assets provided measurements over a range of spatial and
temporal scales, and partnering programs and remote sensing observations provided additional observational
context. The oceanographic setting was typical of late-summer conditions at Ocean Station Papa: a shallow
mixed layer, strong vertical and weak horizontal gradients in hydrographic properties, sluggish sub-inertial
currents, elevated macronutrient concentrations and low phytoplankton abundances. Although nutrient
concentrations were consistent with previous observations, mixed layer chlorophyll was lower than
typically observed, resulting in a deeper euphotic zone. Analyses of surface layer temperature and salinity
found three distinct surface water types, allowing for diagnosis of whether observed changes were spatial or
temporal. The 2018 EXPORTS field deployment is among the most comprehensive biological pump studies ever
conducted. A second deployment to the North Atlantic Ocean occurred in spring 2021, which will be followed
by focused work on data synthesis and modeling using the entire EXPORTS data set.

Keywords: Biological pump, NASA field campaign, NPP fates, Carbon cycle, Organic carbon export, Export
pathways

Introduction to the surface. In particular, the vertical transmission of
The biological pump exports roughly 10 Pg of organithe downward export flux sets the degree to which the
carbon from the surface ocean to depth each year (neabjological pump extends imt the ocean interior—the
equivalent to the global fossil fuel emission rate), sequedeeper this penetration, the longer that organic carbon
tering carbon from the atmosphere and affecting thds sequestered from the atmosphere (e.g., Kwon et al.,
Earth’s climate on time scales of months to millenni2009; Boyd et al., 2019).
(e.g., Boyd et al., 2019; DeVries et al., 2019; FriedlingsteinThe same amount of NPP can lead to very different
et al., 2019). Through these actions, the biological pumates of organic carbon export and vertical flux trans-
also increases the efficiency of the physical pump tmission below the euphotic zondigure 1; Buesseler
sequester atmospheric @.g., Kwon et al., 2009). Theand Boyd, 2009; Buesseler et al., 2020b). A comparison
biological pump has three components: sinking flux obf the fraction of NPP that is exported as vertical car-
particulate organic matter, active transport by daily andon flux from the euphotic zone (Ez-ratio) with the
seasonally migrating animals, and physical transport didigaction of that flux that is transmitted to 100 m below
to circulation processes on scales from global meridiontie depth of the euphotic zone Jo) clearly reveals
overturning to centimeter-scale turbulent motions. Thughat some regions of the global ocean are efficient at
the biological pump is regulated by the coupling of ecoexporting NPP and transporting carbon to great depth
logical, physiological, behavioral, chemical, particle agggigh Ez-ratio and 1ho values), such as the North Atlan-
gation, and physical processes, making predicting fututie during its spring bloom. Other regions have lower
states of the biological pump one of the most challengind:z-ratios and ;b values, including Ocean Station Papa
and, due to its role in the global carbon cycle, most impofStation P) in the subarctic North Pacific (Buesseler and
tant scientific challenges of our time. Boyd, 2009, using data collected in 1996 from Charette
The goal of the EXport Processes in the Ocean frah al., 1999). The 2018 EXPORTS field campaign results
RemoTe Sensing (EXPORTS) field campaign is to dev@dopss-hatched symbol frigure 1) indicate similar Ez-
a predictive understanding of the export and fate of globalatio values to prior observations at Station P but with
ocean net primary production (NPP) and its implicationa higher Too. This difference in 5o is thought to be
for the Earth’s carbon cycle in present and future climatetue to the differing definitions of the euphotic zone
(EXPORTS Writing Team, 2015; Siegel et al., 2016). Prediepths used between studies (see Buesseler et al.,
ing the carbon cycle impacts of the fate of ocean NPE020a, for further details). Assessing the biological car-
requires knowledge of (1) the flux of organic matter fronbon pump over a range of conditions will help ensure
the well-lit surface ocean, (2) the vertical attenuation dhat the EXPORTS Field Campaign achieves the predic-
that downward flux within the ocean interior and its restive understanding we seek, with the Northeast Pacific
piration back to dissolved GQand (3) the time scales andOcean EXPORTS field deployment acting as a low effi-
paths for these subsurface water masses to ventilate baigncy endmember.
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1. How do upper ocean ecosystem characteris-

tics determine the vertical transfer of organic
matter from the well-lit surface ocean?

. What controls the efficiency of vertical trans-

fer of organic matter below the well-lit sur-
face ocean?

. How can the knowledge gained from EX-

PORTS be used to reduce uncertainties in
contemporary and future estimates of the
export and fate of upper ocean net primary
production?

The answers to these questions provide a path toward

Figure 1. Efficiency of the biological pump measured by? Predictive understanding of the fates of global ocean
export ratio and vertical flux transmission. On the y-axf§PP and its implications for the Earth’s carbon cycle in
is the export ratio (Ez-ratio), defined as the fraction diresent and future climates.

net primary production that is exported as vertical

EXPORTS builds upon decades of NASA-funded

carbon flux from the euphotic zone (Ez); on the x-axi&search to develop and validate satellite data-driven mod-
is the fraction of that flux that is transmitted to 100 m €Is for NPP (e.g., Balch et al., 1992; Behrenfeld and Falk-
reflect different regional observations of the Ez-rati§005; Behrenfeld et al., 2006; Behrenfeld et al., 2016;

and T Orange are from Station P; green, from thdVestberry et al., 2008; Silsbe et al., 2016). EXPORTS will

North Atlantic bloom site (N Atl bloom); gray, fromalso contribute to NASA’s upcoming Plankton, Aerosol,
the Northwest Subarctic Pdic (NW Pacific); blue, Cloud, ocean Ecosystem mission (e.g., Werdell et al.,
from the Southern Ocean (So Ocean); black, from tg819) by providing a unique data set compiling remote
Bermuda Atlantic Time Series (BATS); red, frofnsing and in situ measurements needed to support bio-
the ALOHA site off Hawaii: and brown, from thédeochemical (BGC) satellite-based algorithm development
Equatorial Pacific (EQPA®Jultiple occurrences of and validation. o
the same region illustrate seasonal differences for Here we present the scientific background and pro-
these sites. The figure is updated from Buesseler et @fammatic overview of the EXPORTS field campaign and
(2020Db) to include EXPORTS observations from Stat@rfummary of the oceanographic conditions during the
P (orange-black hatched symbol); see text for furthfigld deployment to Station P to provide context for other
details and data sourcedDOI: https://doi.org/ Papers in this special collection. This introductory paper
10.1525/elementa.2020.00107.f1 includes descriptions of campaign logistics, operational
timelines, and a comparison of the EXPORTS observations
with a climatology for Station P. We also share our plans
Three major export pathways link the upper ocean footbr the EXPORTS program, as well as ongoing and future
web with the ocean interior, as depicted in the conceptuanalyses of its data.

“wiring diagram” Figure 2) from the EXPORTS 2015 Sci-

ence Plan (EXPORTS Writing Team, 2015). These are (%%RTS and the 2018 Northeast Pacific field

gravitational settling of particulate organic matter, whic

'Heployment

may be composed of intact algal cells, de_trital aggregatesy ior history of the EXPORTS field campaign
and zooplankton byproducts; (2) the active ransport 6fhq history of the EXPORTS field campaign stretches back

organic carbon to depth by vertically migrating metazdsearly a decade. The original impetus for EXPORTS came

ans; and (3) the advective transport of particulate angym, a scoping project funded by NASA to draft a Science
dissolved organic matter to depth by ocean circulatiop|an for a large-scale field campaign on the biological
processes on a myriad of scales. The simultaneous asses$p in 2013. After extensive peer and panel review, the
ment of the export pathways, along with the food webexpORTS Science Plan was completed (EXPORTS Writing
processes that create andtal this organic matter, is Team, 2015; Siegel et al., 2016). In 2015, NASA formed the
a major aim of the EXPORTS field campaign. EXPORTS Science Definition Team to write an implemen-
The underlying hypothesis for EXPORTS is that th&ion plan that provided guidelines for how the EXPORTS

export and carbon cycle fate of ocean NPP can be quanigid campaign would be conducted and provided a cost
fied knowing the characteristics of surface ocean ecosysd risk assessment through an ensemble of deployment
tems, thereby linking biotic carbon cycling processes #tenarios (EXPORTS Science Definition Team, 2016). The
ecosystem properties that can be assessed remotely. To E86PORTS implementation plan called for a multi-scale

this hypothesis, the EXPORTS Science Plan (Siegel et al.,
2016) proposed three fundamental questions:
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Figure 2. Conceptual food web diagram from the EXPORTS Science Plan. Shown here is the conceptual food web
diagram or “wiring diagram” from the EXPORTS Science Plan (EXPORTS Writing Team, 2015). The upper porti§n
represents the euphotic zone (EZ) food web while the lower portion represents the mesopelagic zone, sometimes
referred to as the twilight zone (TZ). These two regions are connected via the vertical flux pathways due to (A) sinkinq‘:i
particles, (B) physical mixing of particles and dissolved organic carbon (DOC), and (C) the vertical migration of
macrozooplankton and higher trophic organisms. The EZ food web denotes the input of net primary production %

<
[}

by picophytoplankton and microplankton, the grazing by microzooplankton and microzooplankton and the recycling 3
of some of the NPP energy by the microbial loop. Sinking particles can leave the EZ via (1) phytodetritus, (2)7
aggregates, and (3) fecal materials and zooplankton carcasses. The TZ food web consumes and recycles organic
matter transferred to it via the three major pathways. The organic carbon consumption within the TZ food web
controls the transmission of the sinking particle flux to depth. DOI: https://doi.org/10.1525/elementa.2020.00107.f2

sampling approach, combimg two ships and autono- the literature (e.g., Bisson et al., 2018; Bisson et al., 2020;
mous underwater vehicles (AUVs) leveraging ongoikgamer and Siegel, 2019) that can be useful for global
partnership programs, as depictedkigure 3. synthesesTable 1). These efforts were followed by Phase
NASA structured the EXPORTS field campaign as a mubf EXPORTS, where the Science Team openly competed
tiyear effort with a “Pre-EXPORTS” modeling and data-conduct field deployments in the Northeast Pacific in
mining activity followed by a first phase with two majorlate summer 2018 and in the North Atlantic in spring
field programs and a second synthesis and modelir@D20. Several individual projects also received support
phase Figure 4). The “Pre-EXPORTS" projects helped ftfom the U.S. National Science Foundation (NSF), with all
plan the field campaign (e.g., Rousseaux and Gregg, 200BF principal investigators joining the EXPORTS Science
Resplandy et al., 2019) and to create data sets mined frofream Table 1). The objectives of Phase 1 are to collect the
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Figure 3. Conceptual diagram of the sampling array for the EXPORTS Northeast Pacific Field Deployment. The sampl§1g
array for the EXPORTS Northeast Pacific field deployment is composed of both ship and autonomous samplipg
platforms. Two ships were deployed: a Process Ship, theRB@¢r Revejland a Survey Ship, the RSally Ride §
The autonomous sampling array was highly heterogeneous with an instrumented Lagrangian float that the Procegs
Ship followed, a Seaglider, multiple neutrally buoyant sediment traps (NBSTSs), a surface-tethered sediment trap argay,
an instrumented Wirewalker profiler, and two biogeochemical Argo profilers. The EXPORTS Northeast Pacific fi%ld
deployment was conducted at Station P in the Northeast Pacific (ner 246 W) which is a Global Node of the U.S.
NSF's Ocean Observatories Initiative (OOI). DOI: https://doi.org/10.1525/elementa.2020.00107.f3

necessary data to answer science questions 1 and 2, dhie- terminus of Canada’s Line P time-series sampling
mit collected data to national repositories (SeaBASS aptbgram, constituting one of the longest ongoing
BCO-DMO) making them publicly available for all intepceanographic time serieand is the site of instrumen-
ested users, and conduct preliminary syntheses atation from the U.S. Ocean Observing Initiative (OOI),
modeling. University of Washington Applied Physics Lab (UW-APL)
Following conclusion of the field components of Phaseaverider moorings, and the NOAA Pacific Marine Envi-
1 and submission of collected data to public repositoriespnmental Laboratory (NOAA-PMEL) air-sea interaction
NASA plans to solicit proposals for the Phase 2 synthemi®oring (seeFigure 5 for a map illustrating the loca-
and modeling effort with a focus on further synthesis ofions of these moored assets, as well as the EXPORTSZ
the field results from Phase 1 and their application tship tracks). The Canadian Line P program reoccupied >
improve global models of carbon cycle impacts of NPlRe EXPORTS site roughly 10 days after the EXPORTSE
fates. In March 2020, the COVID-19 pandemic led to thehips left the Station P site.
decision to postpone the North Atlantic deployment until  Upper ocean stratification at Station P during the sum-

0202 ejuawWald/9ze0.Ly/20100/1/

onb Aq ypd 20100

1202 Jeqws.

the spring of 2021. mer can be characterized by three main features: a mixed
layer, thermocline, and haloclin€igure 6). The mixed
Site selection and its oceanographic characteristics layer typically extends between 20 and 30 m in the sum-

The EXPORTS NE Pacific deployment was conductethat and deepens to roughly 100 m in winter. During the
Ocean Station Papa (Station P, nominally B0 145 summer months, the mixed layer overlies a shallow sea-
W). Station P is among the most well-studied opersonal thermocline that sits at the base of the mixed layer,
ocean sites in the world (e.g., Tabata, 1965; Davis whereas the wintertime mixed layer depth (MLD) marks
al., 1981; Miller et al., 1991; D’Asaro et al., 1995; Worthe top of a seasonal pycnocline that is dominated by
et al. 1995; Boyd et al., 1999; Boyd et al., 2004; Whisalinity stratification, the halocline. The temperature in
ney et al., 2005). In the 1940s, Ocean Weather Statitime mixed layer undergoes a large seasonal cycle, peaking
Papa was established to provide weather informaticeround 12 C to 14 C in the summer and cooling to 5C

for forecasting. The first oceanographic samples wet@6 C inthe winter Figure 7). The surface salinity shows
collected in 1949 by U.S. vessels, and standard hydsoraller temporal variability spanning 32.4-32.6 in the
graphic sampling commenced in 1956 by Canadian vesdrface layer with a larger variation of 0.6 in the thermo-
sels and personnel (Freeldn2007). Today, Station P iscline layer (Pelland et al., 2017).
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Figure 4. Timeline for the NASA EXPORTS Field Campaign. Shown here is the original NASA time line for the EXPOR%S
Field Campaign before postponement of the 2020 North Atlantic cruise due to the COVID-19 pandemic. The three%
boxes arranged vertically illustrate the planning, development and funding period (upper green), the Phase 1 field 3
program (middle tan), and the planned Phase 2 data synthesis and modeling program (bottom blue). The NE Pacifi¢
cruise, the subject of this special collectionEliémentais the first major field deployment for the Phase 1 program.

The second field deployment to the North Atlantic was postponed due to the COVID-19 pandemic, but is underway at
the time of manuscript acceptance (May 2021). The postponement of the second field deployment also pushes th
start date for the Phase 2 program forward by at least a year. DOI: https://doi.org/10.1525/elementa.2020.00107.f4

/92€0L 1/

The low-frequency circulation at Station P is dominated Station P is also located in one of the three major iron-
by the North Pacific Current, a slow, eastward-flowing cuimited, high-nutrient, low-chlorophyll (HNLC) regions of
rent that separates the North Pacific Subtropical and Suthve world ocean. Low iron availability limits phytoplank-
polar Gyres (e.g., Cummins and Freeland, 2007). Ovam production and thereby surface chlorophyCHl §
shorter time scales, thene-dimensional balancesconcentrations (e.g., Boyd et al., 2004). Previous to John
described above can be disrupted by other processes tiartin’s demonstration of iron limitation in this area
include spatial shifts in the North Pacific Current or th€Martin and Fitzwater, 1988)rimary productivity was
rare passage of mesoscale eddies (Freeland and Cummassymed to be limited by light and phytoplankton bio-
2005; Jackson et al., 2006; Pelland et al., 2016). Edahass to be kept low by zooplankton grazing (Parsons and
kinetic energy in the northeastern Pacific Ocean is amonglli, 1988). Martin’s finding of iron limitation was at first
the lowest in the global ocean (e.g., Chelton et al., 200@pntroversial. However, shipboard carboy experiments at
Xu et al., 2014), and coherent mesoscale circulation fe@tation P validated that iron controlled primary produc-
tures are rarely seen, as Station P is noted to be an “eddyty in late spring and summer (Boyd et al., 1996) and
desert” (e.g., Chelton et al., 2011). In contrast, instantdtat mesozooplankton grazing could not fully consume
neous currents are dominated by near-inertial wave mthe increased phytoplankton biomass when iron was
tions due to the relatively strong wind forcing shallowadded in carboys (Boyd et al., 1999). The in-situ SERIES
mixed layers and weak mean and mesoscale currentsiran enrichment experiment conducted in July of 2002
this site (e.g., D’Asaro et al., 1995). The dominance afudther verified iron limitation through the induction of
relatively large horizontal scales of near-inertial motiona large phytoplankton bloom, composed primarily of dia-
makes Station P, in many regards, an ideal location to tedsims, following iron enrichment (Boyd et al., 2004). Cli-
one-dimensional models of mixed layer evolution (e.gnatological surface nitrate concentrations are consistently
Denman and Miyake, 1973; Mellor and Durbin, 1975n excess of 9umol L™ throughout the region surround-
Large et al., 1994). ing Station PKigure 5; Whitney and Freeland, 1999), and
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Table 1. EXPORTS science team. DOI: https://doi.org/10.1525/elementa.2020.00107.t1

Funding
Principal Investigators (Affiliation) Project Title Agency
Behrenfeld (Oregon State University, OSU), Boss First step—Linking remotely detectable optical signals, NASA ST

(University of Maine, UMaine), Graff (OSU), Guidi photic layer plankton properties, and export flux
(Laboratoire d’Ce@mnographie de Villefranche, LOV),
Halsey (OSU), Karp-Boss (UMaine)

Buesseler (Woods Hole Oceanographic Institution, WH)ucidating spatial and temporal variability in the exportNASA ST

Benitez-Nelson (University of South Carolina), and attenuation of ocean primary production using
Resplandy (Princeton) Thorium-234
Carlson (University of California, Santa Barbara, UCSBEvaluating the controls of dissolved organic matter NASA ST
Hansell (University of Miami, UMiami) accumulation, its availability to bacterioplankton, its
subsequent diagenetic alteration and contribution to
export flux
Close (UMiami), Popp (University of Hawaii, UH), Seraphgotopic indicators for mechanisms of organic matter NSF
(UH) degradation in the Northeast Pacific
Churnside (NOAA) Lidar data mining in support of EXPORTS NASA Pre

Estapa (Skidmore College, UM&n8uesseler (WHOI), Linking sinking particle chemistry and biology with NASA ST
Durkin (Moss Landing Marine Laboratories), Omand changes in the magnitude and efficiency of carbon

(University of Rhode Island, URI) export into the deep ocean

Fassbender (Monterey Bay Aquarium Research Institut€onstraining upper ocean carbon export with NSF
NOAA PMEL biogeochemical profiling floats

Jenkins (URI), Buck (University of South Florida), Diatoms, food webs and carbon export—leveraging NASISF
Brzezinski (UCSB) EXPORTS to test the role of diatom physiology in the

biological carbon pump

Lam (University of California Santa Cruz, UCSC), Marck@llaborative research: Estimation of particle aggregatiowSF
(WHOQI), Lee (UCSC) and disaggregation rates from the inversion of chemical
tracer data

Lee (University of Washington, UW), D’'Asaro (UW),  Autonomous investigation of export pathways from hourdNASA ST
Nicholson (WHOI), Omand (URI), Perry (UMaine), to seasons
Thompson (CalTech)

Mahadevan (WHOI), Nicholson (WHOI), Omand (URI) Modeling studies for EXPORTS in a dynamic oce®ASA Pre
environment

Marchetti (University of North Carolina, UNC), Cassar Quantifying the carbon export potential of the Marine NASA ST
(Duke), Gifford (UNC) microbial community: Coupling of biogenic rates and
fluxes with genomics at the ocean surface

McGillicuddy (WHOI)," kg (Laboratoire d’Oeaologie et Mechanisms controlling mesoscale/submesoscale NASA Pre
de Climatologie), Resplandy (Princeton) hotspots in net community production/export, with
simulation-based studies on how to sample them

Menden-Deuer (URI), Rynearson (URI) Quantifying plankton predation rates, and effectsNASA ST
on primary production, phytoplankton
community composition, size spectra and potential
for export

Roesler (Bowdoin College), Sosik (WHOI) Phytoplankton community structure, carbon stock, ddA®A ST
export and carbon flux: What role do diatoms play in
the North Pacific and North Atlantic Oceans?

Rousseaux (USRA/NASA GSFC), C&IBRA/NASA Observation-system simulation experiments (OSSEs) ahtASA Pre
GSFC), Gregg (NASA GSFC), Romanou (NASA GISS)seasonal forecasts to support EXPORTS

Santoro (UCSB), Boyd (University of Tasmania) Surface vs. subsurface controls on microbial atteNAegiarST
of sinking particulate flux in the Mesopelagic Ocean

Siegel (UCSB), Buesseler (WHOI) Data mining global ocean ecosystem and carbon dyéliB# Pre
observations for EXPORTS planning and synthesis

(continued)
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TABLE 1({continued)

Funding

Principal Investigators (Affiliation) Project Title Agency

Siegel (UCSB), Burd (University of Georgia), McDonnelBynthesizing optically and carbon export-relevant particldASA ST
(University of Alaska - Fairbanks), Nelson (UCSB), size distributions for the EXPORTS field campaign
Passow (Memorial University of Newfoundland)

Steinberg (Virginia Institute of Marine Science), Maas Zooplankton-mediated export pathways: Quantifying fectASA ST

(Bermuda Institute for Ocean Sciences)

Van Mooy (WHOI)

pellet export and active transport by diel and
ontogenetic vertical migration in the North Pacific and
Atlantic Oceans

Environmental lipidomics of suspended and sinking NSF
particles in the upper ocean

Zhang (University of South Mississippi), Gray (Naval Optically resolving size and composition distributions ofNASA ST 9
Research Laboratories), Guidi (LOV), Huot (Univeisite particles in the dissolved-particulate continuum from §
Sherbrooke) 20 nm to 20 mm to improve the estimate of carbon flux 3

¥ ead Pls underlined. EB?‘

bST indicates science team; Pre indicates modeling and data mining activities prior to EXPORTS Phase 1. ’3

(=}

“Denotes current affiliation. %
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Figure 5. Site map for the EXPORTS Northeast Pacific field deployment. (A) Annual mean surface nitrate concentration
(color bar inpmol kg™) from the 2013 World Ocean Atlas (https://www.nodc.noaa.gov/OC5/woal3/) along with ship
tracks of the R/\Revell¢black line) and RARide(gray line) in the boxed area, and Canadian Line P stations from their
Fall 2018 cruise (Line P cruise 2018-40; blue circles). (B) Enlargement of inset in (A) showing locations of the NOAA
PMEL air-sea interaction mooring (purple star), UW-APL waverider buoy (purple square), and NSF OOl subsurface
moorings (purple diamonds) along with locations of proximal Line P stations from their Fall 2018 cruise (Line P
cruise 2018-40; https://www.waterproperties.ca/linep/2018-040/; blue circles), as well as ship tracks of the R/V
Revelléblack line) and RARide(gray line). DOI: https://doi.org/10.1525/elementa.2020.00107.f5
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dissolved Fe concentrations in these surface waters areTemperature and salinity profiles from recent late-
typically less than 10 pM (Martin et al., 1989; Schallenberyugust cruises at Station P show a shallow well-mixed
et al., 2017). Thus, special care is required to ensure ttrmtrface layer, a strong seasonal thermocline from roughly
seawater for trace metal composition and biological rat20—60 m, and a strong strdtiing halocline between
measurements are collecteahd processed using traceroughly 100 and 130 m which defines the permanent
metal clean (TMC) techniques, as was done during thgcnocline at this siteRigure 6A and B). In August, the
2018 EXPORTS cruise. mean (+standard deviation) MLD is 23 8 m (using


https://www.nodc.noaa.gov/OC5/woa13/
https://www.waterproperties.ca/linep/2018-040/
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Figure 6. Comparison of Line P Station P26 August climatology (2000-2017) and EXPORTS observations (2018). M&n
climatological values for Canadian Line P station P26 from August cruises for the years 2007-2016 are depicted as
black lines (with gray 9% confidence interval envelopes about the mean). In blue are mean values (with 95 &
confidence interval envelopes) collected during ERP® 2018 (from Process Ship). Profiles shown are for (A)
temperature, (B) salinity, (C) apparent oxygen utilization, (D) nitfateitrite, (E) silicate, and (Fghl
a (fluorometric). A—C are from rosette-mounted sensor data; D—F are from samples collected from Niskin bottle
DOI: https://doi.org/10.1525/elementa.2020.00107.f6

6 Aq ypd-20

a 0.2 C criterian ¥4 10) when evaluated over the 10-yearconcentrations at depth du¢o remineralization (e.qg.,
subset of Line P data, while the mean MLD during EXBushinsky and Emerson, 2015; Pelland et al., 2018).
PORTS using the same criteria was22% m (n ¥ 226). Nitrate ( nitrite) concentrations from Line P station
The maximum observed MLD from Line P station P2B26 are roughly &mol L™ in the mixed layer and increase
within the period from 2007 to 2017 is about 120 m to approximately 1&mol L™* at 500 m igure 6D). Line P
during February, consistent with the depth of the permasilicate concentrations are roughly i6nol L™ in the
nent pycnocline. Temperature and salinity profiles duringpper layers and increase to nearly @®ol L™ at a depth
the EXPORTS campaign are very similar in shape with #fel00 m. Concentrations of both nutrients found during
August mean at Line P Station P26, although the upper 9BXPORTS follow these general pattefigufe 6D and E).

m of the water column during EXPORTS was significaniixed layeIChl aconcentrations observed during EXPORTS
fresher than the climatology. Apparent oxygen utilizatiorf0.25ug L), however, were lower than the Line P average
(AOU) values are saturated in the upper 90 m of the waté®.45.g L™, Figure 6E). The nutrient and relatively lo@hl
column and supersaturated (AOU <pnol kg™) just a concentrations observed support the characterization of
beneath the mixed layer~{gure 6C) in both data sets. Station P as an HNLC site.

Values of AOU increase to nearly 3@@ol kg™ at 500 m, For August, the average fractional isolume depths for
illustrating the depletion of dissolved oxygenphotosynthetically available radiation (PAR) fluxes from

1Z0Z JaquianoN 91 uogsen
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Figure 7. Climatology of mixed layer properties from historical BGC float records near Station P. Mixed layer average
are shown for (A) temperature, Bl g (C) particulate organic carbon, and (D) nitrate. The thick black line with filled
circles is the respective monthly climatology calculated as the average of the monthly means for the years 2008-5
2020, and the shaded gray envelope represents the associated standard error. Individual yearly records are denoted in
the color bar; observations from 2018 and the EXPORTS campaign are shown by the red line and with yellow-filled red
circles, respectively. DOI: https://doi.org/10.1525/elementa.2020.00107.f7
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Line P station P26 were 55 10 m (as standard devi- occurred in slightly warmer mixed layer temperatures and
ation, n ¥4 10) for the 1% PAR isolume and 95 11 m lower POCChI g and nitrate concentrations.

(n ¥ 10) for the 0.2% PAR isolume depth. During EX-

PORTS, d_epths of thé/%lPAR isolume Eanged from 70 Operational details for the 2018 EXPORTS

to 90 m with a mean of 78+ 6 m (n % 149). These Northeast Pacific field deployment

deeper fractional isolume depths reflect the lowehl The EXPORTS 2018 field deployment consisted of four
a_conceptratiqns observed d.uring EXPORTS_ compa|;f.=,gjor components (depicted iffigures 3 and 8 and
with typical Line P observations for the period fromigieq in Table 2). First, the RAVRoger Revelfanctioned
2007 to 2017. ) . as the Process Ship, sampling BGC stocks and fluxes, eco-
Since 2008, a series of BGC profiling floats have clyical abundances and rates, and optical properties fol-
lected data on the physical and biological properties of th%wing a Lagrangian float. Second, the R3dlly Ridevas
water column in the vicinity of Station Frigure 7; Bush- the Survey Ship and characterized spatial variability about
insky and Emerson, 2015; Plant et al., 2016; Yang et ghe Process Ship on scales from about 1 to 100 km. Third,
2018; Bif et al., 2019; Haskell et al., 2020). Mixed laygf heterogeneous array of AUV platforms was deployed to
temperatures change on average by®to 9 C from get the spatial center of the sampling program, to provide
winter to summer, with the EXPORTS cruise happenifgrizontal spatial and high-temporal information, and to
during the warmest time of the year. Mixed layer meaextend the temporal presence in the area. Last, a long-
concentrations o€hl aand particulate organic carbon tendterm sampling presence was created, tying the ship-

to increase from winter through a peak in late summepased observations to climatically relevant time and space
with a considerable amount of interannual variation abouscales using BGC floats and partnerships with ongoing

these trends. BGC float-sensed nitrate concentrations tygisearch programs.

cally decrease from March through September by about 7 The mission of the Process Ship, the R&vellewas to
umol kg™, again with considerable interannual variabilityconstrain the pathways for organic carbon transformation
BGC float observations during EXPORHAI§uUfe 7) and export, sampling in three distinct 8-day sampling

1202 JoquIsnoN 91 uo 1sanb Aq Jpd-201.00"0Z0Z EIUBWSIS
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Figure 8. Experimental timeline for the 2018 EXPORTS Northeast Pacific field deployment. Colored vertical bag
indicate the three sampling cycles or “epochs” of the 2018 EXPORTS field campaign, while gray horizontal bafs
indicate deployment periods for each of the platforms. Note that one of the biogeochemical floats (BGC-0049) was
still operational at the time of submission of this manuscript. DOI: https://doi.org/10.1525/elementa.2020.00107.f8

cycles or epochs. The length of the epochs was set by theOperations were conducted in three consecutive sam-
goal of sampling the same particles that are generatguing cycles or “epochs” of 8-day duratiofigure 9A).
during the epoch as well as the operational reality oEach epoch began with a positioning of the ship proxi-
conducting the export pathway measurements. This samate to the Lagrangian float (LF) and deployment of the
pling plan required the deployment of standard andVW and surface-tethered sediment traps on day 1. NBSTs
trace-metal-clean CTD/rosette systems for collection were subsequently deployed, with staggered recovery (3-5
water samples and physical and BCG sensor data. A dagss later) dependent on collection depthigure 9A).
tomized underway flow-through system allowed for corShallow (0-150 m) predawn CTD casts (including TMC
tinuous analysis of phytopldton, particles, dissolved casts) every other day were used for primary production
constituents, net community production, and opticsmeasurements conducted in deckboard incubators, and
from near-surface seawateraple 2). Operations also deeper (0-1,000 m) casts for multiple measurements
included the deployment of a multiple opening/closingoccurred mid-day each day, and at night (for diel plankton
net (MOCNESS) for assessing depth-discrete day—nigthposition and other comparisons) about every other
differences in zooplankton guulations, neutrally buoy- day. A pair of day/night MOCNESS tows, centered on local
ant sediment traps (NBSTs),uaface-tethered sediment noon and midnight, occurred on Days 2 and 7, with other
trap array (STT) that included in situ respiration trapsiet tows for live zooplankton experiments interspersed.
marine snow catchers for collecting sinking particles an@ptics casts centered on the noon hour and occurred on
assessing their fluxes, a Wirewalker (WW) for high resoest days, weather permitting. Marine snow catcher de-
lution profiling of physical and bio-optical properties,ployments and subsequent settling times occurred four
a TMC towfish, and in situ and underway above-wateays per epoch, which was also the maximum deployment
bio-optics Table 2). Plankton and microbial community time for the TMC towfishRigure 9A). The spatial map
structure were measured using a variety of technique@igure 9B) illustrates the ship’s track with trajectories of
including classical microspy, flow cytometry, high- the sediment traps (NBST and STT) and WW deployed in
throughput microscopic imaging systems, metathe three epochs superimposed. Typically, NBSTs drifted
community genomic sequendn and gel trap-collected 5—-25 km depending on their deployment depth. Each day
sinking particles. Phytoplankton rate measurementse ship embarked on a “poop run” to dump sewage hold-
were made using TMC sampling methods (e.g., Measuiras tanks outside of a circle of 10-km radius extending
et al., 2008; Mellet and Buck, 2020) with flow-throughfrom in-water assets (particularly sediment traps). These
deckboard incubators screened for in situ light levelgxcursions can be seen in the ship tracks as large excur-
with some incubators chilled to match the temperaturesions from the central trajectory of the shipigure 9B)
below the mixed layer (includg microzooplankton graz- and proved useful to supplement spatial sampling from
ing, and mesozooplankton fecal pellet production rateshe ship’s underway system.

Additional rates were measured in temperature- and The second component was the Survey Ship, the R/V
light-controlled laboratory inubators (e.g., bacterial pro-Sally Ridelts mission was to characterize the horizontal
duction, microbial and zooptikton respiration, and par- and vertical distribution of properties including phyto-
ticle sinking velocity). plankton, particulate and dissolved organic carbon,

1202 JoquianoN 91 uo 3senb Aq ypd°20100°0202 BIUBWRIS/9ZE0.L/L0L 00/ L/6/}Pd-jo1e /BjUBWSIS/NPa ssaidon
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Table 2. EXPORTS sampling platforms and measurements. DOI: https://doi.org/10.1525/elementa.2020.00107.t2

Sampling
Platform System Types of Measurements Made

Process Ship R/V CTD/Rosette CTD and bio-optical sensors, large particle imaging (UVP-5) and small particle size
Revelle distribution (LISST-Deep) profiles, Niskin water samples for further analyses

Underway CTD and bio-optical sensors, hyperspectral absorption/attenuation, multispectral backscatter,
fast repetition rate fluorometry, small particle imaging (Imaging Flow Cytobot [IFCB]), net
community production (&Ar) time series at 5-m intake depth with discrete samples

TMC CTD/ Trace metal clean (TMC) collection of discrete water samples with CTD sensors
Rosette
TMC towfish Large volume TMC collection of water for experiments
MOCNESS Multiple opening/closing net and environmental sensing system (MOCNESS) that enables

zooplankton collections in depth-discrete intervals from 0 to 1,000 m with CTD sensors
Net tows Vertically integrated collection of live zooplankton for experimental work

Marine snow Large volume (100 L) sampling bottles that enable particles to be sorted based upon sinking
catchers speeds

Sediment traps  Neutrally buoyant and surface-tethered sediment trap arrays with polyacrylamide gel, O
respiration and optical sediment traps, upward looking cameras

Wirewalker Hourly profiles of CTD and bio-optical sensor data to about 500 m

In situ optics Compact optical profiling system (C-OPS) spectroradiometer profiles, near-surface
hyperspectral reflectance (THSRB), slow-drop inherent optical property (IOP) profiling
system and multispectral backscatter

Above water Hyperspectral ocean reflectance from bow-mounted system (HyperSAS)
optics

Survey Ship R/V CTD/Rosette CTD and bio-optical sensors, large particle imaging (UVP-5) and small particle size
Ride distribution (LISST-Deep) profiles and in situgd@ncentration profiles, Niskin samples for
further analyses

Underway CTD and bio-optical sensors, hyperspectral absorption/attenuation, multispectral backscatter,
small particle imaging (IFCB), net community productiop/&®), pH and NQ time series
at 5 m intake depth with discrete samples

Large volume  Size-fractionated, large volume particle sampling at 6 depths
pumps

In situ optics C-OPS spectroradiometer profiles, THSRB hyperspectral reflectance spectra and lowering
frame with hyperspectral absorption/attenuation, multispectral backscatter, small particle
size distribution profiles

Above water HyperSAS ocean reflectance from bow-mounted system

optics
Autonomous Lagrangian Followed flow at about 100 m, instrumented with CTD,, Optical backscatter, chlorophyll
vehicles float fluorescence and Nsensors; profiles made daily when ships were out, every other day
before and after; operational Aug—Dec 2018
SeaGlider Sampling from the surface to about 1,000 m around the Lagrangian float and ships, profiles
every 6 h, instrumented with CTD,ptical backscatter, chlorophyll fluorescence,
spectral downwelling irradiance (412, 443, 554 nm, PAR) and acoustic Doppler current
profiler sensors; operational July—-December 2018
BGC float Profiling floats to about 2,000 m; burst sampling of 3 profiles in 24 h, every 3 d during

EXPORTS campaign, profiling at 10-d interval afterwards; instrumented with CTD and bio-
optical, N@, pH, and @ sensors; operational Aug 2018-present (BGC-0049) and August—
September 2018 (BGC-0048)

Wirewalker Profiles every 40 min from surface to about 500 m, instrumented with CTD graptixal
backscatter, chlorophyll fluorescence, CDOM fluorescence, beam attenuation and PAR
sensors; deployed at the start and recovered at the end of every epoch

1.20Z JoquianoN 91 uo 3senb Aq ypd°20100°0202 BIUSWLIS/9ZE0.LY/L0L 00/ |/6/4Pd-djo1e/ejUBWSIe/NPa ssaidon"aul|uo//:d]Y WOl papeojumoq
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Figure 9. Temporal and spatial operations of the RRévell@uring the EXPORTS Northeast Pacific field deployment. ¢

(A) Broad categories of sampling events are marked by color, epoch boundaries are denoted by vertical dashed Iiées,
and autonomous asset deployment periods are shown in gray. The epoch boundaries are given in UTC as Epocg 1,
August 14 00:00 to August 23 09:00; Epoch 2, August 23 09:00 to August 31 09:00; and Epoch 3 August 31 09:00 t@
August 9 18:00. (B) Epochs and their spatial extent are delineated approximately by the autonomous assets deplo@d
and recovered from the R/Revellgblack dashed, purple, and blue lines) superimposed over the ship tracks (gray)3
with the first epoch in the south and the last epoch finishing in the most northeast of the EXPORTS experiment’
region. Locations of specific operations are colorecbtb match those in (A). DOI: https://doi.org/10.1525/
elementa.2020.00107.f9

thorium deficit, net community production, dissolved nu-grid was perpendicular to the mean temperature and sea
trients, oxygen, optical properties, and other constituentsurface height fields. A complete suite of optical proper-
in the larger region surrounding the LF and Process Shiigs, including radiometric and inherent properties, were
(Table 2). Vertical profiles were collected from the CTDsampled at dawn and noon. Continuous underway sam-
rosette system on both small (about 8-km spacing) amies for optical, biological, and selected chemical para-
large (about 20-km spacing) scale grids for each epogteters were collected from an approximate 4-m depth
(Figure 10), with more intensive small-scale sampling inwith a flow-through system. Underway hyperspectral radi-
Epochs 1 and 3 and more intensive large-scale samplingametry was collected during the day from the bow of the
Epoch 2. Grids were centered on the location of the LF ahip. Four pumping stations, with large volume pumps
the beginning of each epoch and were oriented so that theollecting particles at six to nine depths between 50 and
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Figure 10. Sampling by the R\Rideduring the EXPORTS Northeast Pacific field deployment. Panels illustrate the 2
sample locations and types of samples taken from the Rifdeduring the EXPORTS Northeast Pacific field 2
deployment. Columns show panels for each sampling epoch, while top row illustrates on large spatial scales and?

o

bottom row shows an expanded view. Symbols indicate the main focus of sampling for each station: black circles, CTId
profiles with sensors only (no bottles fired); blue circles, thorium collection; red circles, dawn (only inherent optical
properties, IOP) and noon optics suite (radiometric 4@dP); yellow-orange, intercalibration casts with the
autonomous assets, Wirewalker, and R®Velleand purple, deep CTD casts. Open triangles designate stations for
large volume pumping and black x’s and plus signs represent locations of radiometric and IOP casts, respective
(when not coincident with optics suite stations). DOI: https://doi.org/10.1525/elementa.2020.00107.f10
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500 m, were carried out during each epoch, in coordinaleployed on July 27 from the R/Rideduring the cruise,
tion with the NBSTSs. characterized mesoscale variability at the target site by

A second task of the Survey Ship was to cross-calibrateupying two repeats of a 25 by 25 km “bow tie” survey
sensors carried by the autonomous platforms and devel@igure 11), at roughly 5-km horizontal resolution and
proxies for inferring biogechemical parameters from 1-m vertical resolution, in the 2 weeks prior to the arrival
sensor-based measurements. A total of 16 simultaneoothe EXPORTS ships. An instrumented Lagrangian float
ship CTD and autonomous asset profiles were collectéd’Asaro, 2003), deployed from the Survey Ship on 14
(Figure 10): five for the LF, four for the Seaglider (SG), twAugust, defined a drifting reference frame used to target
for the BCG float, and three for the WW. These profileseasurements through the three epochs and facilitate
were conducted to maximize spatial and temporal colldsudget calculations just below the euphotic zone. The
cation of deliberate intercalibration casts by holding théloat was programmed to drift on an isopycnal near 100
target platform at the surface, moving the Survey Ship, with once-a-day surfacing. With the arrival of the ships
which carried the designated reference sensors, into praad start of epoch-based sampling, the SG abandoned the
imity (typically <300 m), and then simultaneously begin“bowtie” survey to provide profiles at roughly 5-h resolu-
ning profiles from both patforms. This approach tion following the LF. A Wirewalker (Rainville and Pinkel,
facilitated alignment of all sensors against the referenc@001), deployed near the LF at the start of each of the
units carried aboard the Survey Ship, allowing quantitativlree epochs, profiled rapidly through the upper 500 m at
calculations that involve the entire array. intervals of 35—40 min.

Sampling with autonomous platforms complemented Long-term sampling was conducted using two BGC
the Process and Survey ship observations by resolvprofiling floats (Seabird Electronics Navis BECpH).
physical and biogeochemical variability at shorter tempa-hese were deployed on 15 August near Ocean Station P
ral and spatial scales, and by expanding the sampliramd on 17 August in proximity of the LF. During the EX-
period to capture a broader range of physical and biolorORTS field campaign BGC floats sampled in bursts, col-
ical conditions Table 2). A Seaglider (Eriksen et al., 2001)ecting three profiles, one from 2000-m depth and two
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Figure 13. Spatial maps of sea surface height and sea surface temperature during the EXPORTS sampling epoéhs.
Spatial maps of (upper) absolute sea surface height from merged daily satellite altimetry and (lower) sea surfai}e
temperature (SST) for the three EXPORTS sampling epochs (left to right). Daily, near-real time, and gridded (0.25
resolution) absolute sea surface height were used to create these distributions (resources.marine.copernicuséu/
?optionYacom_cswé&vieWdetails&product_i#.SEALEVEL_GLO_PHY_L4_NRT_OBSERVATIONS_008_04§).
Optimally interpolated passive microwave (cloud penetrating) SST daily products (25-km resolution) were used as %e
SST products (www.remss.com/measurements/sea-surface-temperature/oisst-description). The black boxes indigate
the sampling regions for the EXIRDS field deployment shown iRigure 6B. DOI: https://doi.org/10.1525/
elementa.2020.00107.f13

increasing to the southeasftigure 13). The EXPORTSarticular, the influence of rain inputs is clear in this
assets were deployed to the northwest of an anticycloniecord during Epoch 3 (5 and 6 September).
mesoscale feature creating a north-northeast current that Acoustic Doppler current profiler observations of
was reflected in the drift of the Lagrangian flo&tigure mixed layer currents from the R/\Revelleshow small
11C). The SSH and SST patterns were similar for eathp-inertial currents, typically 2-3 knmd(1 km d* %
epoch with a hint of an intensification of the mesoscalél.157 cm s*; Figure 15B andC). These low values support
feature in time and an increase in SST during Epoch 2 atite notion that Station P has unusually low mesoscale
a cooling in Epoch 3. kinetic energy compared with most other open ocean
Minimal satellite oceanalor imagery was availablesites. During Epoch 1 and through the first part of Epoch
during the intensive operations period due to the persis2?, sub-inertial surface currents were comparatively large
tent cloud coverRigure 14). For August—September mul-(about 4 km d) and flow was consistently to the north
tiple satellite composites had better coverage, with mogEigure 15B). After that, sub-inertial currents were slug-
of the clear-sky views occurring in late September. A wegish ( 2 km d™) until the very end of Epoch 3. Mixed
increase in satellit€hl aconcentrations (about 0.1 mgt) layer currents were dominated by supra-inertial frequency
appears associated with the location of the anti-cycloninotions, where root mean square of the 15-min averaged
feature noted in the SSH fields, but even this feature isurrent speeds (approximately 14.5 krmdare more than
difficult to distinguish. five times greater than the root mean square of the two-
Time series of upper layer temperature and salinitgay averaged currentBigure 15C).
from the R/V Revells underway flow-through system Estimates of MLD were determined using CTD/rosette
(Figure 15A) reflects many of the same general patterndata from both ships as the first depth where the potential
observed at the NOAA PMEL moorifggre 12); that is, density exceeds the density at 50 m by 0.1 kg fFigure
approximately stable SST and sea surface salinity relatiaBb). Values of MLD varied from 20 to 35 m with a mean
ships are found in Epoch 1, heating during Epoch 2, andepth of 31 + 4 m (n ¥ 227). Changes in time show
change in surface water masses during Epoch 3. éntemporal pattern roughly similar to SST, where higher
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Figure 14. Composite satellite ocean col@hl aconcentration imagery during the EXPORTS field deployment. 8
Composite loge-transformedChl a concentrations for the ship sampling period at Station P (14 August to £
September 9, 2018) are shown in the upper and lower left panels (A, C) for the respective months of August andg

N

September 2018. Corresponding images for the number of valid days for each composite are shown in the two panelg
on the right (B, D). The composi@hl aimagery was created from daily merged observations (1/24 at approximate 4-
km resolution) from all available MODIS and VIIRS images (https://oceandata.sci.gsfc.nasa.gov/opendap/Merged:
ATV/L3SMI/2018). The black boxes indicate the sampling regions for the EXPORTS field deployment $tigwe in
6B. DOI: https://doi.org/10.1525/elementa.2020.00107.f14

ejuswa

SSTs appear to correspond to shallower MUBPLC determinations of totaChl a concentrations col-
determinations. lected during the campaignQhl a ¥4 138.14  line_-
Daily integrated rates of incident PAR fluxes from thaeight**% r? ¥4 0.67; n ¥ 43). In general, near-surface
R/V Revellevaried nearly four-fold over the experimentChl aconcentrations were low with mean concentrations
(Figure 15E). Integrated daily incident PAR values weref 0.21ug L (Figure 15F), considerably less than typical
derived from the underway PAR data, collected every 1Aagust values for Station FFiure 7F). Variability is
on each ship, that have baecross-calibrated to the observed, a€hl avalues ranged from approximately
Compact-Optical Profiling System (C-OPS, BiosphericaDl@® to 0.35ug L2, although changes in epoch me&hl
struments, Inc) deck sensor data before integration fromvalues were small (approximately 0,04 ). The high-
local sunrise to sunset. Values of incident PAR varied ést values are found near the middle of the first epoch
fold from 10 to nearly 40 moles photons Thd* with the  (around day 232 or August 22), while the lowest values are
highest incident PAR fluxes found in the second epocfound in the period between Epochs 1 and 2. Changes in
and the lowest in the third. the Gonyio CONcentrations generally follow the behavior of
Bio-optical estimates of phytoplankton carbondf) Chl g but their amplitude of changes are comparatively
and Chl aconcentrations were made using the RRe- muted. Large short-duration departures in the underway
velle’sinderway systeni{gure 15F). Particulate backscat-Chl aconcentrations are also observed in the data set at
tering coefficient observations at 470 nm were used times (for example, see 23 Augusiigure 15). These
estimate Gnyio CcOncentrations following Graff et al. anomalies often coincide with “poop runs” for the R/V
(2015). Estimates @hla concentrations were made usingRevellas the ship leaves its Lagrangian sampling frame.
particulate absorption line height at 676-nm determina- Euphotic zone depths were estimated using depths of
tions (Boss et al., 2013) and calibrated with coinciderit% incident PAR (&; Figure 15G). Values of &, were
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Figure 15. Oceanographic time series from the RRévelland the R/VRide (A) Time series of temperature and salinity
from the R/V Revelleinderway sampling system (approximate 5-m depth intake). (B) Mixed layer currents (averagegl
between 20 and 35 m) from the R/Revelld50 kHz broadband ADCP system. The blue arrows show the low-passeds
(2-day filtered) mixed layer current magnitude and direction. (C) Root mean square (RMS) current speed from the RV
RevellADCP system. The gray line is the RMS of the 15-min averaged current speed, while the blue line is the RMS of
the 2-day averaged currents. (D) mixed layer depth (MLD) estimates from the CTD profiles from ftex&l¥blue)
and the R/VRide(burnt orange). (E) Incident PAR flux (gray, left axis) and daily integrated PAR fluxes (blue, right axis).
(F) Bio-optical estimates of phytoplankton carbon (black, left axisChahd(green, right axis) concentrations from the
R/V Revells underway optics system. (G) Euphotic zone depths are estimated as the depth @f BfRlLsurface.
Estimates from the R/\Revelldblue) and the R/\Ride(burnt orange) are shown as well as values from the CTD-
mounted PAR sensors (circles) and C-OPS spectroraliocasts (stars). DOIttjs://doi.org/10.1525/
elementa.2020.00107.f15

determined from both ships using both PAR sensoronducted as often due to adverse weather conditions.
mounted on the CTD/rosettes and hand-deployed spectrgalues of the vertical attenuation of PAR were calculated
radiometer casts using C-OPS. These data were availaisl@obust linear regression over the depth range of 10-80
from each ship, although C-OPS profiles were not and converted into estimates of the depth of th&1
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Figure 16. Variations in surface mixed layer water masses. (A) Distribution of temperatyeaid salinity from 8
. . o
underway measurements (both ships, dots) as well asRf€(circles) and R/\Revellg¢squares) CTD casts. For all 3
Q

symbols, color indicates the time of the measurement (year day). Three water masses, outlined by blue, red, and greeh
curves, delineate separate water mass properties (see text for details). (B) Time series of the three surfaces walger
masses encountered by the RRide(circles) and R/\Revellésquares). The water mass identification is discretized in
0.2-day bins. Maps of the RRideand Revellgositions colored by (C) time (year day) and (D) water mass index are
shown in the right-hand panels. DOI: https://doi.org/10.1525/elementa.2020.00107.f16
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incident PAR isolume (also assuming% lbss at the air/ properties (/4 32.32, T¥4 14 C) that freshen and cool
water interface). Vertical attenuation coefficients for PABuring most of Epoch 1. As discussed in detail below, the
were averaged if multiple é@mates were available for transition to cooler water was sampled during a period of
a particular day. Values of,Zranged from 70 to 90 m net surface warming, suggesting that these cooler waters
with a good deal of variability with mear’4 PAR depth of had a distinct origin. From the end of Epoch 1 and
78 + 6 m (n ¥ 149; Figure 15G). Determinations throughout Epoch 2, surface salinity remained largely con-
of euphotic zone depth do not show a coherent patterrstant (32.29), but surface temperature increased by
of change over time. roughly 1 C between year day 232 and 241 (22 and 31
The variation of temperature (T) and salinity (S) progwgust). This rate of warming agrees well with the pre-
erties in the surface mixed layer, as measured from botlicted surface warming based on surface flux data from
the ship-based CTD casts and the ships’ underway mgée NOAA PMEL mooringrigure 17). Around year day
surements, was small, spanning roughly@ (13.5 < T < 244 (1 September) a distinct surface freshening was
14.6 C) and 1 (32.24 < S < 32.34Fifure 16A). The observed, bringing the salinity to values as low as 32.34,
temporal evolution of the measured surface propertiewhile temperature remained constant around 14@. The
in both space and time began with relatively salty surfagmagnitude and timing of this freshening signal is
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Figure 17. Time series of measured and model predicted temperature and salinity averaged over upper 10 m Tm@

series of (A) temperature and (B) salinity averaged over the upper 10 m from the PWP model (colored lines; see text&or
details), the Wirewalker (black lines) and the R&Vellenderway system (gray lines). The PWP model was initialized
at the start of each of the three water property groups. Dashed lines show the model predictions for a few days aft@r
each of these transitions, highlighting the departures between the 1D model (meteorological forcing only) and the:
observations (a combination of lateral advection andteoeological forcing). DOIhttps://doi.org/10.1525/
elementa.2020.00107.f17

00/1/6/

consistent with a period of net precipitation. During theaccomplished by comparison with a one-dimensional
latter half of Epoch 3, SST dropped abruptly by about 0RBrice-Weller-Pinkel model (PWP; Price et al., 1986). The
C, a change that did not coincide with a surface coolin®WP model uses the air—sea heat fluxes and wind stress
This feature represents the strongest surface fromd predict time- and depth-resolved variations in upper
observed over the course of the experiment. ocean S and T. The model was initialized with a CTD profile
Based on these changes and an analysis of the surfacdlected by the R/\Revellat the beginning of each of
flux data, we can identify three distinct groups of watethe three water property groups defined above. Modeled T
properties in the mixed layer during the experimentand S (colored lines, as per group, Figure 17) was
(Figure 16A, B, and D). Groups 1 and 3 (blue and greercompared with T and S from the WW (black line§igure
respectively, irFigure 16) are salty and fresh endmem-17), both averaged over the upper 10 m, and with under-
bers that were occupied at the beginning and end of thevay measurements from the RRévellggray lines inFig-
field program, respectively. The majority of the experisre 17). Overall, the PWP model reproduced diel
ment, roughly year day 228-237 (August 16—25), samplegariations and the trend in surface warming, particularly
surface water in Group 2 (red #Rigure 16) and covered that observed during Group 2. The model also successfully
the entire range of temperatures and a large fraction giredicted the sharp freshening event that occurred on
the salinity values measured. However, near-surface watear day 245 (2 September during Epoch 3) after some
property changes during this period were well predictegrolonged precipitation.
by fluxes of surface heat, freshwater and momentum, sug- Mean profiles of CTD sensor observations are shown
gesting that measurements made in the Group 2 perioth Figure 18A-D for T, S, potential densitys§), and dis-
were largely in a Lagrangian framework following a fixedolved oxygen (. The temperature profiléd-{gure 18A)
patch of surface water. The positions of the two ships witthows a mixed layer of roughly 30 m and a strong sea-
respect to time (year day) and to surface water type asenal thermocline, as was seen in the August Line P
shown inFigure 16C and D. climatology for this site Kigure 7A). At this scale, few
Isolating the advective changes from meteorologicdlifferences are apparent among the three epochs beyond
forcing (warming, freshening) in the mixed layer wagpoch 1 being slightly cooler than the other two from
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Figure 18. Sensor CTD data profiles from both ships. (A) Temperature, (B) salinity, (C) potential agisiti)(
dissolved oxygen (@, (E) chlorophyll fluorescence (Fchl, nighme profiles only), (F) particulate beam
attenuation coefficient at 700 nm (3, (G) particulate backscatter at 700 nm,dp and (H) apparent oxygen

utilization (AOU) for the three epochs (blue, orange, and black correspond to Epochs 1, 2, and 3, respectively,

Envelopes are 95 confidence intervals for the mean estimates at each depth bin. Data from theRRI¥are
combined with data from the R/A\Revellavhen both ships were within 25 km of each other. DOI: https://doi.org/
10.1525/elementa.2020.00107.f18

the surface to a depth of about 70 m. The salinity digractional reduction with depth for gis much greater
tribution shows a stabilizig profile throughout the than for h,,, suggesting that a background of very small
upper 200 m of the water column and strong haloclineparticles supported the J3 signal (Zhang et al., 2020) or
from 100 to 140 m, which forms the permanent pycno-that the contributions of organic-dominant particles vs.
cline. The potential density distributionFigure 18C) mineral-dominant particles changed with depth (Cétinic
shows the classic two pycnoclines for this site and a shagp al., 2012). Mixed layer particle loads also tended to
MLD with few inversions. Dissolved oxygen concentricrease through the experiment. Values of A®ugjre
tions are elevated in the mixed layer and in the layet8H) show supersaturation of dissolved oxygen concen-
directly beneath it (to about 100 m) and decrease rapidlyations in the upper 75 m of the water column, illustrat-
beneath that depth. ing net autotrophy in the upper layers, particularly just
The particulate beam attenuation coefficient at 70(eneath the mixed layer. Strongly negative AOU values are
nm (g,) and the particulate backscattering coefficient aound at depth, illustrating the consumption of oxygen by
700 nm (b, Figure 18F and G) both account for the respiration.
particle load within the water column, with values of ¢ Nutrient profiles Figure 19B and C) from water sam-
representative of larger particles compared g lfe.g., pling conducted on the R/\Revellshow elevated concen-
Stramski and Kiefer, 1991; Zhang et al., 2020). Valuestoitions (approximately 8 and 1pmol kg™ for NO; and
both g, and h,, are elevated in the upper 40 m andSiQ, respectively) in the upper 40 m increasing with
decrease to minimal values beneath that depth. Thaepth (roughly 20 and 25umol kg™ for NO; and SiQ
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Figure 19. Vertical mean profile data for bottle samples, by epoch, for the RA¥elleShown are the means with

standard deviation (error bars) for (A) temperature (at bottle trip), (B) dissolved nitrate, (C) dissolved siliCate, (D)
aby HPLC, (E) particulate organic carbon (POC), (F) dissolved organic carbon (DOC), (G) particulate biogenic silic

from the TMC rosette, and (H) absorption coefficieg} (& chromophoric dissolved organic matter at 325 nm. For

each panel, blue is Epoch 1, orange is Epoch 2, and black is Epoch 3. DOI: https://doi.org/10.1525

elementa.2020.00107.f19

at 100 m, respectively). No apparent change is seen ghromophoric dissolved organic matter (CDOM) at 325
nutrient concentrations among the epochs. nm (Figure 19H) increase from approximately 0.13
Profiles ofChl aconcentration were determined fromin the surface layer to 0.2 ™ at 40 and 60 m. These
night-time fluorometer casts calibrated against toGthl CDOM values approach the highest seen in the global
a by HPLCRigure 18E) or from discrete measurementsopen ocean (Nelson and Siegel, 2013). Also apparent is
(Figure 19D). Mixed layer values for the three epochs arehe lack of correspondence between the mean vertical
roughly 0.2-0.3ug L™ with the lowest mixed layeChl profiles for CDOM and DOC, illustrating that CDOM is
a concentration occurring in Epoch 1, consistent with the poor proxy for DOC concentrations.
underway bio-optical proxies from the RRevell¢Figure Though not all collocated, autonomous platforms pro-
15E). A subsurfac€hl amaximum is found at about 70 vided a longer-term perspective on the evolution of the
m, andChl avalues decrease beneath that to backgrounghysical and biogeochemical properties after the ships
levels at about 120 m. Changes in mixed layer biogendeparted. Because the Seaglider closely followed the
silica concentrations largely mirror the changesGhl Lagrangian float Kigure 11C), changes in Seaglider-
a concentrationsKigure 19G). observed bio-optical propertie§igure 11E) generally
Both POC and dissolved organic carbon (DOC) weeflect growth and losses in phytoplankton rather than
elevated in the mixed layer and decreased below a depsipatial heterogeneity. By mid-October 2018, a phyto-
of about 40 m Figures 19EandF). Values of DOC in the plankton bloom had developed, largely in the surface
mixed layer are more than four times the POC values. Thexed layer. Coinciding with this event, spikes ig,b
reduction with depth in DOC is roughly twice as much agcreased and persisted throughout November and
the reduction in POC concentrations (roughly 5 vs. 2Becember. The mixed layer reached a maximum of
pumol L for DOC and POC, respectively). DOC conceneund 100 m in early 2019Rigure 11B-D), as would
trations show little change over time, although mixede expected from observations in previous years.
layer POC concentrations increased slightly in EpochTBrough the intensive bottle sampling, proxy develop-
(similar toChl g. Values of the absorption coefficient forment, and particle characterizations conducted during

(BSi
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Table 5. Synthesis working groups. DOI: https://doi.org/10.1525/elementa.2020.00107.t5

Synthesis Working
Group Goals of the SWG SWG Leads

1: Export pathways Quantify the five export pathways illustrated in the wiring diagrdestapa (UMaine), Stamieszkin (VIMS)

(Figure 2)

2: Food web Compile stock and rate measurements to assemble the wiring Rynearson (URI), Gifford (UNC), McNair
diagram for both the euphotic and mesopelagic zones (URI), Lerch (URI), Fox (OSU)

3: Optics Validate optical proxies to biogeochemical stocks and rates Graff (OSU), Nelson (UCSB), Kramer

(ucsB)

4: Time and space  Attribute the sources of variability in physical and biogeochemidampson (CalTech), Erickson (NASA
fields to space and/or time GSFC), Omand (URI)

5: Biogeochemical Assess the biogeochemical budgets Nicholson (WHQI), Ro¢a(\WBI®I),

budgets Stephens (UCSB)

the cruise period, the variation in bio-optical propertiesnesopelagic food webs (SWG 2) or assessing biogeo-
observed by the autonomous platforms will be used teahemical carbon budgets (SWG 5). These activities are
understand the seasonal changes in export for the year¢sitical for answering the EXPORTS science questions, but
following the cruise. Additinal observations drawn from also help to ensure the quality and consistency among
other sources, including satellite remote sensing, OGHe entire measurement suite. The latter is especially
Station Papa assets, the BCG float array, and the Linerfical given that many of the parameters sampled were
program, will be used to expand understanding of expowither measured on different platforms or using different
processes over an even broader range of biological aagproaches or both.
physical variability. With the global COVID-19 pandemic continuing at the
time of submission of this manuscript, our view into the
Next steps future was cloudy at best. The North Pacific experiment is

We have presented background and goals of the ExPORH Part of the EXPORTS story—an “endmember” in the
program, highlighted the logistics and operations of thé=2"Tatio and 1o space illustrated irFigure 1. While the
2018 field campaign in the NE Pacific, and provided a syNOrth Atlantic experiment is needed to balance our
thesis of oceanographic context during the cruise to s&nderstanding of how NPP carbon flows through the
the stage for manuscripts on various core data sets fgfeans of today and those of tomorrow, the breadth and
this special collection ifElementaDocumentation of the COMPlexity of the North Pacific EXPORTS deployment is
accomplishments of the EXPORTS team during the 204gstined to fuel new discoveries and pave the path for
NE Pacific field campaign, accompanied by the onlirdmilar programs around the world. As this manuscript
availability of likely one of the most comprehensivé®ached acceptance (May 2021), we can report that the
coupled biogeochemical-ecgizal-oceanographic dataNorth Atlantic EXPORTS experiment near the Porcupine
sets collected to date (httptsites.google.com/view/ Abyssal Plains Sustained Observatory (PAP-SO) site
oceanexports/home; EXPORTS Science Team, 2020§tigs://projects.noc.ac.uk/pap/) in the northeast Atlantic
critical for NASA’s implementation of an EXPORTS Ph&&eean is underway.
2 program (see timeline ifFigure 3). The papers in this N July 2019, a group of researchers gathered in South-
special collection oElementaare a first step towards @mpton, UK, to form the Joint Exploration of the Twilight
answering the EXPORTS science questions and deliveifje Ocean Network (JETZOMpst//jetzon.org). JET-
on its promise to develop a predictive understanding ofON brought together scientists from 13 international
the biological pump. projects tackling aspects of the role and function of the
As the first results focused on project level question®esopelagic region of the oceans, the so-called twilight
are published, the EXPORTS science team has been 29Re. A major goal of JETZON is to coordinate national
thesizing their findings across projects. Over the paststudies of the biological carbon pump to optimize the
years, five Synthesis Working Groups (SWGs) have b#rgerstanding that these individual programs can provide
meeting monthly. The SWGs are focused on quantifyiity working together (Martin et al., 2020). To truly develop
and understanding the folling: (1) export pathways, a predictive understanding of the fate of ocean NPP and
(2) food web processes, (3) optical proxies, (4) time aitd roles in the ocean carbon cycle, data from oceans
space variability, and (5) BGC budg@®hle 5). Some of around the world need to be synthesized. The hope is that
the early results from the SWGs have been presentbyg working together we can collect the global data sets
here. For example, the mixed-layer water mass analyseeded to quantify the processes driving the ocean’s bio-
and air—sea flux analyseBigures 15 and 16) were the logical pump and thus develop models that predict the
result of SWG 4. Other working groups have been assemesent and future impacts of ocean ecological processes
bling the flows of carbon through upper ocean andon the global carbon cycle.
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