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A B S T R A C T   

Significant exchanges between the Mid-Atlantic Bight (MAB) continental shelf and the neighboring open ocean 
can be induced by shelf water streamers, submesoscale filaments of shelf water entrained into the open ocean by 
Gulf Stream warm-core rings (WCRs) impinging onto the MAB continental shelf. Shelf water streamers have 
distinctive surface temperature and chlorophyll signals, and are thus visible from space. Satellite-measured sea 
surface height, temperature and chlorophyll show the evolution of a WCR over its 6-month lifespan in February- 
August 2019 and the persistent shelf water streamer it generated on its outskirt. In situ measurements from a two- 
week cruise in July 2019 were analyzed to investigate the physical, biological and biogeochemical characteristics 
of the shelf water streamer below the surface, and to quantify the associated cross-shelf transport of volume, 
heat, salt, carbon and oxygen. The analyses demonstrated that offshore transport of shelf water by the streamer, 
which was presumably balanced by either onshore intrusion of ring water or enhanced transport of shelf water 
from upstream, represented a major form of exchange between the MAB continental shelf and the open ocean. 
The streamer caused significant net onshore transport of heat and salt, and a significant net offshore transport of 
organic carbon and oxygen. Primary productivity in the streamer was higher than the surrounding slope and ring 
waters on the surface, which likely resulted from subsurface nutrients in the offshore-flowing shelf water being 
gradually consumed as the overlying water became clearer. WCR-induced shelf water streamers thus enhanced 
surface biological productivity in the slope sea. 

Plain Language Summary: Waters of the shallow Mid-Atlantic Bight continental shelf and the neighboring 
deep slope sea have distinctly different physical, biological and chemical properties. Mixing between them can 
affect the shelf ecosystem and the dispersal of coastal materials into the deep ocean. One type of cross-shelf-edge 
mixing process results from strong clockwise-rotating vortices – so-called warm-core rings – formed from me
anders of the Gulf Stream. As a warm-core ring intrudes onto the shelf edge, it often draws shelf water offshore, 
forming a thin filament in the slope sea. This filament is called a shelf-water streamer and has distinctive surface 
temperature and chlorophyll signals that are visible from space. Warm-core rings can also push offshore water 
onto the shallow shelf. This study examines the evolution of a warm-core ring over its 6-month lifespan in 2019 
and the shelf-water streamer the ring induced in 5 of the 6 months. Interdisciplinary measurements from a field 
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expedition in July 2019 were examined to assess the subsurface patterns of the streamer and to quantify the 
induced cross-shelf fluxes of heat, salt, organic carbon and oxygen. The analysis showed that the streamer 
represented a major form of cross-shelf mixing and caused a substantial onshore transport of heat and salt, as 
well as a substantial offshore transport of organic carbon and oxygen.   

1. Introduction 

The Mid-Atlantic Bight (MAB) continental shelf (Fig. 1) is biologi
cally productive (Sherman et al., 2002). The water on the shelf has 
Arctic and terrestrial origins (Chapman and Beardsley, 1989), and its 
physical and biogeochemical properties differ markedly from those in 
the neighboring slope sea (Csanady and Hamilton, 1988; Wang et al., 
2013). The shelf and slope waters are separated at the shelf break by a 
persistent front with strong gradients in physical and biogeochemical 
properties (e.g., Falkowski et al., 1988; Linder and Gawarkiewicz, 1998; 
Vaillancourt et al., 2005; Hales et al., 2009). Exchange of water masses 
between the MAB shelf and open ocean can significantly affect shelf 
water properties (Lentz, 2010; Zhang and Gawarkiewicz, 2015), 
offshore dispersal of shelf materials (e.g., Walsh et al., 1988; Biscaye 
et al., 1994), and cross-shelf transport of marine biota (e.g., Rypina 
et al., 2014). 

Mesoscale anticyclonic warm-core rings (WCR) shed episodically 
from the Gulf Stream are prominent features in the slope sea off the U.S. 
east coast (Saunders, 1971; Morgan and Bishop, 1977). About 25 WCRs 
form in the slope sea each year (Gangopadhyay et al., 2020). While only 
a few of them are formed in the slope sea immediately offshore of the 
MAB, a number of the rings formed farther to the east propagate 
southwestward into the MAB slope sea. When impinging on the MAB 
shelf edge, WCRs can induce substantial cross-shelf exchange by forcing 
ring water onto the shelf (Ullman et al., 2014; Zhang and Gawarkiewicz, 
2015) or pulling shelf water across the shelf break into the slope sea (e. 
g., Joyce et al., 1992; Lee and Brink, 2010). When the latter process 

occurs, a pronounced cold filament of shelf water, a shelf-water streamer 
a few tens of kilometers wide, is formed and moves along the eastern 
periphery of the WCR (Garfield and Evans, 1987; Bisagni et al., 2019). 
Cherian and Brink (2016) argued that shelf-water streamers form from 
elevated sea surface height of WCRs propagating onto the shelf and that 
the associated radial sea level gradient drives a barotropic outflow on 
the shelf along the ring periphery. This represents an entrainment of 
shelf water by the ring. Through frontal subduction on the ring edges, a 
WCR can also drive a subsurface layer of shelf water offshore underneath 
the ring water, a baroclinic process undetectable at the surface (Zhang 
and Partida, 2018). This subsurface offshore transport of shelf water 
usually occurs in conjunction with shelf water streamers visible at the 
surface. 

Shelf-water streamers, together with the associated subsurface shelf- 
water transport, represent a pathway of MAB shelf water moving 
offshore into the slope sea. Joyce et al. (1992) estimated the volume 
transport of a shelf-water streamer induced by WCR 82B impinging onto 
the MAB shelf edge in June 1982 to be 0.38 Sv (1 Sv = 106 m3 s−1) 
assuming a shelf-water salinity of < 34 or 0.86 Sv assuming a shelf-water 
salinity of < 35. Chen et al. (2014) simulated a WCR in 2006 and esti
mated the ring-induced mean cross-shelf transport (including a shelf- 
water streamer) over a month to be 0.28 Sv. Based on satellite data in 
1978–1999 and a number of assumptions about ring shape and flow, 
Chaudhuri et al. (2009) estimated the mean annual volume of MAB shelf 
water being entrained offshore by WCRs as 4000 km3, equivalent to an 
annual mean shelf-water volume transport of 0.13 Sv. These values are 
comparable to the measured annual mean along-shelf transport over the 
entire MAB shelf (inside the 100-m isobath) of 0.29 Sv (Ramp et al., 
1988) and the shelf-break frontal jet transport of 0.2–0.4 Sv (Linder and 
Gawarkiewicz, 1998). 

Offshore transport of shelf water in streamers impacts the MAB shelf 
heat and salt budget, biogeochemistry, and ecology, but there have been 
few direct in situ measurements of streamer-associated fluxes. One 
exception is a study by Joyce et al. (1992) where the subsurface struc
ture of a shelf-water streamer induced by WCR 82B was sampled. 
Assuming the offshore transport in the shelf-water streamer was volu
metrically balanced by onshore transport of warmer and saltier slope 
water, Joyce et al. (1992) estimated the onshore heat and salt fluxes 
associated with the streamer were 1.8 × 1013 W and 0.94 × 106 kg s−1, 
respectively. The former is greater than the maximum monthly mean 
ocean-to-air heat flux over the entire MAB shelf (~100 × 800 km2); the 
latter is 1.5 times the onshore salt flux at the shelf break required to 
balance the MAB shelf salt budget (Lentz, 2010). In situ measurements 
also showed that the same shelf-water streamer resulted in offshore 
fluxes of suspended particulate matter (SPM) and dissolved oxygen (O2) 
of 190 kg s−1 and 2.3 × 105 mol s−1, respectively. Because of the higher 
concentrations of SPM and O2 in shelf water, the net SPM and O2 fluxes 
induced by WCR 82B were about 47 kg s−1, and 2.8 × 104 mol s−1, 
respectively, all significant compared to other major sources of those 
properties on the MAB shelf (Joyce et al., 1992). Due to lack of in situ 
observations, offshore transport of other biogeochemical tracers in shelf- 
water streamers is unknown. Shelf-water streamers could greatly impact 
the recruitment of commercially important fish on the MAB shelf as 
streamers carry substantial numbers of fish larvae from their natural 
habitat on the shelf to the open ocean (Flierl and Wroblewski, 1985; 
Myers and Drinkwater, 1989). 

The Influence of WCRs on the MAB shelf is affected by the frequency 
of WCRs impinging on the shelf and forming shelf-water streamers. 
Based on a 7-year (1979–1985) satellite data set, Garfield and Evans 

Fig. 1. The geographic region of the Mid-Atlantic Bight shelf and slope seas. 
The gray and black lines are isobath contours with the black line representing 
200 m isobath, i.e., the shelf break; the red line the mean Gulf Stream path in 
February-August 2019; the blue line the track of Ring 19C over the same period; 
the black dots the centers of Ring 19C at the times shown in Panel c-j in Figs. 2 
and 3; the green line indicates location of the CTD transect (Fig. 4); and the 
thick black box shows the area of view in Panel a-b in Figs. 2 and 3. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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(1987) identified 49 WCRs in the slope sea off the MAB and Georges 
Bank. They estimated that shelf-water streamers were present about 70 
% of the time and that about 9 % of the time there were more than one 
streamer present. Assuming these statistics of shelf-water streamers 
remain the same, the instantaneous volume, heat and material fluxes 
estimated for individual rings would represent quantities close to the 
long-term mean. In recent years, the Gulf Stream south of the MAB has 
become more unstable (Andres, 2016). This increase in the Gulf Stream 
instability has likely caused the observed increase in the number of 
WCRs being formed in the region (Gangopadhyay et al., 2020). As a 
result, it is likely that streamer transport is exerting more influence on 
the MAB shelf physical, biological and biogeochemical systems now 
than 40 years ago. Quantifying the offshore transport of shelf water, 
heat, salt and biogeochemical tracers in shelf-water streamers induced 
by more recent WCRs is critical for detecting long-term temporal vari
ability in the exchange between the ecologically and socioeconomically 
important MAB continental shelf and the open ocean. 

This study presents in situ measurements of a series of physical, 
biological and biogeochemical variables in a shelf-water streamer 
induced by a WCR formed in February 2019. The ring of interest was 
designated 19C, as two other rings, 19A and 19B, were present in the 
MAB slope sea when 19C was formed. Our in situ measurements provide 
a comprehensive depiction of the along- and cross-streamer distribu
tions of streamer-water properties and provide an unprecedented op
portunity to quantify the associated cross-shelf fluxes. Analysis of 
satellite data depicts the evolution of the ring over its 6-month lifespan 
and allows the flux estimates from the short-term observations to be 
extrapolated over the ring’s lifespan. 

2. Methods 

2.1. Satellite data 

Satellite-measured sea surface temperature (SST), sea surface height 
(SSH), and sea- surface chlorophyll (SSC) were used to provide a surface 
view of the evolution of Ring 19C and the associated shelf-water 
streamer during its occurrence (February-August 2019; Figs. 2-3). 
Three types of SST data were utilized: i) Microwave and Infrared 
(MWIR) SST daily products with a horizontal resolution of ~ 9 km 
(Ricciardulli and Wentz, 2004), ii) Advanced Very High
Resolution Radiometer (AVHRR) SST snapshots with a horizontal reso
lution of ~ 1 km, and iii) Moderate Resolution Imaging 
Spectroradiometer (MODIS) Aqua Level-2 SST snapshots with a hori
zontal resolution of ~ 1 km. The low-resolution through-cloud MWIR 
SST data provide an overview of the Gulf Stream and the WCRs in 
February-March 2019 when Ring 19C was formed (Fig. 2a-b). The high- 
resolution AVHRR and MODIS SST data provide a detailed view of Ring 
19C and the shelf-water streamer when 19C impinged onto and moved 
along the MAB shelf edge from March-August 2019 (Fig. 2c-j). 

Optimally-interpolated level-4 altimeter SSH data with a horizontal 
resolution of 0.25◦×0.25◦ from the European Union Copernicus Marine 
Environmental Monitoring Service were used to show the Gulf Stream 
path and to track Ring 19C. The longest SSH contour of 0.5 m in the MAB 
slope sea was used to outline the Gulf Stream path for each day, and the 
daily paths were then averaged over February-August 2019 to obtain the 
mean Gulf Stream track (Fig. 1). WCRs were also detected as closed 
contours of positive SSH anomalies using the OceanEddies package 

Fig. 2. Satellite-measured sea surface temperature (color) and height (thin black lines in Panels a-b) at different times over the lifespan of Ring 19C. Panels c-j are 
zoom-in views of the ring. The thick lines are the 200-m isobath, representing the shelf break. The labels in (a) and (b) highlight three rings in the region. Note that 
different color scales are used to highlight the ring. 
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(Faghmous et al., 2015). The daily center positions of Ring 19C were 
then connected to depict its track through time. The SSH data were also 
superimposed on the MWIR SST images to highlight the Gulf Stream and 
WCRs (Fig. 2a, b). 

As clouds cover much of the region on any given day, monthly mean 
MODIS SSC data in February and March 2019 were used to show the 
distribution of surface chlorophyll and to highlight WCRs in the MAB 
slope sea (Fig. 3a-b). The daily SSC images over smaller regions were 
used to show the shelf water streamer of Ring 19C at different times 
(Fig. 3c-j). 

2.2. Field observations 

In situ measurements were collected during cruise TN368 of the R/V 
Thomas G. Thompson from 5 to 19 July 2019. TN368 was part of the 
Shelfbreak Productivity Interdisciplinary Research Operation at the 
Pioneer Array (SPIROPA; Smith et al., 2021; Oliver et al., 2021) project. 
Our original plan was to repeatedly sample a transect across the shelf 
break with stations ca. 7 km apart to capture the mean state and vari
ability of the shelf break front. At the beginning of the cruise, we 
encountered a prominent shelf-water streamer. To examine physical and 
biogeochemical properties of the streamer shelf water, we adapted our 
plan to repeatedly sample the streamer in both cross-shelf and along- 
shelf (cross-streamer) directions. 

A variety of continuous underway and discrete station measurements 
were taken to i) depict the subsurface temperature, salinity and velocity 
structure, and ii) quantify phytoplankton and zooplankton abundance, 
biological productivity, and the concentrations of biogeochemical 
tracers in the streamer. Phytoplankton abundance was derived from 
automated flow cytometry and imaging (Sosik and Olson, 2007), 

phytoplankton productivity from simulated in situ 14C-uptake mea
surements (Smith et al., 2000), net community production (NCP) from 
triple oxygen and O2/Ar methods (Stanley at al., 2015), and concen
trations of biogeochemical tracers from discrete water samples collected 
from a Conductivity-Temperature-Depth (CTD)-Niskin rosette. Hydro
graphic and bio-optical properties were obtained from a towed Video 
Plankton Recorder (VPR; Davis et al., 2005). 

We report data from two CTD transects: a north–south-oriented 
cross-slope transect on 06 July along 70.83◦W that included 14 stations 
(A5-A18; Fig. 4a, c) spaced 7.2 km apart, and an east–west-oriented 
along-slope transect on 8 July along 39.25◦N with 8 stations (S1-S8; 
Fig. 4b, d) spaced 10 km apart. At each station, vertical CTD profiles 
were taken using a CTD-rosette system equipped with 24 10-L Niskin 
bottles for collecting discrete water samples at 10-m intervals. The CTD 
SeaBird 911 system was equipped with a SBE 43 oxygen sensor, a 
photosynthetically active radiation (PAR) sensor (BioSpherical In
struments), a fluorometer (WetLabs FLNTURTD) and a beam trans
missometer (WetLabs C-Star). Those instruments measured water 
column concentrations of O2, chlorophyll, colored dissolved organic 
matter (CDOM) and turbidity. Concentrations of nutrients (nitrate, ni
trite, phosphate, and silicic acid), chlorophyll, particulate organic car
bon (POC), and particulate organic nitrogen (PON) were measured from 
discrete water samples. Nutrient samples were filtered through 0.4 µm 
polycarbonate filters, frozen in acid-washed polyethylene bottles, and 
analyzed post-cruise at the Woods Hole Oceanographic Institution 
Nutrient Analytical Facility. Chlorophyll concentrations were quantified 
on duplicate water samples (290 mL) that were filtered through GF/F 
Whatman filters under low (0.45 atm) vacuum, immediately frozen in 
liquid nitrogen, and thawed and extracted post-cruise in 90 % acetone 
and analyzed by standard fluorometric methods (JGOFS, 1996). POC 

Fig. 3. Satellite-measured (a-b) monthly means and (c-j) snapshots of sea surface chlorophyll (color) at different times over the lifespan of Ring 19C. Panels c-j are 
zoom-in views of the ring. The black lines are 200-m isobath, representing the shelf break. The labels in (a) and (b) highlight three rings in the region. 
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and PON concentrations were assessed by filtering 0.25–2.0 L of 
seawater under low vacuum through precombusted (450 ◦C for 2 h) 
Whatman GF/F filters (Gardner et al., 2000), stored in precombusted 
glass vials, dried at 60 ◦C, and analyzed on a Costech ECS Model 4010 
elemental analyzer. All profile data were interpolated onto a horizontal 
grid of 2 km and vertical grid of 1 m for visualization and flux 
calculations. 

Discrete samples for total dissolved inorganic carbon (TCO2) and 
total alkalinity (TA) were collected at selected stations following rec
ommended best practices (Dickson et al., 2007) in borosilicate glass 
bottles and immediately fixed with a solution of supersaturated mer
curic chloride (HgCl2). TCO2 was analyzed by nondispersive infrared 
detection using an Automated Infrared Inorganic Carbon Analyzer 
(Marianda); TA was analyzed using an open-cell potentiometric titration 
(with components from Metrohm). Analysis of certified reference ma
terials from A. G. Dickson (Scripps Institution of Oceanography) ensured 
that the uncertainty (accuracy and precision) of the TCO2 and TA 
measurements was better than 2 and 3 μmol kg−1, respectively. 
Following measurement of TCO2 and TA, pH and pCO2 were computed 
using the CO2sys program of van Heuven et al. (2011), and phosphate 
and silicate concentrations were used in the carbonate system compu
tations as recommended. 

Hydrographic and bio-optical data were collected using a towed VPR 
equipped with a CTD (SBE 49 FastCat), oxygen sensor (SBE 43), fluo
rometer (ECO FLNTU-4050), ECO Triplet (ECO BBFL2-123), and a PAR 
sensor (Biospherical Instruments Inc. QCP-200L). The VPR was towed in 
a coat-hanger pattern (hereafter referred to as the coat-hanger transect; 
solid line Fig. 4b) on 7 July. The southernmost leg of the coat-hanger 
transect was oriented east–west and transected the streamer. The VPR 
undulated between 5 and 100 m as the ship moved at ca. 10kt 
(1kt ≈ 0.51ms−1). The mean horizontal distance between neighboring 
up- and down-casts was ~ 450 m; for visualization and flux calculations, 
the profiles were interpolated onto a vertical grid with 1-m resolution. 

Velocity data from a ship-mounted OS75 Acoustic Doppler Current 
Profiler (ADCP) were used to quantify the along-streamer transport. The 
ADCP was configured with the University of Hawai’i Data Acquisition 
System (UHDAS) with 8-m vertical bins and 15-minute averaging win
dows, and the underway velocity data were processed with the Common 
Ocean Data Acquisition System (CODAS). The barotropic tidal flow at 
M2, S2, N2, K2, K1, O1, Q1 and M4 frequencies extracted from the 
Oregon State University Tidal Prediction Software (OTPS; Egbert and 
Erofeeva, 2002) were removed from the velocity data. The ADCP 
configuration gives a near-surface vertical blanking range of 35m with 
no velocity data. To calculate the cross-transect transport of the shelf 

Fig. 4. Zoom-in views of the satellite-measured sea surface temperature (top) and chlorophyll (bottom) around the times of the in situ measurements. The diamonds 
in the left panels show locations of Stations A5-A18; the triangles in the right panels show locations of Stations S1-S8; the black lines in (b) show the track of the VPR 
tow on July 7; the arrows in (a) and (b) show horizontal velocity at 36 m measured by the ship-board ADCP; The white arrows in (a) and (b) are scales of the velocity 
vectors; the gray lines are 100, 200, 1000, and 2000 m isobaths. 
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water over the entire depth range, we combined the measured density 
distribution with a thermal-wind balance to compute the cross-transect 
component of the velocity in the blanking range. 

Phytoplankton were observed with a combination of flow cytometry 
and imaging-in-flow cytometry (Sosik et al. 2010). Instruments were 
configured to automatically sample the near-surface water at regular 
intervals from the ship’s flowing seawater system. Pico- and nano
plankton were measured with an Attune NxT Flow Cytometer (Ther
moFisher Scientific) configured with two lasers (488 nm, 532 nm), 
fluorescence channels for chlorophyll (680 nm) and phycoerythrin (575 
nm), and two side angle light scattering sensitivities (OD2 neutral 
density filter added for high sensitivity at 532 nm). The Attune was 
adapted to sample 0.4 mL automatically every 2 min. Nano-and 
microplankton were measured with Imaging FlowCytobot (IFCB; 
McLane Research Laboratories, Inc.). Individual cell light scattering 
signals were converted to cell volume with calibration from cell cultures 
independently sized on a Coulter Multisizer. The IFCB was configured to 
automatically sample 5 mL at ~ 25 min intervals. Images were auto
matically analyzed and assigned to taxonomic groups following ap
proaches developed for the IFCB time series at the Martha’s Vineyard 
Coastal Observatory (Sosik et al., 2016). The measured phytoplankton 
were separated into three size classes according to equivalent spherical 
diameter computed from biovolumes: <2 μm (pico), 2–20 μm (nano), 
and > 20 μm. Cell biovolume was also estimated from the Attune and 
IFCB images (Moberg and Sosik 2012) and converted to cell carbon 
following the relationships described by Menden-Deuer and Lessard 
(2020). Combining the cell carbon with chlorophyll concentrations 
measured from all surface water bottle samples of the cruise gives a 
phytoplankton carbon-to-chlorophyll ratio of 166 (Fig. 5), which will be 
used to calculate cross-shelf algal carbon fluxes induced by the streamer 
(Section 4.3). 

Zooplankton were sampled at selected stations using a Multiple 
Opening/Closing Net and Environmental Sensing System (MOCNESS) 
with a 0.5 m2 mouth area (Wiebe et al., 1976). The first net sampled 
from the surface down to the maximum sampling depth at that station, 
and the other nets sampled at discrete depths. At each station, 3 
epipelagic depths (shallower than 100 m) were sampled based on the 
CTD fluorescence profiles: the surface, the subsurface chlorophyll 
maximum, and below the subsurface chlorophyll maximum. All three 
depths were sampled with 150 µm-mesh nets for 2 min and an additional 

sample was collected at the subsurface chlorophyll maximum using a 
100 µm-mesh net. A calibration was conducted at the end of the cruise 
consisting of two separate half-kilometer tows in opposite directions at 
30-m depth, to confirm flow-meter readings with distance traveled. This 
allowed calculation of the volume of water sampled during each MOC
NESS tow. After retrieval, nets were washed down with a saltwater deck 
hose to concentrate zooplankton into net cod ends. Samples were then 
transferred to one-liter jars and preserved in approximately 10 % 
formalin:seawater solutions for microscopic analyses ashore. At the 
shore-based laboratory, samples were drained through 64 µm-mesh 
sieves for removal of formalin:seawater and the concentrated 
zooplankton were transferred to 70 % ethanol for microscopic identifi
cation and enumeration as described in Petitpas et al. (2014). 

2.3. Measurements of biological productivity 

To compare biological productivity of the streamer shelf water and 
the surrounding slope and ring waters, rates of photosynthetic carbon 
assimilation and net community production (NCP) were measured. 
Primary productivity was also estimated using a bio-optical model (Ma 
and Smith, 2022). These methods together provide a holistic description 
of the biological productivity within and outside of the streamer. Details 
of the methods are described in Smith et al. (2021), Oliver et al. (2021), 
and Ma and Smith (2022). Simulated in situ incubators and 14C-uptake 
measurements were used to obtain the rate of photosynthetic carbon 
assimilation at discrete depths at selected stations. Approximately 20 
µCi NaH14CO3 (pH = 9.6) was added to water samples taken from 
different isolumes and placed in sterile 280-mL Qorpak bottles. The 
bottles were then placed in irradiance-simulating Plexiglas tubes 
wrapped with blue and neutral density screening. The tubes were sub
merged in a deck incubator with a surface seawater flowing system to 
maintain surface temperatures. After 24 h, water samples were filtered 
through GF/F filters, which were then placed in scintillation vials, to 
which 5 mL Ecolume® scintillation cocktail was added, placed in 
darkness for 24 h, and counted on a Beckman liquid scintillation 
counter. 

Vertical profiles of productivity were also estimated using a bio- 
optical model based on the formulation of Behrenfeld and Falkowski 
(1997a, b). The calculation combines measured profiles of temperature, 
fluorescence, and PAR, along with a global temperature-photosynthesis 
response and the euphotic depth (Oliver et al., 2021). At the incubation 
stations on both the along- and cross-slope transects, vertical profiles of 
primary productivity given by the bio-optical model match the pattern 
of the incubation-based productivity measurements (Fig. 6). The model- 
estimated high-resolution productivity profiles show vertical variability 
with length scales similar to that of chlorophyll. 

To calculate high spatial resolution (~2 km) NCP in surface waters, 
dissolved oxygen and argon concentrations were measured by an 
Equilibrator Inlet Mass Spectrometer (EIMS) from the ship’s flowing 
seawater system with a precision of 0.2 % on a timescale of seconds to 
minutes. The EIMS system was designed following Cassar et al. (2009) 
with modifications described in Smith et al. (2021). Rates of NCP were 
calculated from the continuous O2/Ar data as 

NCP =
[
(O2/Ar)m/(O2/Ar)e − 1

]
× O2e × k × ρ 

where (O2/Ar)m is the O2 to Ar ratio measured by the EIMS, (O2/Ar)e 
the ratio of O2 to Ar equilibrium concentrations, k the gas transfer ve
locity, ρ the density of seawater, and O2e the equilibrium concentration 
of O2 (Stanley et al., 2015). The NCP calculation assumes a steady state 
and represents a mixed-layer integrated rate of biological production 
with a spatial resolution of a few kilometers over the time scale of a few 
days. The calculations do not include effects of vertical mixing since we 
do not have O2/Ar depth profiles at the same spatial resolution as the 
EIMS data. However, at the CTD stations where O2/Ar profiles were 
measured, vertical mixing corrections were calculated using the method 

Fig. 5. Attune and IFCB-based phytoplankton carbon concentration vs chlo
rophyll concentration measured from the surface water bottle samples during 
cruise TN368. The red line represents a least-squares fit to all the data. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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described in Seguro et al. (2019) and found to be<10 % of the NCP rates. 
In order to not bias the data by including corrections at some locations 
and not others, vertical corrections were not included in any of the NCP 
calculations. 

3. Observed patterns 

3.1. Surface patterns of temperature and chlorophyll 

Ring 19C first separated from the Gulf Stream in February 2019 in 
the slope region to the southeast of Georges Bank, around 64◦W, 40◦N 
(Figs. 1 and 2). It then migrated westward. At the end of March, it moved 
northward and came into contact with the southern flank of Georges 
Bank (Figs. 1 and 2c). Thereafter, it migrated westward/southwestward 
along the MAB shelf break in a trajectory similar to Ring 82B (Fig. 1 in 
Evans et al., 1985). By the end of August, it reached the narrow slope 
region between the southern end of the MAB shelf edge and the Gulf 
Stream; the ring center was at 74◦W, 37.5◦N. Six months after its for
mation, it was reabsorbed into the Gulf Stream. As Ring 19C migrated 
along the shelf edge toward the southwest, its surface temperature 
increased gradually, presumably due to seasonal heating, while the 
signal of its elevated surface temperature relative to the surrounding 
water became less distinct (Fig. 2). The surface chlorophyll concentra
tions in the central region of the ring remained relatively low (<0.3 µg/ 
L) throughout the 6-month period (Fig. 3). 

After impinging onto the southern flank of Georges Bank at the end of 
March, Ring 19C induced a prominent streamer, as indicated by a nar
row band of cold shelf water with a relatively high concentration of 
chlorophyll on its eastern flank (Fig. 3). The streamer stretched from its 
root (the shelf end of the streamer at 200-m isobath) along the eastern/ 
northeastern edge of the ring into the slope sea and persisted for about 5 

months until it merged into the Gulf Stream at the end of August. In 
August, as Ring 19C migrated toward the warm slope water in the 
southern MAB, the temperature signal of the shelf-water streamer 
became less pronounced (Fig. 2i-j), while its chlorophyll signal remained 
distinct (Fig. 3i-j). At times, the streamer appeared to wind toward the 
ring center forming an inward spiral pattern (e.g., Figs. 2d, h, 3e, h), but 
this pattern was not persistent. In general, the surface temperature 
gradually increased and the surface chlorophyll slowly decreased rela
tive to the shelf source. 

The gradual along-streamer increase of surface temperature and 
decrease of surface chlorophyll are evident during the TN368 cruise in 
July 2019 (Fig. 4). On 05 July, the surface temperature at the shelf end 
of the streamer at 40◦N (~200-m isobath) was about 20 ◦C. It gradually 
increased southward along the streamer reaching 24 ◦C at 39◦N. On 09 
July, the surface temperature at the streamer root was 19 ◦C, and it 
gradually increased to 21 ◦C at 39◦N. There was a decrease in SST over 
the entire region from 05 to 09 July, which resulted from region-wide 
heat loss to the atmosphere during a period with low air temperatures, 
low solar radiation, and relatively strong winds on 08 July (Fig. 7). On 
04 July, the surface chlorophyll at the root of the streamer was about 1 
μg L−1, and it decreased gradually southward along the streamer to 0.5 
μg L−1 at 39◦N (Fig. 4c). These changes of the surface properties in the 
streamer could represent dilution of the streamer shelf water through 
mixing with the surrounding slope or ring water, which would affect 
biological productivity in the streamer (see Section 4.2). 

3.2. Cross-shelf distribution 

Data from the cross-shelf CTD transect (Fig. 4a) on 06 July captured 
the subsurface transition of physical and biogeochemical properties 
from the shelf water to the offshore-moving streamer water (Figs. 8, 9). 
At this time, the root of the streamer was at the 200-m isobath and ~ 
40◦N, close to Station A12. On the shelf end (onshore of the 100-m 
isobath; Stations A5-A7), the entire water column consisted of shelf 
water with salinity<33 (Figs. 8b, 10b). The shelf water temperature was 
low, except in a thin surface layer (Figs. 8a, 10a). Between the 100- and 
200-m isobaths (Station A5-A12), the base of the shelf water lifted off 
the bottom; isopycnals (Fig. 8c) and the 34.5 isohaline, an indicator of 
the base of the shelf water (Figs. 8, 9), rose from A8 to A12. Farther 
offshore, isopycnals and the 34.5 isohaline were relatively flat. At the 
offshore end of the transect (Station A18), shelf water occupied the 
upper 50 m of the water column. Shoaling of the isopycnals and the 34.5 
isohaline between the 100- and 200-m isobaths was consistent with the 
structure of the baroclinic shelf break front in the region (e.g., Linder 
and Gawarkiewicz, 1998). Meanwhile, subsurface salinity in the 
streamer increased gradually offshore, which could result from gradual 
dilution of the shelf water by the surrounding ring and slope waters of 
higher salinity, or from the cross-streamer variation. Note that the cross- 
shelf transect did not completely align with the along-streamer direc
tion, and some of the cross-shelf variability, such as the isolated sub
surface patch of high temperature and high salinity at 39.95◦N, resulted 
from cross-streamer (along-shelf) variation. Regardless, the majority of 
the cross-shelf variability should reflect along-streamer variations in 
water properties, which are much greater than those of the ambient 
water in the cross-streamer direction (see Section 3.3). 

A westward jet with a core speed of 0.4 m s−1 was located around 
40◦N between Stations A11 and A13 (Fig. 8g). There was also an east
ward flow at 40.2◦N, which together with the westward frontal jet, 
formed a frontal eddy at the shelf end of the streamer (Figs. 4a and 8g). 

Subsurface chlorophyll and O2 maxima occurred at 10–40 m over the 
entire transect (Figs. 8d-e, 10c-d). The subsurface maximum concen
trations of chlorophyll and O2 on the shelf side reached 5 μg L−1 and 335 
μM, respectively, both higher than those on the offshore end. This was 
consistent with the elevated productivity in the subsurface layer on the 
shelf side (Fig. 9c). The peak subsurface production rate at Station A6 on 

Fig. 6. Vertical profiles of chlorophyll concentration (green lines), 14C-uptake 
primary productivity (blue dots), and primary productivity estimated by the 
bio-optical model (blue lines) on the (a-b) cross-slope and (c-d) along-slope 
transects. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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the shelf end reached 60 mg C m−3 d−1, >4 times greater than that at 
Station A18 on the offshore end (Figs. 9c, 10h). 

CDOM fluorescence was high throughout the water column on the 
shelf and decreased gradually offshore (Fig. 8f). Its distribution outlined 
the shelf water volume on the transect and reflected either the gradual 
dilution of the streamer shelf water toward offshore or cross-streamer 
variation in the CDOM distribution. The subsurface chlorophyll 
maximum overlapped with that of the nutricline, which was charac
terized by strong vertical gradients in nitrate (NO3), phosphate (PO4), 
and silicate (SiO4) (Fig. 9a,b,d). Within the upper 20 m over the entire 
transect, NO3 concentrations were ~ 0.05 μM, while PO4 concentrations 
were ~ 0.1 μM (Fig. 10e-f). Below the surface layer, there was abundant 
NO3 and PO4 across the entire transect. The SiO4 concentration was 1–2 
μM in the upper 20 m; subsurface SiO4 concentrations on the shelf were 
very high, reaching 11 μM below 40 m (Fig. 9d, 10g). 

The distributions of PON and POC were similar to those of chloro
phyll with a subsurface maximum at 20–40 m across the transect, and 
maximum concentrations of 5 and 30 μmol L−1 at the shelf break 
(Fig. 9e-f). The distribution of DIC showed a similar vertical gradient 
across the entire transect (Fig. 9g). In the upper 20 m, the DIC concen
tration was ~ 2.05 mmol L−1. The pH exhibited subsurface maxima at 
20–40 m with peak values reaching 8.13 on the offshore end of the 
transect (Fig. 9h). 

Cross-shelf metazoan zooplankton communities varied both with 
depth and also along the streamer. MOCNESS samples at Station A12 
(near the 200 m isobath) on 07 July had total zooplankton abundances 
of ~ 10,000, ~22,000, and ~ 1,000 animals m−3 at the surface, 21 m 
and 32 m, respectively (Fig. 11a). Note that the subsurface chlorophyll 
maximum at A12 was at 20–30 m (Fig. 10c). Zooplankton abundance 
below the chlorophyll maximum was at least an order of magnitude 
lower than in the water column above. The community composition at 
all three depths was characterized by taxa typical of shelf water in the 
northwestern Atlantic, such as copepods of the genera Calanus, Pseu
docalanus, Paracalanus, Centropages, and Oithona, as well as mer
oplankton (i.e., bivalve, decapod and gastropod larvae). Oithona similis, 
particularly copepodite stages, overwhelmingly dominated the 
zooplankton abundance. Further offshore at Station A14 (just inshore of 

the 1000 m isobath), MOCNESS samples (100 µm-mesh) on 06 July had 
a zooplankton abundance of 133 animals m−3 at 38 m, which was within 
the subsurface chlorophyll maximum, and represented the shelf water 
environment. At 57 m (150 µm-mesh), which was below the 34.5 iso
haline representing the slope water environment, the total zooplankton 
abundance was 209 animals m−3 (Fig. 11b). Therefore, the abundance at 
the offshore station, A14, was at least 1–2 orders of magnitude lower 
than at the inshore station, A12. At A14, the shelf-water layer at the 
surface was overwhelmingly dominated by Oithona similis (81 %), with 
Oithona atlantica, a more oceanic species, comprising only < 1 % of total 
abundance. In contrast, Oithona atlantica comprised a substantial pro
portion (>18 %) of the zooplankton community in the deeper slope- 
water layer. Meanwhile, meroplankton were present at ~ 2 % of the 
total zooplankton abundance within the shelf-water layer, while they 
were completely absent in the deeper slope water layer, demonstrating 
offshore transport of invertebrate larvae of potential commercial 
importance away from coastal nursery habitats. 

3.3. Cross-streamer distributions 

The along-slope CTD transect on 8 July sampled a cross-section of the 
shelf water streamer at a location to the eastern end of WCR 19C and ~ 
83 km south of the root of the streamer at the 200-m isobath (Fig. 4d). At 
this location, the streamer was 50 km wide and 50 m thick, as deter
mined by the 34.5 isohaline (Figs. 12, 13). The western 15-km section of 
the streamer on its inner side (from the perspective of the ring center) 
was a thin layer of shelf water occupying the surface 5–15 m. This thin 
surface layer of shelf water likely resulted from westward surface Ekman 
transport induced by the southwestward wind on 07 July (Fig. 7). 
Immediately below the thin surface layer of shelf water was high- 
temperature and high-salinity ring water (Figs. 12a-b, 14a-b). This 
vertical distribution of the shelf and ring water indicates that density of 
the shelf water at this time was either slightly lower than or similar to 
that of the surface ring water (Fig. 12c). This is consistent with the 
observed offshore transport of shelf water at this time being entirely in a 
surface layer, i.e., no subduction of shelf water underneath ring water 
(see Section 4.1). At the core of the shelf water streamer, salinity was 33 

Fig. 7. Measured (a) air temperature, (b) shortwave radiation, (c) longwave radiation, and (d) wind conditions during June-July 2019. The purple area highlights the 
period that in situ measurements of the shelf water streamer of Ring 19C were collected. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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in the top 15 m, and the subsurface isopycnals were elevated compared 
to the slope water to the east (Fig. 12c). The velocity in the streamer was 
mostly southward, along with the mesoscale anticyclonic (clockwise) 
flow of the ring (Figs. 4b, 12h). The southward flow gradually weakened 
on the eastern side of the streamer and disappeared on its eastern (outer) 
edge. The eastern edge of the streamer thus represented the outer 
boundary of the ring influence. Integrating velocity from the ship-board 
ADCP in the cross-sectional area determined by the 34.5 isohaline gave 
an offshore volume transport of shelf water in the streamer of ~ 0.26 Sv. 

Across the streamer, there were distinct subsurface chlorophyll and 
O2 maxima at 15–30 m, shallower than those in the ring and slope 
waters on the western and eastern sides (Figs. 12d-e; 14c-d). The 
maximum O2 concentration in the streamer reached 290 mM, much 
greater than those in the slope and ring waters (Figs. 12d, 14d). The 
subsurface chlorophyll maximum on the eastern side of the streamer 
resided at 40–55 m, below the surface slope water, while that on the 
western side of the streamer was at 30–40 m, below the intermediate 
layer of ring water, which was below the thin surface layer of streamer 
shelf water. The chlorophyll maximum in the streamer was 2.3 μg L−1, 
similar to the maximum concentration in the ring water, but lower than 
that in the slope waters of 12 μg L−1 (Figs. 12e, 14c). This elevated 
chlorophyll concentration in the slope water on the eastern side of the 
streamer (Station A7) occurred in a thin layer and resulted from up
welling of nutrient-rich subsurface Gulf Stream water that stimulated 

biological production (Oliver et al., 2021). The maximum productivity 
at Station A7 was ~ 150 mg C m−3 d−1 at 45 m (Figs. 13c, 14h); in 
contrast, the subsurface productivity maximum in the streamer shelf 
water was 30–40 mg C m−3 d−1 at 20 m at Stations S4 and S5. The sub
surface productivity at Station S1 reached 20 mg C m−3 day−1 at 20 m, 
and is below the thin surface layer of shelf water and thus in the ring 
water (Figs. 13c, 14h). Meanwhile, the subsurface CDOM fluorescence 
in the streamer shelf water remained higher than that in the neighboring 
ring and slope waters (Fig. 12f). 

Over the entire cross-streamer section, the subsurface chlorophyll 
and O2 maxima mostly overlapped with the nutricline, which was also 
vertically elevated in the streamer relative to the neighboring ring and 
slope waters on either side (Fig. 13). The NO3 concentration in the 
surface layer was 0.04 μM across the transect, and the NO3-depleted 
surface layer was only 15 m thick in the streamer, and 30 m thick in the 
slope and ring waters. PO4 concentrations in the surface layer change 
across the transect from 0.08 μM in the surface streamer shelf water to 
0.015 μM in the surface slope and ring waters (Fig. 14f). PO4 was not 
depleted in the surface streamer shelf water, but was depleted in the 
surface slope and ring waters. SiO4 concentration was ~ 1 μM in the 
surface streamer and ~ 0.75 μM in the surface ring and slope water. 

Both PON and POC exhibited subsurface maxima at 10–30 m in the 
streamer, shallower than in the ring and slope waters (Fig. 13e-f). The 
peak PON and POC concentrations in the streamer were 3 and 18 

Fig. 8. Vertical distributions of (a) temperature, (b) salinity, (c) σθ, (d) oxygen, (e) chlorophyll, (f) colored dissolved organic matter (CDOM), (g) eastward velocity, 
and (h) northward velocity along the cross-shelf transect on 06 July 2019. The thin black lines are the 34.5 isohaline representing the boundary between the shelf and 
offshore waters. The triangles at the top of each panel represent CTD station locations. The thick black lines represent the seafloor. The black-white dashed lines 
represent the base of the euphotic layer; the red line in (g) separates the ADCP-measured u and that computed from thermal-wind balance. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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μmol L−1, respectively, both of which were higher than the peak values 
in the slope and ring waters. There was a clear vertical gradient in DIC 
concentration, being 2.05 mM in the surface 15 m in the streamer and 
2.1 mM in the surface 25 m in the slope water to the east (Fig. 13g). pH 
was generally higher in the streamer shelf water than in the neighboring 
slope water, with peak pH values in the streamer reaching 8.13 at 25 m 
at Stations S4 and S5, while in the slope water the maximum was 8.08 at 
40 m at Station S7. 

On 08 July MOCNESS samples were taken at Station S1 (Fig. 4d) 
where a thin layer (<10 m) of streamer water sat over the ring water. At 
all sampled depths (surface, 25 m and 38 m), zooplankton community 
composition was diverse with species of shelf, offshore, and tropical 
origins, but the total zooplankton abundance was < 30 animals m−3 

(Fig. 11c), much lower than at Stations A12 and A14. Consistent with 
Station A14 (Fig. 11b), Oithona similis dominated the streamer shelf 
water community at the surface, comprising ~ 67 % of total 
zooplankton abundance. In the ring water below, the zooplankton 
community included a variety of offshore or tropical species, such as, 
copepods of the genera Corycaeus, Euchaeta, and Sappharina; the 
copepod species Temora stylifera and Acartia danae; and non-copepod 
taxa such as the sergestid shrimp Lucifer faxoni, eel leptocephalus 
larvae, and the chaetognath Sagitta enflata. Meanwhile, Oithona similis 
comprised only 26 % and 5 % of the zooplankton abundance, respec
tively. This subsurface composition in the ring water differed drastically 

from that in the subsurface slope water layer at Station A14. 

3.4. Three-dimensional pattern 

The VPR coat-hanger transect consisted of both along- and cross- 
streamer sections, and provided a 3-dimensional view of the shelf 
water streamer (Fig. 15). The general pattern depicted by the VPR data 
was consistent with that obtained from the CTD transects. At 100-m 
water depth (40.2◦N), the streamer shelf water occupied the upper 70 
m of the water column, and the streamer shelf water layer gradually 
shoaled toward the south and reached 50 m thick at the cross-streamer 
section of the transect (39.25◦N). The western end of the southern leg of 
the VPR tow (westward) reached 71.5◦W, farther into the interior of 
Ring 19C than the cross-streamer CTD transect. A stronger southward 
current was observed as the ship moved toward the ring interior (Fig. 4b, 
15h). The hydrographic measurements showed vertical structures of 
temperature, salinity and density of the interior ring water similar to 
those of the water on the eastern edge of the ring, except the thermocline 
and pycnocline toward the ring interior were slightly deeper (Fig. 15a, 
c). This confirmed that the shelf water density was similar to the surface 
ring water. Toward the ring interior, the subsurface chlorophyll, 
turbidity and O2 maxima persisted but deepened slightly. 

The VPR data showed fine-scale variability in both along- and cross- 
streamer directions. Tilted filaments of warm (cold) and saline (fresh) 

Fig. 9. Vertical distributions of (a) nitrate (NO3), (b) phosphate (PO4), (c) modeled primary productivity, (d) silicate (SiO4), (e) particulate organic nitrogen (PON), 
(f) particulate organic carbon (POC), (g) dissolved inorganic carbon, and (h) pH along the cross-shelf transect on 06 July 2019. The thin black lines are the 34.5 
isohalines representing the boundary between the shelf and offshore waters. The triangles on the top of each panel represent CTD station locations. The black-white 
dashed lines represent the base of the euphotic layer; the thick black lines represent the seafloor. 
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waters and patchiness in the O2, chlorophyll and turbidity distributions 
were observed on scales of 1–10 km. Similarly, the 34.5 isohaline 
showed fine-scale undulations throughout the transect. This fine-scale 
variability likely results from vertical motion associated with sub
mesoscale processes occurring on the interface between the shelf and 
slope/ring waters (Zhang and Partida, 2018). 

Analysis of the ship’s underway surface water flow on the coat- 
hanger transect showed that the streamer shelf water was productive. 
In particular, surface mixed layer NCP was elevated in the streamer shelf 
water compared to the ring and slope water (Fig. 16a). There is a strong 
correspondence between SST and NCP, with higher NCP in the streamer 
water. Moreover, NCP decreased over a north–south-oriented 5-km wide 
warm filament (at 70.6◦W) inside the streamer that stemmed from the 
slope water from the east, indicating the fine-scale nature of the corre
spondence between NCP and water mass structure. Attune and IFCB data 
showed that the elevated surface chlorophyll concentration in the 
streamer resulted from higher abundance of nanoplankton (2–20 μm) 
and microplankton (>20 μm) than in the surrounding ring and slope 
waters (Fig. 16c-d). There was no clear enhancement of picoplankton 
(<2 μm) biomass in the streamer (Fig. 16b). 

4. Discussion 

4.1. Streamer subsurface structure 

Shelf-water streamers are submesoscale filaments of shelf water 
entrained offshore by impinging warm-core rings. After leaving the 
shelf, they often wrap around the rings and thus have a qualitatively 

similar surface appearance (e.g., Garfield and Evans, 1987; Joyce et al., 
1992; Bisagni et al., 2019). However, their subsurface structures can 
differ. For example, the 1982 shelf water streamer measured by Joyce 
et al. (1992) at a location 100 km offshore of the shelf break was over 
100 m thick, whereas the streamer we observed in July 2019 was only 
50 m thick at 80 km offshore of the shelf break, and thus was much 
thinner than the 1982 streamer. The thickness of a shelf-water streamer 
is a key parameter for understanding its role in cross-shelf material and 
energy exchange as studies typically estimate the overall streamer 
transport based on satellite-measured sea surface information and an 
assumed depth of the streamer (e.g., Bisagni, 1983). 

Shelf-water streamer offshore transport could also occur beneath a 
surface layer of ring water and be indiscernible via remote sensing. This 
surface-invisible transport of the shelf water in a subsurface layer of 10 s 
m thick often occurs adjacent to a surface shelf water streamer, as both 
result from entrainment by the ring. The subsurface transport results 
from submesoscale frontal subduction at the interface of the ring and 
shelf waters when the shelf water density is higher than the ring water. 
The density difference forms a density front at their interface (Zhang and 
Partida, 2018). As the ring migrates shoreward, the density front is 
intensified, which triggers a secondary flow to counterbalance the 
frontal intensification (Spall, 1995). Frontal subduction of shelf water is 
a part of the secondary flow on the shelf side of the interface. Zhang and 
Partida (2018) demonstrated that this type of subsurface shelf water 
transport below a surface layer of ring water could be similar in 
magnitude to the shelf water transport in a surface-visible streamer. 
However, the cross-streamer transect in July 2019 did not show any 
subduction of shelf water—in fact, the streamer water tended to overtop 

Fig. 10. Vertical profiles of (a) temperature, (b) salinity, and (c) chlorophyll, (d) dissolved oxygen, (e) nitrate, (f) phosphate and (g) silicate concentration, and (h) 
model-estimated productivity at Stations A6, A12 and A18, representing the shelf end, middle part, and offshore end of the cross-slope transect on 06 July 2019. 
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the ring water when forced by the wind (Fig. 12b), which likely resulted 
from similarities in the density of the ring and shelf waters (Fig. 12c), a 
condition different from that described in Zhang and Partida (2018). 
When a WCR is first formed, its surface density is often lower than the 
shelf water owing to the much higher temperature (Zhang and Gawar
kiewicz, 2015). However, surface ring water can gradually lose its heat 
and buoyancy through air-sea interactions or mixing with surrounding 
slope water, and its surface density then increases slowly (Schmitt and 
Olson, 1985). Alternatively, the increasing downward heat flux from 
winter to summer could warm the shelf water faster because of the 
shallower surface mixed layer on the shelf (Zhang et al., 2011), which 
would tend to reduce the density contrast between shelf and ring waters. 
SST images indicate that the temperature difference between the surface 
ring and shelf water decreased from ~ 13 ◦C in March to ~ 3 ◦C in July 
2019 (Fig. 2). Therefore, before July 2019, the density contrast between 
ring and shelf waters was likely higher, and there could have been a 
subsurface layer of shelf water being transported offshore next to the 
surface streamer. That is, all else being equal, offshore transport of shelf 
water from March to June was likely substantially higher than that 
observed in July. 

4.2. Impact on slope sea productivity 

Both satellite and in situ measurements indicate that the streamer 
carried productive shelf water offshore, as demonstrated by the elevated 
chlorophyll concentrations (Fig. 3c-j) and surface mixed layer NCP 
(Fig. 16a) in the streamer shelf water compared to the neighboring 
surface ring and slope water. Note that subsurface chlorophyll in the 
streamer is not necessarily higher than that in the surrounding slope or 
ring waters: the measured chlorophyll concentration and productivity at 
the base of the euphotic zone (50 m) at Station S7 in the slope water to 
the east of the streamer were higher than those in the streamer (Fig. 14c, 
h). This elevated subsurface chlorophyll in the slope water resulted from 

upwelling of the nutrient-rich deep Gulf Stream water (Oliver et al., 
2021), and was not detectable in satellite imagery. Therefore, surface 
chlorophyll is not always a good proxy for depth-integrated chlorophyll 
in the slope sea. 

The elevated surface chlorophyll in the streamer relative to the 
surrounding slope/ring water could result from two different mecha
nisms: offshore advection of shelf water with high phytoplankton con
centrations generated on the shelf before entering the streamer, or 
sustained local phytoplankton growth in the streamer as the shelf water 
moves offshore. The former is consistent with high surface nanoplankton 
and microplankton biomass in both the streamer and shelf (Fig. 16c-d), 
but in contrast to the dramatic decrease of surface picoplankton biomass 
from the shelf to the streamer (Fig. 16b). Given the surface-layer flow 
speed in the streamer of ~ 0.2 m s−1, the time it took the shelf water to 
travel from A6 to A18 (~90 km apart) was ~ 5 days, which was similar 
to time scales of phytoplankton mortality and zooplankton grazing in 
the region (e.g., Fennel et al., 2006). The subsurface chlorophyll con
centration at A18 remained elevated with a subsurface maximum 
similar to that on the inshore end of the transect (Figs. 8e and 10c). This 
shift in phytoplankton composition and the persistently high NCP in the 
streamer suggests that at least part of the elevated surface chlorophyll 
concentration in the streamer was caused by local phytoplankton 
growth in the streamer, and the high NCP was mostly associated with 
nanoplankton and microplankton. Additionally, lower zooplankton 
abundance observed in the streamer shelf water at the offshore station 
(S1) relative to the inshore stations (A12 and A14) suggests decreased 
grazing pressure (at least from the > 100 µm size fraction) on the 
phytoplankton in the streamer, which likely facilitated the local 
phytoplankton growth. 

Phytoplankton growth in the streamer was likely supported by 
offshore transport of the nutrient-rich subsurface shelf water that was 
originally below the euphotic zone on the shelf (Fig. 9a-b and 10e-f). 
Because of the high concentrations of organic material (e.g., CDOM and 

Fig. 11. Metazoan zooplankton community abundance and composition at (a) Station A12 on 07 July, (b) Station A14 on 06 July and (c) Station S1 on 08 July. All 
zooplankton data were sampled with 150 µm-mesh nets except for Station A14 at 38 m which is from a 100 µm-mesh net. 
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POC; Figs. 8f, 9f), the euphotic zone on the shelf was shallow. The 
measured 1 % light level at Station A5 on 09 July was at 25 m, and the 
mean light attenuation coefficient in the surface layer was kd = 0.184 
m−1. The nutrients on the shelf below 25 m (Fig. 9a-d) were thus insu
lated from biological uptake due to light limitation of autotrophs. As the 
shelf water moved offshore in the streamer, its clarity increased and the 
light attenuation decreased due to either mixing with surrounding 
oligotrophic slope and ring waters reducing the CDOM and POC con
centrations, or particles gradually sinking from the surface layer. 
Correspondingly, irradiance penetrated deeper into the water column, 
and the measured 1 % isolume at Station A18 was at ~ 40 m. The mean 
light attenuation coefficient in the surface layer at A18 was kd = 0.115 
m−1. Given the mean phytoplankton-induced light attenuation coeffi
cient in the region of kp = 0.13 

(
μg Chl L−1)−1 m−1 (Oliver et al., 2021), if 

this decrease of ~ 0.07 m−1 in kd from A5 to A18 resulted entirely from 
reduction in phytoplankton-induced light attenuation, it would require a 
decrease in mean chlorophyll concentration of 0.53 μg L−1, which was 
qualitatively consistent with the observed reduction in surface chloro
phyll concentration at the stations (Fig. 10). This change of light 
attenuation caused an increase in the euphotic zone depths in the 
offshore portions of the streamer (Fig. 8e-f). Even with a purely hori
zontal flow (no upwelling), nutrients in the streamer shelf water at 
25–40 m would gradually become available for biological consumption 
as the streamer moved offshore. Consistent with that point, from Station 
A6 to A18, there was a reduction of NO3, PO4 and SiO4 concentration at 
that depth range (Fig. 10e-g). Meanwhile, the subsurface chlorophyll 
maximum deepened from 25 m at Station A6 to 38 m at Station A18 
(Fig. 10c). Assuming a vertical diffusivity of 10-3 m2 s−1 in the upper 25 
m of the streamer, the time for materials at 25 m to be mixed to the 

surface was ~ 7 days, similar to the streamer water horizontal advection 
time scale. This suggests that persistence of high NCP in the streamer 
was supported by deepening of the euphotic zone and utilization of 
subsurface nutrients. Satellite chlorophyll concentration represents a 
weighted-average of the chlorophyll signal in the euphotic depth (Morel 
and Berthon, 1989). The subsurface chlorophyll maximum may have 
been partially visible at the surface and likely contributed to the 
elevated chlorophyll concentration in the streamer (relative to ring and 
slope waters) shown in the satellite images (Fig. 3c-j). 

4.3. Estimated cross-shelf transport 

The measured transport of water, heat, salt and biomass in the shelf 
water streamer causes exchange between the shelf and deep ocean. 
Defining shelf water as salinity < 34.5, we estimate the southward 
streamer volume, heat and salt transport from the cross-streamer CTD 
transect to be 0.26 Sv, 1.8 × 1013 W and 9.1 × 106 kg s−1, respectively. 
Applying the same calculation to the southern leg of the VPR coat- 
hanger transect yielded transport of 0.18 Sv, 1.2 × 1013 W and 6.3 ×
106 kg s−1, respectively. These transport estimates are less than those of 
the thicker streamer induced by Ring 82B (Table 1; Joyce et al., 1992), 
but similar to the long-term mean shelf water offshore transport across 
the shelf break (e.g., Chaudhuri et al., 2009; Ramp et al., 1988). 

Mean shelf water chlorophyll concentrations on the cross-streamer 
section measured by CTD and VPR were 0.80 and 0.60 μg L−1, respec
tively, while the mean concentrations of POC and DIC were 9.0 μmol L−1 

and 2.1 mmol L−1, respectively. Combining the chlorophyll measure
ments with the estimated volume transport, and using the Attune and 
IFCB-based estimate of carbon:chlorophyll mass ratio of 166, we esti
mate the offshore flux of algal carbon in the streamer to be 3000 mton d- 

Fig. 12. Cross-streamer distribution of (a) temperature, (b) salinity, (c) σθ, (d) oxygen, (e) chlorophyll, (f) colored dissolved organic matter (CDOM), (g) eastward 
velocity, and (h) northward velocity on 08 July 2019. The black lines are the 34.5 isohaline representing the boundary between the shelf and offshore waters. The 
triangles on the top of each panel represent locations of the CTD stations. The black-white dashed line represents the base of the euphotic zone; the red line in (k) 
separates the ADCP-measured v and that computed from thermal-wind balance. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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1 (2900 mol s−1) and 1500 mton d-1 (1600 mol s−1) in the CTD and the 
VPR transects, respectively. The estimated offshore fluxes of POC and 
DIC in the shelf- water streamer on the cross-streamer CTD transect were 
2400 mton d-1 (2340 mol s−1) and 5.7 × 105 mton d-1 (5.5 × 105 mol 
s−1), respectively. Considering the streamer width of ~ 50 km, all these 
estimates of instantaneous algal/particulate organic carbon fluxes are 
greater than the mean cross-shelf carbon export of 1300 mton d-1 (1.6 
mol s−1 km−1) required to balance the horizontal divergence of organic 
carbon on the entire MAB shelf of ~ 800 km long (Fennel and Wilkin, 
2009); the estimated streamer DIC fluxes are two orders of magnitude 
higher than the model-estimated mean net CO2 uptake of 2100–3000 
mton d-1 (1200–2850 mol C s−1) over the entire MAB shelf (~100 × 800 
km2) in 2004–2005 (Fennel and Wilkin, 2009). Mean shelf water O2 
concentrations on the cross-streamer section measured by the CTD and 
VPR were 257 and 265 mmol m−3, respectively. The corresponding 
offshore fluxes of O2 in the streamer were 1.8 × 105 mton d-1 (6.7 × 104 

mol s−1) and 1.3 × 105 mton d-1 (4.8 × 104 mol s−1). 
Estimating the net transport across the shelf break associated with 

the streamer requires information on characteristics of the volume of 
water that balances the offshore transport, which was unavailable in 
July 2019. We here provide two end-member estimates of the net 
transport (Table 1), and the true transport likely is between the two end- 
members. On one end (designated as EM1), the offshore volume trans
port of the shelf water in the streamer from the MAB shelf to the slope 
sea was completely compensated for by the augmented inflow from 
upstream (Georges Bank and the Gulf of Maine) to the MAB shelf. The 
volume of the MAB shelf is conserved. Because properties of the up
stream shelf water are presumably similar to those on the MAB shelf (e. 
g., Lentz, 2010; Wang et al., 2013), in this EM1 case, the aforementioned 
estimates of volume, heat, salt, carbon and O2 fluxes in the streamer are 
net shelf-to-slope transport induced by the streamer, and represent an 

upper bound of the net transport. On the other end (designated as EM2), 
the offshore volume transport of the shelf water in the streamer could be 
entirely balanced by onshore intrusion of surface ring water with no net 
volume transport across the shelf break. This is similar to the assumption 
of Joyce et al. (1992) to estimate the net cross-shelf transport and also 
consistent with the observed direct onshore intrusion of WCR water in 
April 2014 (Zhang and Gawarkiewicz, 2015). However, satellite obser
vations in July 2019 did not show any direct onshore intrusion of the 
ring water on the surface (Figs. 2, 3). Nevertheless, we provide estimates 
of the net cross-shelf fluxes in EM2 for reference, as they represent a 
lower limit of net transport. These estimates utilize the VPR coat-hanger 
transect to the west of the streamer (west of 71◦W; Fig. 15) to define the 
properties of surface ring water. In EM2, net heat fluxes across the shelf 
edge estimated from CTD and VPR transects are both shoreward at 1.3 ×
1012 W; the corresponding net salt fluxes, 5.1 × 105 kg s−1 and 3.6 × 105 

kg s−1, are also shoreward. These net heat- and salt flux estimates are an 
order of magnitude and 50 %, respectively, smaller than those of a shelf- 
water streamer induced by Ring 82B (Table 1); the differences result 
from both a weaker volume transport and smaller shelf-ring temperature 
and salinity differences in July 2019. Nevertheless, this EM2 net 
shoreward heat flux induced by the streamer in July 2019 is equivalent 
to a uniform downward heat flux over the entire MAB shelf of ~ 16 W 
m−2, and the EM2 net salt flux is equivalent to a MAB-wide uniform 
evaporation rate of 1.1–1.5 cm day−1. Both of these fluxes are significant 
compared to the annual mean surface heat and freshwater fluxes over 
the MAB shelf of 10–30 W m−2, and O(1) cm year−1 (Lentz, 2010). 

Because the surface ring water has a mean chlorophyll concentration 
of 0.39 μg L−1 (top 100 m west of 71◦W as measured by the VPR), the 
EM2 net flux of algal carbon across the shelf edge estimated from the 
VPR data is 540 mton d-1 (520 mol s−1) offshore. If the ring water 
intruding onto the shelf originates from a depth greater than the upper 

Fig. 13. Cross-streamer distribution of (a) nitrate (NO3), (b) phosphate (PO4), (c) modeled primary productivity, (d) silicate (SiO4), (e) particulate organic nitrogen 
(PON), (f) particulate organic carbon (POC), (g) dissolved inorganic carbon (DIC), and (h) pH on 08 July 2019. The black lines are the 34.5 isohaline representing the 
boundary between the shelf and offshore waters. The triangles on the top of each panel represent CTD station locations. The black-white dashed line represents the 
base of the euphotic zone. 
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100 m, the net offshore flux of algal carbon would increase as the deeper 
ring water had lower chlorophyll concentrations (Fig. 15e). Because the 
westernmost station (S1; Fig. 4d) on the cross-streamer CTD transect was 
at 71◦W and did not extend into the ring interior, we used the fluores
cence and POC data at S1 below the surface layer of streamer water to 
represent the chlorophyll and POC concentrations of the presumed ring 
water that intruded onshore. This gives mean chlorophyll and POC 
concentrations of 0.47 μg L−1 and 3.7 μmol L−1, respectively, which are 
likely overestimates, as surface chlorophyll concentration tends to 
decrease westward toward the ring interior (Fig. 15e). Nevertheless, we 
estimate the net algal carbon and POC exports from the shelf to the deep 
ocean from the CTD data as 1230 mton d-1 (1180 mol s−1) and 1460 
mton d-1 (1400 mol s−1), respectively. Satellite images (Fig. 2) showed 
that the ring-shelf contact region spanned about 200 km in the along- 
shelf direction. Considering the net offshore flux of algal carbon 
occurring over this ring-shelf contact region, the associated mean cross- 
shelf algal carbon export rate is 6.2–7.3 mton d-1 km−1 (5.9–7.0 mol s−1 

km−1), which is ~ 4 times of the annual mean organic carbon flux 
required to balance the horizontal divergence of organic carbon on the 
MAB shelf of 1.6 mton d-1 km−1 or 1.6 mol s−1 km−1 (Fennel and Wilkin, 
2009). Therefore, streamer-induced shelf-to-deep-ocean export of algal 
organic carbon during a relatively short-term ring impingement could 
account for a major proportion of the long-term mean offshore export of 
organic carbon at the shelf break. 

To estimate the EM2 net flux of inorganic carbon across the shelf 
edge, we used the subsurface (13–100 m) data at the western DIC station 
(Station S2) to represent the DIC concentration of the presumed ring 

water that intruded onshore. This gives a mean ring water DIC con
centration of 2.16 mmol L−1 and a net inorganic carbon import from the 
deep ocean to the shelf of 1.6 × 104 mton d-1 (1.5 × 104 mol C s−1), an 
estimate larger than the model-estimated air-to-sea net CO2 flux over the 
entire MAB shelf in 2004–2005 (Fennel and Wilkin, 2009). The net 
fluxes of O2 estimated from the CTD and VPR data were 3.7 × 104 mton 
d-1 (1.3 × 104 mol s−1) and 1.8 × 104 mton d-1 (6.3 × 103 mol s−1), both 
offshore. These heat, salt, carbon and O2 EM2 net transport estimates are 
smaller than the fluxes induced by the streamer associated with Ring 
82B estimated by Joyce et al. (1992) (Table 1). 

These end-member estimates provide a range of the streamer- 
associated cross-shelf net fluxes during the July 2019 cruise, which is 
an instantaneous assessment of streamer fluxes that took place over the 
5-month period of ring-shelf interaction. Lack of subsurface measure
ments makes it impossible to directly calculate fluxes of the shelf water 
streamer at other times within these 5 months. As a result, it is unclear 
how representative the CTD/VPR-based estimates of fluxes are. How
ever, as stated in Section 4.1, the ring-induced offshore volume flux of 
shelf water before July 2019 was likely higher than the estimates pro
vided here, implying that POC and O2 fluxes in the streamer were 
greater during spring. If biogeochemical properties of the shelf and ring 
waters remained unchanged over the entire period, higher volume flux 
in the streamer would suggest higher net offshore transport of POC and 
O2. Satellite data actually show surface chlorophyll concentrations in 
the streamer of 1–3 μg L−1 in March-June, higher than that (~0.5 
μg L−1) in early July (Fig. 3). The surface chlorophyll concentrations in 
the ring did not change substantially from March to July. If these surface 

Fig. 14. Vertical profiles of (a) temperature, (b) salinity, and (c) chlorophyll, (d) dissolved oxygen, (e) nitrate, (f) phosphate and (g) silicate concentrations, and (h) 
modeled primary productivity at Stations S1, S5 and S7, representing the streamer-ring, streamer, and slope waters on the along-slope transect on 08 July 2019. The 
streamer-ring water at Station S1 is a thin layer of streamer shelf water overlying on top of the ring water. 
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concentration data represent the entire streamer layer and the surface 
ring water, both the offshore POC flux in the streamer and the associated 
net offshore POC transport would be higher. Assuming the streamer- 
volume POC and O2 fluxes decreased linearly from March through 
August, the estimates in early July would be lower than the mean fluxes 
over the entire period. That is, the mean cross-shelf net fluxes of water, 
heat, salt, POC and O2 induced by Ring 19C in March-August 2019 were 
likely greater than the instantaneous fluxes estimated for early July. 

5. Summary 

Shelf-water streamers are distinctive submesoscale features in the 

deep Mid-Atlantic Bight (MAB) slope sea that are visible from space. 
They are formed by warm-core rings (WCR) impinging on the shelf edge 
entraining shelf water moving offshore. Shelf-water streamers are an 
important mechanism of water exchange between the continental shelf 
and the neighboring deep slope sea. Few studies have examined their 
subsurface pattern and provided a robust quantification of the associ
ated cross-shelf fluxes. This study focuses on a WCR in 2019 and the 
shelf-water streamer it generated over the period of March-August. The 
evolution of the ring and streamer is examined by analyzing satellite- 
measured sea surface height, temperature, and chlorophyll. In situ 
measurements from a two-week cruise in July 2019 were used to 
examine the vertical distributions of physical, biological and 

Fig. 15. VPR-measured distributions of (a) temperature, (b) salinity, (c) σθ, (d) oxygen, (e) chlorophyll, (f) turbidity, (g) u, and (h) v. The black lines represent the 
34.5 isohaline, the boundary between the shelf and offshore waters. The red line in (h) separates the ADCP-measured v below and that computed from thermal-wind 
balance. The grey line depicts the track of the VPR tow on the surface. The black grids represent the seafloor. The arrows in (a) depict the north and east directions. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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biogeochemical properties in the streamer and to estimate the associated 
cross-shelf fluxes of water, heat, salt, carbon, and O2. 

Our estimates of the streamer-associated fluxes represent a snapshot 
of the 5-month long exchange process at the shelf edge. These estimates 
demonstrate that the streamer-induced substantial offshore transport of 
shelf water, heat, salt, carbon and O2. When we assume the offshore 
streamer transport is volumetrically balanced by increased inflow from 
the upstream shelf, the associated offshore fluxes of heat, salt, organic 
and inorganic carbon, and O2 in the streamer represent the net cross- 
shelf fluxes. These are all significant compared to other related fluxes 
estimated at the shelf break. In another scenario, we assume that the 
offshore streamer transport is volumetrically balanced by onshore 
transport of surface ring water. The associated net cross-shelf fluxes of 
heat, salt and inorganic carbon are shoreward, and the net fluxes of 
organic carbon and O2 are offshore. The estimated heat, salt, O2 and 
organic carbon fluxes in the second scenario are smaller than those 
estimated from a streamer formed by a WCR in 1982 (Joyce et al., 1992). 
Nonetheless, the estimated net heat and salt fluxes in July 2019 are 
significant compared to the air-sea exchange on the shelf and also to the 
indirectly estimated heat and salt eddy fluxes across the edge of the 
entire MAB shelf (Lentz, 2010). The streamer-associated net flux of 
algal/particulate organic carbon is similar to a model-estimated total 
organic carbon export from the entire MAB to the open ocean (Fennel 
and Wilkin 2009); the net flux of inorganic carbon is much larger than 
the model-estimated mean CO2 update over the entire MAB shelf. 

Therefore, shelf-water streamers represent a major form of exchange 
between the MAB shelf and open ocean. These fluxes depend critically 
on the vertical structure of the streamers, including not only their 
thickness but also the degree of subduction that takes place at the 
interface between the streamer and the ring (Zhang and Partida, 2018). 

The surface biological productivity was higher in the shelf-water 
streamer than in the surrounding ring and slope waters. This enhance
ment of the surface productivity likely resulted from nutrient-rich sub
surface shelf water being carried offshore in the streamer. Due to the 
overlying shelf water mixing with the oligotrophic slope and ring wa
ters, or the particles in the shelf water sinking out of the surface layer, 
the euphotic zone in the streamer deepened. This allowed subsurface 
nutrients to be consumed, resulting in enhanced productivity and 
biomass of larger (nano-to-micro) phytoplankton size classes in the 
surface streamer water. Decreased zooplankton abundance in the 
streamer presumably facilitated local growth of the phytoplankton. 

The recent increase in the number of WCRs forming in the slope sea 
off the northeast coast of the North America (Gangopadhyay et al., 
2019) will likely lead to more ring-shelf interaction and more shelf- 
water streamers. As a result, streamer-associated shelf-ocean exchange 
of heat, salt and materials and their influence on physical, biological and 
biogeochemical processes in the shelf and slope seas presumably have 
increased as well. To better understand how this region will respond to 
climate change from both physical and biological perspectives, the dy
namics of these streamers and the fluxes they bring about must be better 

Fig. 16. Spatial distribution of sea surface temperature on 8 July 2019 (color) and (a) net community production (NCP) and carbon concentrations of phytoplankton 
of (b) < 2μ m, (c) 2-20μ m and (d) > 20μ m in the surface layer as determined from the underway measurements on 7–8 July 2019 (gray circles). The size and grey 
color of the circles depict the magnitude of the NCP and phytoplankton carbon concentrations, and the circles’ size is not to scale across the panels. The diamonds 
depict locations of the cross-shelf CTD stations. Gray lines are isobath contours. 
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quantified. 
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SSH data were downloaded from the European Union Copernicus Ma
rine Environmental Monitoring Service (https://marine.copernicus.eu/) 
with product user manual at http://marine.copernicus. 
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based eddy detection package, OceanEddies, is publicly available at 
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Table 1 
EM1 (Streamer offshore flux) and EM2 (net flux when streamer transport is balanced by ring water onshore intrusion) fluxes of water, heat, salt, organic carbon, 
inorganic carbon, and dissolved oxygen estimated from the in situ measurement in July 2019 and their comparison with relevant fluxes in other studies.  

Flux variable Unit Method EM1 EM2 EM1 estimates in Joyce 
et al (1992) 

EM2 estimates in Joyce et 
al (1992) 

Other comparisons 

Volume flux Sv (106 m3 

s−1) 
CTD −0.26 0 −0.38 – −0.28* (a streamer in 2016); 

−0.13§ (annual mean entrainment of shelf 
water by WCRs)   

VPR −0.18 0    
Heat flux 1012 W CTD −18 1.3 – 18 160–320‡ (Mean cross-shelf eddy heat flux over 

the entire MAB shelf break)   
VPR −12 1.3    

Salt flux 105 kg s−1 CTD −91 5.1 – 9.4 5.6‡ (Mean cross-shelf eddy salt flux over the 
entire MAB shelf break)   

VPR −63 3.6    
Algal organic carbon 

flux 
104 mton 
day−1 

CTD −0.3 −0.12 – – −0.13† (Total organic carbon flux across the 
entire MAB shelf break)   

VPR −0.15 −0.054    
Particulate organic 

carbon flux 
104 mton 
day−1 

POC −0.24 −0.15 −1.6 (Suspended 
Particulate Matter) 

−0.41 (Suspended 
Particulate Matter)  

Inorganic carbon flux 104 mton 
day−1 

DIC −57 1.6 – – 0.21–0.3† (mean net CO2 uptake over the entire 
MAB shelf) 

Oxygen flux 104 mol 
s−1 

CTD −6.7 −1.3 –23 −2.8 –   

VPR −4.8 −0.63     

* Chen et al (2014). 
§ Chaudhuri et al. (2009). 
‡ Lentz (2010). 
† Fennel and Wilkin (2009). 
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