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Abstract

Global maps of maximum bottom particle concentration, benthic nepheloid layer
thickness, and integrated particle mass in benthic nepheloid layers (BNL) based on 2412
global profiles collected using the Lamont Thorndike nephelometer from 1964-1984 are
compared with maps of those same properties compiled from 6,392 global profiles
measured by transmissometers from 1979 to 2016. Outputs from both instruments were
converted to particulate matter concentration (PM). The purposes of this paper are to
compare global differences and similarities in the location and intensity of BNLs
measured with these two independent instruments over slightly overlapping decadal time
periods, to combine the data sets in order to expand the time scale of global in situ
measurements of BNLs, and to gain insight about the factors creating/sustaining BNLs.
The similarity between general locations of high and low particle concentration BNLs
during the two time periods indicates that the driving forces of erosion and resuspension
of bottom sediments are spatially persistent during recent decadal time spans, though in
areas of strong BNLs, intensity is highly episodic. Topography and well-developed
current systems play a role. These maps will help to understand deep ocean sediment
dynamics, linkage with upper ocean dynamics, the potential for scavenging of
adsorption-prone elements near the seafloor, and provide a comprehensive comparison of
these data sets on a global scale.

During both time periods, BNLs are weak or absent in most of the Pacific, Indian, and
Atlantic basins away from continental margins. High surface eddy kinetic energy is
associated with the Kuroshio Current east of Japan. Both data sets show weak BNLs

south of the Kuroshio, but no transmissometer data have been collected beneath the
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Kuroshio itself. Sparse nephelometer data show moderate BNLs just north of the
Kuroshio Extension, but with much lower concentrations than beneath the Gulf Stream.
Strong BNLs are found in areas where eddy kinetic energy in overlying waters, mean
kinetic energy near bottom, and energy dissipation within the bottom boundary layer are
high. Areas of strongest BNLs include the Western North Atlantic, Argentine Basin
(South Atlantic), areas around South Africa tied to the Agulhas Current region, and

somewhat random locations in the Antarctic Circumpolar Current of the Southern Ocean.

1. Introduction

Optical instruments measuring forward scattering (referred to here as nephelometers)
have been used for many decades to estimate particle abundance and distribution in
bodies of water (Jerlov, 1953; Thorndike, 1975; Biscaye and Eittreim, 1977). In the
1970’s, transmissometers were developed to measure the attenuation of light across a
known path length to estimate particle concentration (Bartz et al., 1978). Numerous
papers have been written using data from these, and similar instruments. Two multi
decades-long global data sets have been collected: first using the Lamont Thorndike
nephelometer (1960-1984; Thorndike, 1975) and second, using the SeaTech and WetLabs
transmissometers (1979-2016; Gardner et al., 2018a, b). During a 1979 expedition of R/V
Knorr (KN74), both instruments were used simultaneously in profiling and bottom-
moored configurations and compared well in predicting particle concentrations (Gardner
et al., 1985). We now combine those global data sets to quantify and compare benthic

nepheloid layer (BNL) characteristics and location in the ocean over the last 52 years.

It is well known that particles in the euphotic zone of the open ocean result mainly from
primary production of phytoplankton. Phytoplankton and phytodetritus are grazed by
zooplankton, pelletized or aggregated into marine snow and rapidly remineralized during
sinking (Honjo et al., 2008), processes that quickly reduce the particle concentration with
depth. Once patrticles reach the seafloor they are incorporated into the bottom sediments.
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Optical and filtration measurements have shown that although particle concentrations in
the open ocean decrease to very low minimum values in the water column deeper than
100-200 m (5-12 pgt; Biscaye and Eittreim, 1974; Brewer et al., 1976; Gardner et al.,
1985), particle concentration can increase near the seafloor, indicating either erosion and
resuspension due to bottom currents (Biscaye and Eittreim, 1974), or inhibited settling
through bottom boundary layer turbulent mixing. The geographic variability of particle
concentrations near the seafloor is orders of magnitude greater than in the mid-water
column, sometimes reaching 100’s-1000’s fi¢Biscaye and Eittreim, 1974; 1977; Hill

et al., 2011; Hayes et al., 2015b; Gardner et al., 2017; 2018a). High-resolution vertical
measurements through the entire water column collected primarily during CTD
hydrocasts with attached optical sensors, allows detection of BNLs. Profiling floats and
gliders equipped with optical sensors have increased temporal and spatial coverage
(Johnson et al, 2009), however most floats or gliders presently profile to 2000 m or less.
Gliders that will profile to 6000 m are being built. We have yet to see how close to the
seafloor they can safely make measurements. Therefore, these two data sets are valuable
in setting the baseline for understanding sediment-water interactions on a global scale.

Biscaye and Eittreim (1977) synthesized nephelometer data collected throughout the
North and South Atlantic, showing areas of high concentrations in the Western North
Atlantic and in the Argentine Basin. Their initial hypothesis was that the high
concentrations were caused by sediment eroded and resuspended by deep boundary
currents generated by cold, saline water sinking at the poles and moving equatorward.
Others noted a spatial association between elevated particulate matter concentrations
(PM) in nepheloid layers and eddy kinetic energy (EKE) (Hollister and McCave, 1984) or
bottom trapped topographic Rossby waves (Grant et al., 1985). Nephelometer data were
collected in all oceans, however, no global maps of BNL parameters were constructed
from those data. More than thirty years ago the state of general understanding about
nepheloid layers was reviewed by McCave (1986). Most of the transmissometer data
presented and discussed in this paper were collected after that review, and the first global
synthesis of the Lamont Thorndike nephelometer data is contained in this paper. The

combined data sets provide a much clearer picture of global geographic distribution,
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intensity, and variability of the BNL. New physical oceanographic measurements and

models have also improved our understanding of hydrodynamics in the ocean.

The purpose of this paper is to compare global maps of maximum bottom particle
concentrations in the deep ocean, thickness of BNLs, and “excess mass” of particles
integrated within BNLs compiled from the nephelometer data collected from 1964 to
1984 with the maps of the same variables compiled using transmissometer data we
collected between the late 1970’s to the present (Gardner et al., 2018a). We compare
these data with published distributions of EKE, benthic energy dissipation, mean near-
bottom kinetic energy, and refer to newly published time-series measurements in BNLs

to better understand the causes, likely location, and variability of strong and weak BNLs.

2. Methods and data

The Lamont Thorndike photographic nephelometer (Thorndike, 1975) was developed to
provide quantitative turbidity profiles in the ocean. The nephelometer was mounted on a
metal frame coupled with a deep-sea camera to photograph the seafloor down to >7000 m,
so both instruments had to be rugged enough to withstand high pressures. . The
nephelometer had a shielded source of continuous white light. The near-forward

scattering signal was recorded using a photographic camera with an open shutter whose
film advanced continuously at a constant rate. Due to natural light, the film was
overexposed down to a depth of ~250 m, preventing measurements in water shallower
than that depth and, therefore, comparisons with transmissometer data in the upper water
column. Measurement depths were determined by a bourdon tube and compared with the
total acoustic depth or CTD depth when available. Measurements were typically made at
100-250 m intervals through the upper, and often the entire water column. The film
advance was constant; therefore, decreasing the lowering speed of the package increased
the vertical resolution of measurements. In the High Energy Benthic Boundary Layer
Experiment study (HEBBLE, 1978-83) measurement intervals were 15 m in the

nepheloid layer with a 10 m depth accuracy (Gardner et al., 1985).



145 The direct light Ep) passed through a calibrated glass attenuator and was then recorded
146  in the middle of the 35 mm film; the outer sides of the film were exposed by light

147  scattered forward from particles of all sizes in the water and appeared as a general

148 fogging of the film. The film was then developed and digitized using a photo-

149 densitometer to determine a lofthe ratio of scattered lighE] to the direct lightEp):

150 log E/B. The optical response of each instrument was tested in the laboratory against a
151 calibrated optical standard to ensure uniform response of each nephelometer. Data

152  presented in this paper include only those measurements made with calibrated

153  nephelometers, which spanned 1964 — 1984, and will be referred toEEjlera. Of

154  the >4000 profiles collected with this type of nephelometer, there were 2412 calibrated
155  profiles from 52 expeditions used in this synthesis. See Thorndike (1975), Biscaye and
156  Eittreim (1977), and Gardner et al. (1985) for further details.

157

158  Conversion of the nephelometer log EAERlues to PM concentrations was based on the
159  Biscaye and Eittreim (1977) studies in the western North Atlantic where they filtered

160 water samples collected simultaneously with nephelometer profiles. The regression

161 between PM and log EfEwas linear up to a PM concentration of 300 fi = 0.87),

162  which was the maximum for nearly all of the EfMaeasurements outside the HEBBLE

163 area.

164

165  Transmissometers were integrated with CTDs and lowered to the seafloor on 64 cruises
166  occupying 6,392 stations between 1979 and 2016, and this time span will be referred to
167  here as thepera. Transmissometers we used in the World Ocean Circulation Experiment
168 (WOCE), Joint Global Ocean Flux Study (JGOFS), South Atlantic Ventilation

169 Experiment (SAVE) and other open ocean projects up until about year 2000 were 25 cm
170  path-length, SeaTech instruments with a 660 nm LED light source. Two cruises in the
171  Western North Atlantic used a 1-m folded path-length SeaTech transmissdtmeter (

172  cruise 74, 1979 - HEBBLE program; a@d¢eanuscruise 134, 1983).

173

174  Data reduction methods for SeaTech transmissometers are given in Gardner et al., 1985,
175 1993, 2018a; Ohnemus et al., 2017) and on the Ocean Data View (ODV) web site:
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(https://odv.awi.de/fileadmin/user_upload/odv/data/Transmissometer/info). A brief
summary is that a transmissometer records in volts (0-5 volts (V)) the transmigsadn (
light across a path of known length (n) and is converted to beam attenuation of light (
m?) by the equation:

VI5=T=¢g".
Data from transmissometers with different path lengths can be compared using this

equation.

WetLabs C-STAR instruments were used on the CLIVAR Repeat Hydrography/GO-

SHIP cruises after ~ year 2000. We did not have the opportunity to simultaneously

collect and filter water calibration samples on CLIVAR/GO-SHIP cruises for comparison
with beam attenuation. Without in situ samples we could not confirm a known
concentration for the minimum values in the water column nor was there particle-free
water available on the ship for calibration. Thus we resorted to using the common method
proposed by SeaTech of using the cruise-average minimupoofeach cast. We later

set this value to zero. This prevents an accurate comparison of particle minima between
oceans, however, the uncertainty in measurements at the low minimum values from many
different instruments deployed by many different operators over 4 decades proved this

was the best solution.

We converted beam, to PM (g ) using the concurrent PM data from the HEBBLE
program south of Nova Scotia in the western North Atlantic because it provided a large
number of measurements collected synchronously over the widest range of
concentrations in any deep-sea study (Gardner et al., 1985), and filtration sampling
focused on the deep water, which is the subject of this synthesis. Boss et al. (2015) noted
that the mass contribution of particles > 20 um is underestimated by transmissometers
due to optical responses, confirming previous observations by Gardner et al., (1993) that
in-situ G measurements were unchanged after the fast-settling particles sank to the
bottom of a water bottle. Thg:PM correlation was very linear up to the PM

concentration of 2000 ud (r=0.97), beyond which there were insufficient data or the c

signal was saturated for the 1-m pathlength transmissometer (%transmission = 0%). The
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conversion equation used was
PM (ug I'") = 1208 * ¢ (m™).

The only expedition where a Lamont nephelometer and a transmissometer have been
deployed simultaneously was during the HEBBLE cruise KN74, which included a 2.5
month deployment of a bottom tripod with both instruments collecting data
simultaneously at the same location at the 1 m off the seafloor in the HEBBLE study area
(Gardner et al., 1985; 2017).

Beam attenuation due to particleg) (s linearly correlated with particle concentration

when the composition and size distribution are relatively uniform (Baker and Lavelle,
1984). However, the conversion factor to PM is neither universally constant, nor uniform
throughout the water column, because particle composition and particle size distribution
change seasonally in surface waters and with depth (Gardner, 1989; Gardner et al., 1993;
2001). Because we are analyzing benthic nepheloid layers, whose primary source of
particles is resuspended sediment, greater uniformity can be expected in the conversion

factor from ¢ to PM, and from log E/Eto PM.

There is a small systematic difference in the response gfuefSusc, between 250 m

and 4000 m, due either to changes with depth in particle characteristics (size,
composition) or to second-order effects of temperature or pressure on one or both of the
instruments (Fig. 6 of Gardner et al., 1985). Perhaps as a result of these effects, the depth
of the PM minimum in profiles differed between the two instruments in the HEBBLE
program by about 900 m with the transmissometer minimums being shallower (Figs. 2, 7
of Gardner et al., 1985). There was very little change in concentration over most of the
water column, so depth differences between minima may be large, but the contribution to
integrated mass found in between those minima is usually relatively small. Therefore, for
all assessments in this paper we are comparing PM concentrations to PM concentrations,

not one optical parameter to another.
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The “maximum bottom concentration” at each CTD station was determined by taking an
average of the bottom 10 m gfdata collected. For the BfElata we selected just the

bottom value (10-15 mab) because the sampling interval was about ~30 m in the
nepheloid layer for most profiles (10-15 m for HEBBLE data) compared to 2 m for beam
Cp data. The distance of the instrument above bottom for each cast was not always
reported, however, most cruise logs show it was generally 5-10 mab for CTD data. In the
HEBBLE program the distance was narrowed to 2-7 mab using a suspended weighted
bottom sensor that triggered a red light on the CTD control panel at 2 mab.

The thickness of the “full” nepheloid layer is defined as the distance between the profile
minimum and the deepest measurement of B, and was used to calculate the
thickness and integrated excess mass in the “full” BNL. To identify the top of a “strong”
BNL (defined in this paper as PM>20 (i}),Ithe depth of the,&"™™ + 0.01 nt" value

on each profile was used (Fig. 2). This better identifies a significant increase in PM
because 0.01 fwas at the low end of resolution of the oldest transmissometepsfA ¢
0.01 ni* equals about 12 pg,based on PM = 12083 Adding the typical range of
minimum concentrations at the optical minima (5-12 f)g/ields a range of 17-24g I

for PM of the ¢ profiles from which we calculated the thickness of the “strong” BNL and
integrated excess mass in the “strong” BNL (Fig. 3a). This was in the concentration range
of 20 pg 1* (E/Ep of 10) that we used to calculate the thickness and integrated excess

mass of a “strong” BNL when processing the g=data (Fig. 3b).

For the E/i and ¢ data we mapped the integrated excess mass in the “strong” BNLs
where concentrations were > 20 [idfig. 3), and excess mass in the “full” BNL based
on PM deeper than the particle minimum (Fig. 4). For the B&ta we also calculated

and mapped PM concentrations at the depth of optical minima (Fig. 5).

Data for all g and E/E parameters were gridded to 1° x 1° grid, contoured, and
displayed using Golden Software’s Surfer package. While mappui@ta we tested
many search distances from 2° - 15° of longitude/latitude and found that using a search

radius of 8° was optimal in terms of data presentation without excessive small-scale
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details and interpolation artifacts. Obviously, because of this, the extreme PM values
were smoothed. The larger the near-bottom concentration, the more temporally variable
PM concentrations are likely to be (Gardner et al., 2017). When a location is occupied
more than once, the data are averaged in this process.

Lamont nephelometer measurements aren’t feasible in water <250 m. Oux, CTD/

stations seldom include measurements on the shelf or upper slope; however, there are
many studies that show resuspension of bottom sediments in shallow environments that
will not be addressed here. Sediment has also been shown to be resuspended by breaking
internal waves on tidal periods on the upper slope and in submarine canyons, creating
intermediate nepheloid layers that dissipate within 20-30 km from the point of
resuspension (Gardner, 1989; McPhee-Shaw et al, 2004; Puig et al., 2014 and refs
therein), however, there is no direct evidence that this sediment from the upper slope
contributes significantly to “strong” BNLs in most areas of the deep sea (>2000 m). (See
sections of gin the western North Atlantic, Pacific and Indian Oceans in Supporting
Material of Gardner et al., 2018 b). There are also many measurements of nepheloid
layers in the Mediterranean Sea (Karageorgis et al., 2008: Puig et al., 2013a; Durrieu de
Madron et al., 2017) and Gulf of Mexico (Son et al., 2009). These are not included in our
data set, though we recognize the importance of those marginal seas. We have data from
a few E/k stations in both of those regions, but not enough to characterize the BNLs in

either region reasonably.

CTDl/c, data up until 2012 are available at National Centers for Environmental

Information (NCEI) (http://www.nodc.noaa.gov/OC5/WOD13/) as a part on the World
Ocean Database as well as from a stand-alone dataset at the Ocean Data View web site
(http://odv.awi.de/en/data/ocean/). We post-processed data from 2003 to present and data
are being uploaded to the CCHDO database (https://cchdo.ucsd.edu). All of the JGOFS
transmissometer data we collected and processed can be found at
http://usjgofs.whoi.edu/jg/dir/jgofs/. Nephelometer data are available through

GeoMapApp (http://mwww.geomapapp.org/).
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3. Resultsand Discussion

The data collected during these two multi-decadal time periods are not identified or
sorted for seasons or years. Based on long near-bottom time-series measurements one
would not expect significant seasonal impact on sediment erosion/resuspension (Gardner
et al., 2017). Measurements during thed=a (1964-1984) were made primarily during
Lamont-Doherty Earth Observatory (LDEO) geophysical surveys with the ships stopping
once or twice a day to take piston cores, bottom photos, and nephelometer profiles
without temperature or salinity measurements. This sometimes resulted in stations along
a straight transect, but often stations were more randomly located in an area of sub-

seafloor geophysical interest rather than being driven by hydrographic hypotheses.

Conversely, thegera profiles were made mostly along transects during hydrographic
programs seeking to determine distributions of important physical and biogeochemical
variables and to develop explanatory hypotheses. Several such basin-wide transects have
been occupied 2-3 times, decades apart (Gardner et al., 2018a). Most notable about these
repeated transects is the similarity of particle distribution within sections except in

surface waters where seasonal variability in primary production controls particle
concentrations, and can increase particle concentrations at mid-water minima, but have

little noticeable affect on bottom PM concentrations.

We collected the transmissometer data over a 37-year period in various seasons, and have
combined the BNL data as if all were collected simultaneously. Two pieces of strong
evidence justifying that approach are 1) areas of high PM concentration in the North and
South Atlantic are found in the same two locations of highest concentration in Biscaye

and Eittreim (1977) in the Effera, regardless of season, and 2) all of the bgam ¢

sections that we have made from transects repeated 10-20 years apart in different oceans
have shown that high and low benthic PM concentrations occur in the same areas during
each transect (Gardner et al., 2018b).

It has long been recognized that benthic nepheloid layers result primarily from

resuspension of bottom sediment either locally or through advection from surrounding
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topography. Other sources include hydrothermal vents along mid-ocean ridges (Beaulieu
et al., 2013), cascading of dense shelf water (Puig et al., 2013a) and open ocean
convection in areas where winter convection can reach the shelf edge (Durrieu de
Madron et al. 2017; Ivanov et al., 2004; Matrtin et al., 2010; Puig et al., 2013b). A rare
event was observed by Kao et al. (2010) in which torrential rains and erosion generated
hyperpycnal flow down a canyon to >3500m. These mechanisms certainly contribute to
sedimentation along continental margins and beyond, though they are not the direct
primary sources of PM in strong benthic BNLs in the deep ocean basins. In this paper we
map and seek to understand the processes that cause frequent resuspension events that
sustain strong nepheloid layers in deep ocean basins. That is different from determining
the major drivers of shelf to deep-sea transport (turbidity currents) and rates of sediment

accumulation.

The fact that high and low PM concentrations during different decades consistently occur
in the same regions suggests that there are regional hydrodynamic forces and/or
topography that help generate currents strong enough in specific locations to erode and
resuspend sediment, while in other locations currents are rarely strong enough for erosion.
There is growing evidence that bottom trawling for fish is resuspending significant

amounts of sediment on the shelf, upper slope and submarine canyon walls

(Palanques, et al,, 2006), but evidence is lacking on whether this contributes

significantly to nepheloid layers in deep ocean basins unless turbidity currents are
generated.

3.1. Maximum concentration near the seafloor.

The areas of maximum bottom PM concentration during the two eras (1964-1984 vs
1979-2016) match remarkably well on global scales (Fig. 1). High concentrations are
found in relatively few areas of the ocean and are well correlated with areas of high eddy
kinetic energy. The matching PM maxima in the western North Atlantic were detected by
both instrumentsH/Ep and ¢) used during the HEBBLE program where the highest

global values were recorded. Concentration of filtered samples frequently exceeded 500
ng I and reached a maximum of 12,700 ft@t 2 mab, 8,500 pd'lat 16 mab, and

2,100 pg T at 131 mab during one cast. Percent transmission dropped to 0% throughout
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361 the bottom 50 m of the down profile. It is conceivable that we sampled the tail end of a
362 turbidity current. High PM concentration was also recorded in this region during other
363 sampling times in both eras (Hayes et al., 2015b; Gardner et al., 2018b).
_— : ug I
7/m 550
60° i;’ . g 500
o B -
\ ! /'10 250
0° | 1 \ 200
- 3 (e e
"}‘_‘ i b ‘3‘ ,j '
-40° ‘ ‘ J &= 775
., ¢ o = : 25
364 180° 500 90° 120° 150° 180 o
ug I
-
- -
o 250
40° \:75
-60° ’ 25
3 6 5 -180° -150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150° 180° 0
366  Figure 1. a) Particulate matter concentratiog [*) averaged in the bottom 10 m of each
367 ¢, profile. b) Particulate matter concentratiqrg(") measured at the bottom depth of
368 each E/E profile. Scales are not linear in order to illustrate finer detail at lower
369 concentrations.
370
371 PM concentrations were high in the Argentine Basin during both eras, though
372  substantially higher during the era, when far more data were collected. Moored near-
373  bottom time series measurements oied currents across the Argentine Basin show that
374  benthic storms create large temporal and spatial variability in PM concentrations near the
375 seafloor in the center of the basin (Richardson et al., 1993), so differences between eras
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could result from this innate variability. PM concentrations were low and steady at
moorings 1 and 2 at 2000 m and 4500 m. Elevated PM concentrations didn’t appear until
moorings 3-5 at 5000, 5300 and 5000 m, well away from the continental slope and the

bottom western boundary current.

PM concentrations were higher in the Gulf of Alaska in theyBf& than in theyeera,

but elevated values were found mostly in slope water, not the deep ocean. Differences
could result from both temporal variability as well as sampling in different areas. High
PM concentrations were measured on either side of the Bering Strait durmgthe

with very high concentrations on the shelf in the Arctic. Those areas were not sampled
during the E/l5 era, so no comparison can be made. Conversely, elevated PM values
were measured northeast of Kamchatka (NW Pacific) during thedfé-but no data

were collected there during tegera for comparison. PM was generally higher around
Iceland in theg, era than in the Efzera, due possibly to seasonal
differences.Concentrations around South Africa were comparable in both eras, but had a
more varied distribution in the era. High PM concentrations occurred in seemingly
random places in the Southern Ocean during both eras, which may be caused by the
abundance and variability of non-linear eddies in the Southern Ocean (Chelton et al.,
2011; Gardner et al., 2018a, Fig. A4; Gardner et al., 2018b, Figs. S4-S5). The region
northwest of the Amazon outflow showed elevated PM concentrations ipehe, dut

not in the E/f; era. The high PM values detected were in the shallow wapeofiles

(<400 m) in two occupations of those transects and appear to be related to outflow from

the Amazon and Orinoco Rivers, which clearly vary seasonally.

Most of the seafloor away from continental margins and the “hot” spots described above
has very low PM concentrations (<10 {9, lindicating little or no resuspension of
sediment. Of course, there must be erodible sediment to create BNLSs. It is noteworthy
that only a few mm of sediment are required to create the BNLs in the deep ocean.

The E/E profiles were made primarily in deep water. Less than 2% of stations were

shallower than 1000 m and only 9% were shallower than 2000 m. Thel&i&Ewere
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usually measured at ~250 m intervals through the upper water column below 250 m and
every 30-100 m in the bottom 1000 m and at the deepest depth. As a resufirdilES

are less likely to reveal any intermediate layers emanating from continental margins. The
hydrographic transects during tggeera occasionally had a few stations across the
continental slope, but intermediate nepheloid layers are not obvious in most of our
transects across continental margins. Intermediate layers have been recorded in margin
studies elsewhere (e.g. McCave and Dickson, 1986; McPhee-Shaw et al., 2004). Stations
in both eras were seldom close to mid-ocean ridge axes, where hundreds of hydrothermal
vents have been identified by increased temperature, turbidity, iron or other elements
(Beaulieu et al., 2013; Fitzsimmons et al., 2017). Temperature or salinity measurements

were rarely made &/E stations.

3.2. “Strong” Nepheloid Layer Thickness, PM>20 fig |

The map of “strong” nepheloid layers (PM >20 jtgdee section 2. Methods) generally
shows thick BNLs where near-bottom PM concentrations were elevated duringthe ¢
(Fig. 2a). Notable concentration/thickness anomalies occur southwest and southeast of
the horn of Africa beneath the Agulhas retroflection. Other concentration/thickness
anomalies exist around Madagascar and west of Australia (compare Figs. 1 and 2).
Anomalies in magnitude between maximum PM and layer thickness durikgghera

are observed south of Alaska, west of Chile, and west of Europe (Fig. 2b). Those areas
are all along continental margins. The stations around Alaska and west of Europe tend to

be shallower than 2000 m.

3.3. Integration of excess mass in “strong” nepheloid layers.

The excess PM masgd cn) in BNLs that we define as “strong” (PM>20 (il yields

a more robust quantification of erosion and resuspension of bottom sediments than just
the maximum near-bottom concentration or thickness of the BNL (Fig. 3a, b). The
regions of thick, “strong” BNLs overlap well with the regions of highest integrated
excess PM during both eras, as would be expected (Fig. 3). Greater variability exists in
the Southern Ocean between the two eras. This is not surprising as the Circumpolar

Current and the non-linear eddies it generates are less constrained by continental margins
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and thus occur more randomly, similar to the randomness of Gulf Stream rings. The areas
in the Western North Atlantic where bottom concentrations exceedgddsitiuring

both eras (Fig. 1) matches well, and were recorded by both instruments used
simultaneously in the HEBBLE program where benthic storms were active beneath the
Gulf Stream meanders/rings (Gardner et al., 2017). In the Argentine Basin bottom

concentrations and intense BNL thicknesses are smaller during thera/Ehough still

significant.
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Figure 2. Thickness of the “strong” (>20 {i§j hepheloid layer (m) based on a)c
profiles, and b) E/E profiles. Note scale change at 100 m thickness.

In maps of both integrated excess mass and nepheloid layer thickness (Figs. 2, 3), the
area southwest of Africa beneath the Agulhas retroflection is more prominent than
bottom PM concentrations during theera. Similarly, nepheloid layer thickness in areas

south and east of Madagascar are greater than in most regions of the ocean suggesting
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that resuspended sediment was advected laterally from the lower continental slope and
upper rise. These regions are known to have strong meanders in currents that break off
and form rings like those in the Gulf Stream (Penven et al., 2006). Sampling in this area
was much less frequent during the E4ta. Bottom photographs in this area also provide
abundant evidence of currents strong enough to erode and move seafloor sediment
(Hollister and Nowell, 1991).

The thick BNLs with only modest excess PM south and east of Iceland during the E/E

era are often in relatively shallow water (<2000-3000 m) or are on the slope leading to
deeper water (Figs. 2b, 3b). These areas may be affected by lateral, down-slope transport
from the shallow Rockall or Porcupine Banks (Fig. 2b) (McCave and Dickson, 1986).
Nepheloid layers appear to the west of North Africa during the EY&, but sampling

did not occur close to the African continent during thera. Similar paucity of sampling
possibly explains temporal differences in the existence of thick or high PM nepheloid

layers around Alaska, Kamchatka, and Australia.

Earlier we justified our comparison of PM concentrations during thg &l ¢ eras in

order to extend the period of time sampled during the two eras to 52 years and augment
the data coverage. It is therefore useful to combine all data into a single map of “strong”
BNLs (Fig. 3c). This figure accentuates the point that much of the ocean is devoid of

“strong” BNLs except near land or at a few hot spots beneath areas of high EKE.

3.4. Excess mass in “full” BNLs from profile minimum to bottom value.

Integrating the excess mass of PM below ther &/Ep minimum for both eras (Fig. 4)

shows more spatial variability than in maps of just the strong BNL (Fig. 3). Few areas
have more excess PM than 1000 pu¢’dfig 4). The cp data show more areas with
moderate BNLs. Two influences are that the cp minima are generally 900 m shallower
than the E/ED minima, yielding higher excess mass, and the cp data have a much smaller
sampling interval (2 m), which means that below the minimum there is a greater

likelihood for higher values for integration. The “full” BNL using E/ED is comparable to

the integration of Biscaye and Eittreim (1977).
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487

488  Figure 3. Excess particulate matter in “strong” nepheloid layers (>20)bg$ed on: a)
489 ¢, profiles, b) E/lp profiles, and c) combined data from a) and b). Note scale changes
490  between 0 and 1000 pg énSee section 2 for calculation.
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Figure 4. a) Excess Particulate Matteg cni’) below the g minimum. b) Excess
Particulate Matten(g cni®) below nephel minimum based on E/@ata. Note scale
change below 1000 ug &no illustrate finer detail. See section 2 for calculation.

There are large expanses of the oceans, especially the Pacific, that have little to no BNL.
In vertical sections ofsadata (Gardner et al., 2018b), the small increases in those BNLs

of low PM seem limited to the elevation of the surrounding topography, suggesting that
resuspension in these areas is more a process of slight velocity increases causing minor
erosion around bottom hills and lateral advection of resuspended sediment, or perhaps
generation of enough boundary layer turbulence to inhibit particle deposition at depths

below the surrounding topographic features.
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3.5. PM concentration &/Ep minimum.

PM concentrations at tH&/Ep minimum are low globally: <2fug I'*. Biscaye and

Eittreim (1977) showed that the lowest PM concentrations at the minimum in the E/E
profiles are located in the center of the oceanic gyres in the North and South Atlantic.
Additional E/k, data collected in the Atlantic since then maintain the same general
distribution (Fig. 5). The central gyres of the North and South Pacific and the Indian
Ocean also have similarly low PM concentrations at the profile minimums. PM
concentrations are slightly higher along the equatorial upwelling regions in all three
oceans, as would be expected beneath areas of elevated surface primary production. The
highest PM concentrations at the Ef&inimum tend to be in shallower regions around
Alaska and Iceland or along continental margins, which is where higher surface
production could also occur. Continental margins obviously also provide a potential
source of sediment for lateral transport throughout the water column. Note the increase of
PM west of North Africa where winds are known to cause upwelling and carry Saharan
dust to the ocean (Prospero and Carlson, 1981), enhancing primary production. East of
Argentina, Patagonian dust enhances primary production in the South Atlantic (Johnson
et al., 2011). The EfEminima are also high beneath the productive upwelling regions

west of South Africa, Namibia, and Peru.

3.6. Seasonal bias in nepheloid layers?

Might seasonal variations in the PM concentration in nepheloid layers create a bias in the
data? Evidence from in situ time-series photographs (Lampitt, 1985) and sediment trap
fluxes (Deuser, 1980; Honjo et al., 2008) demonstrate that many areas of the ocean
experience seasonal variations in the downward flux of organic detritus from surface
waters, however, we know of no evidence of seasonality in near-bottom PM
concentrations other than seasonal cascading of water in the Mediterranean (e.g. Canals
et al. 2006; Puig et al., 2013a; Durrieu de Madron et al., 2017), and at many margins
around the world, with most cascading sinking to <250 m (lvanov et al., 2004). The Gulf
Stream exhibits some seasonal changes in sea surface height (Kelly, 1991), but we know

of no evidence of seasonal variations in ring formation, meander behavior, or bottom
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536  currents sufficient to resuspend sediments and create areas of intense nepheloid layers.
537  Episodic benthic storms have been documented in the Western North Atlantic (Gardner
538 and Sullivan, 1981; Hollister and McCave, 1984; Isley et al. 1990; Gardner et al., 2017),
539  however, there is no evidence of seasonality in their occurrence.
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541  Figure 5. Particulate matter concentratipg (%) at the depth of EfEminimum in the
542  water column based on E/Hata.

543

544  3.7. Causes of “strong” nepheloid layers

545  Hollister and McCave (1984) noted a general global correlation among spreading of cold
546  bottom water, “strong” BNLs and high surface eddy kinetic energy generated by features
547  such as the Gulf Stream and its warm- and cold-core rings, suggesting that sediment
548 resuspended could be diffused or mixed upward, or advected laterally. Hydrographic

549  bottom boundary layer thickness is usually less than 100 m, depending on bottom

550 topography, slope, and current speeds (Armi and Millard, 1976), yet nepheloid layers can
551 be > 1000 m (Fig. 2). Armi (1978) argued that thick BNLs were caused by sediment

552  being advected laterally because deep ocean eddy diffusivity is too small to explain

553 diffusional mixing for clay particles up to 1000 m. Watts et al. (1995) and Andres et al.
554  (2016) have shown that beneath the meanders of the Gulf Stream, deep underwater

555 cyclones and anticyclones are generated that create currents strong enough to resuspend
556 sediment in waters much deeper than the Deep Western Boundary Current (DWBC),
557  which extends only to ~4000 m depth in the Western North Atlantic. Water deeper than
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4000 m in this area consists mainly of Antarctic Bottom Water (AABW) based on high

silicate concentrations (Richardson et al., 1981).

Using an eddy-resolving ocean model, Thran et al., (2018) found that contourite sediment
drifts in all oceans were most likely to develop in areas with frequent high-energy bottom
current fluctuations that could erode, transport and deposit sediment in specific areas.
They also acknowledged the potential role of upper ocean dynamics in controlling drift
accumulation through direct influence from deep eddy circulation.

Gardner et al., (2017) compared the surface EKE with PM concentrations and temporal
variability in benthic PM concentration and found a tight correlation. They concluded

that the DWBC speeds were too weak by themselves to generate intense nepheloid layers.
Benthic storms with current speeds >€20 §', caused by cyclogenesis or bottom-

trapped topographic Rossby waves, were required to erode the seafloor. Periods of lower
concentrations were times of PM deposition. PM concentrations between storms were

still elevated compared with the weak to non-existent BNLs in areas of low EKE that
encompass much of the world’s ocean. Lateral mixing away from boundaries is still
required to develop nepheloid layers hundreds of meters thick. This could occur along
continental margins or as water moves past abyssal hills and seamounts in the ocean that

Turnewitsch et al., (2013) point out are more abundant than is generally recognized.

The high values of bottom current intensities and variability in the maps produced from

the ocean model of Thran et al., (2018) match well overall with areas of high global

surface EKE that was visualized by Dixon et al., (2011) or Wunsch (2015). The maps
reveal marked similarities between surface EKE and BNL intensity (Figs. 2, 3, 6). In
addition to the Western North Atlantic, good correlation between EKE and BNL intensity

is found in the Argentine Basin as previously noted by Hollister and McCave (1984) and
Richardson et al. (1993). Time series transmissometer and current measurements near the
seafloor provided evidence of benthic storms in the Argentine basin that are correlated
with high surface EKE caused by confluences, meanders, and eddies spun off from the

Brazil (southward flowing) and Malvinas (northward flowing) boundary currents
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(Richardson et al., 1993). Flow through the Mozambique Channel between Madagascar
and Africa usually occurs as eddies rather than a steady current (Penven et al., 2006). The
Agulhas Current spawns rings at the Agulhas retroflection south of Africa. This eddying
motion correlates well with relatively “strong” BNLs from Madagascar around the Horn

of Africa to southwest of Africa where concentrations are most intense where the current

reverses course and moves to the southeast (Figs. 2, 3).

-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°
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Figure 6. An estimate of the temporal variability about the mean of kinetic energy per
unit mass, cfis?, in the ocean, derived from four years of altimetric data and using the
geostrophic relationship (adapted from Wunsch, 2015, and personal communication,
Wunsch, 2018) with contours of Excess Particulate Matter in “strong” nepheloid layers
(>20 pg I* from Fig. 3c) superimposed. Stations shown in grey.

3.8. Are there nepheloid layers beneath the Kuroshio?

Gardner et al., (2018a) noted that the greatest anomaly when comparing surface EKE and
benthic nepheloid layers based on existing data is the area beneath the Kuroshio
Extension off of Japan. Like the Gulf Stream, the Kuroshio Extension is a strong surface
western-boundary current that meanders and sheds eddies in a manner similar to the Gulf
Stream. They noted some differences in bottom topography (trench versus nearby
continental slope) and lack of bottom water formation creating a deep western boundary
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current in the Pacific, but lacked thgdata to provide a decisive answer regarding
bottom concentrations or variability. In the present paper (Figs. 1b, 2b, 3b) there are a
few E/B> profiles beneath the Kuroshio Extension, but none show significant nepheloid
layers. More measurements are needed there to elucidate the differences.

3.9. Other correlations between nepheloid layers and seafloor dynamics

In addition to comparing surface EKE with BNL intensities, we have compgred ¢
nepheloid layer distributions with detailed global maps of mean kinetic energy at 50 mab
(Fig. 2 of Arbic et al., 2010) as well as equally detailed global maps of energy dissipation
in the bottom boundary layer (Figs. 5 and 9 of Arbic et al., 2009; Fig. 3 of Wright et al.,
2013). There is significant agreement between their maps of energy dissipation and the
maps of surface EKE in the vicinity of the Gulf Stream, the Agulhas current, in the
Argentine Basin, and in spots beneath the Antarctic Circumpolar Current (ACC). Given
that the areas of higher EKE in the circumpolar current are likely due to eddies (Chelton
et al., 2007), their geographic location may be less constrained than in the areas of high
EKE unless they encounter topographic constraints like the Drake Passage or features

like the Kerguelen Islands where eddies might be generated more frequently.

Observations also show high energy dissipation rates due to bottom boundary drag
beneath the Kuroshio between 32°-38°N. Conversely, maps of modeled mean kinetic
energy at 50 mab show similarly maximal values in all of the regions of high EKE except
beneath the Kuroshio, where mean kinetic energy is about half of that beneath the Gulf

Stream and Argentine Basin currents (Fig. 2 of Arbic et al., 2010).

A map of modeled mean annual bottom kinetic energy (Thran et al., 2018) shows high
values in the western North Atlantic, Argentine Basin, South of Africa, and several
locations beneath the ACC. Beneath the Kuroshio, EKE is higher than the surrounding
seafloor, but much lower than the afore mentioned areas of expected and measured high

EKE. Our data sets do not show strong BNLs in the Kuroshio extension region.
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3.10. Geochemical relevance

Radionuclides such &2°Th and®*'Pa are used as paleo- and modern proxies for
estimating vertical PM fluxes to the seafloor and lateral fluxes of insoluble elements to
and from continental margins as well as understanding the southward flux of North
Atlantic deep water and other aspects of ocean circulation. Studies in the Geochemical
Tracers program (GEOTRACES) have found that PM scavenges these adsorption-prone
radionuclides that are also used as quantitative tracers of adsorption to sinking particles in
the ocean (Hayes et al., 2015a,b; Van Hulten et al., 2017). Combining thddaEwith

the more recent,@ata improves our confidence that particle scavenging is persistent in
known locations over long periods of time, yet large areas of the ocean experience little
to no erosion or resuspension of sediment to enhance scavenging. With this knowledge,
adjustments can then be made to better interpret radionuclide deposition throughout the
ocean. An improved understanding of which driving forces are important (EKE,
topographic waves, cyclones and anticyclones spun up beneath meanders and rings of
strong boundary currents) and where PM in the benthic nepheloid layer is sourced,
transported, and deposited will help to determine oceanic locations where such
scavenging is most likely to occur and to assess its impact on present and past global

biogeochemical questions.

4. Conclusions

The regions of “strong” benthic nepheloid layers are very similar during both the 1964 to
1984 period as well as from the 1980'’s to present day. “Strong” BNLs and benthic storms
are most intense and thickest beneath areas of high surface and bottom eddy kinetic
energy, strongly suggesting a linkage with upper ocean dynamics. This connection is best
explained by generation of cyclones/anticyclones beneath meanders/rings spun off by
major surface boundary currents or from bottom-trapped topographic waves that
episodically create and maintain “strong” BNLs. The geographic locations of intense and
thick BNLs also coincide with areas of high-energy dissipation in the bottom boundary
layer and with mean kinetic energy at 50 mab. One anomaly from this connection may be

the Kuroshio Extension where data on bottom currents exist, but only a few PM data
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from 1964-1984 are known. Energy dissipation is high beneath the Kuroshio, however,
mean kinetic energy at 50 mab is lower there than in other areas of high benthic PM.
Near-bottom PM profiles and time-series data are needed to better understand this

apparent anomaly.

The areas of weak to no BNLs cover similar large areas during both sampling periods.
These areas include large portions of the Pacific, Atlantic and Indian oceans and are
generally areas of low eddy kinetic energy.

PM scavenges adsorption-prone radionuclides that are used as paleo-productivity proxies
and for investigation and modeling of modern and paleo-ocean circulation. The addition
of nephelometer data from previous decades increases our confidence that areas of
“strong” and weak nepheloid layers are quite consistent over time and will help to
determine where resuspension scavenging is most likely to occur and to assess its

potential impact on global biogeochemistry of sediments and bottom water.
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