


Environ. Res. Commun. 6 (2024) 071008 https://doi.org/10.1088/2515-7620/ad61c7

LETTER

A hotspot andmechanism of enhanced bottom intrusion on the

southern New England shelf

KeChen

PhysicalOceanographyDepartment,WoodsHoleOceanographic Institution, United States of America

E-mail: kchen@whoi.edu

Keywords: hotspots, cross-shelf exchange, bottom intrusions, pressure gradient setup, wind-driven upwelling, subsurface compound

anomaly

Abstract

Understanding the occurrence of the intrusion of open oceanwater onto continental shelves has

scientific significance and societal relevance as the intrusion can significantly disrupt themarine

ecosystem andfisheries. High-resolution numericalmodeling is used to investigate the spatiotemporal

occurrence andmechanisms of highly anomalous bottom intrusions on the southernNewEngland

shelf. Based onmulti-year numerical simulations, this study reveals a hotspot of cross-isobath

bottom-intensified intrusions at a topographic trough. Examination ofmultiple events portrays a

robustmechanismof locally enhanced bottom intrusions. Persistent upwelling-favorable winds set up

an enhanced pressure gradient field at the topographic trough and drive the intrusion a large-distance

onshore. Numerical experiments with andwithout the topographic trough show that the localized

pressure gradient results from a combination of the shelf orientation and local bathymetry. Although

highly anomalouswaters on the shelf relate towind forcing, correlations between thewind stress

anomaly and bottom salinity anomaly at the location of the enhanced intrusion ismodest, implying

the need to incorporate other environmental factors to developmore deterministic predictionmodels

for subsurface conditions on the shelf. The results have important implications formarine

environment andfisheriesmanagement.

1. Introduction

Exchanges of watermasses between the coastal and open ocean have significant impacts on budgets of heat, salt,

nutrient, carbon and ecosystems. On the southernNewEngland shelf (figure 1(a)) in the northernMiddle

Atlantic Bight (MAB), the intrusions of warm and salty slopewater onto the continental shelf canmanifest as

surface intrusions,mid-depth salinitymax (Smax) intrusions (Gordon andAikman 1981, Churchill 1985,

Lentz 2003, Gawarkiewicz et al 2022), and bottom intrusions (Boicourt andHacker 1976, Lentz et al 2003,

Ullman et al 2014). Besides altering the physical environment, cross-shelf intrusions also have significant impact

on the ecosystem andfisheries, particularly bottom intrusions as onshore bottom flowwould drive larger

nutrient fluxes (e.g., Hales et al 2009) and alter near bottom temperature, whichmany commercially valuable

marine species (e.g., scallop, lobster) are sensitive to.

Previous field studies in the region such as theNantucket Shoals Flux Experiment (NSFE, Beardsley et al

1985), the Shelf Edge Exchange Program (SEEP-1,Houghton et al 1988), andCoastalMixing andOptics (CMO,

Lentz et al 2003) have shown that cross-shelf near bottom intrusions resulting from the onshoremigration of the

shelfbreak front can be driven by upwelling-favorable wind.Due to dynamical constraints, themigration

distance is typically within 10–20 km from the shelfbreak (Lentz et al 2003). However, recent observations reveal

two highly anomalous large-magnitude cross-shelf intrusions on the SouthernNewEngland shelf. Thefirst one

occurredwhen anomalouswarm and salty water intruded into the Rhode Island Sound (30 m–50 m isobaths,

∼100 km inshore of the shelfbreak) in late fall of 2009, as revealed bymooring data and shipboard hydrography
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measurements (Ullman et al 2014). The authors noted that salinity inNovember-December 2009was

substantially higher (by 1 psu) than all existing historical hydrographic datawithin 25 kmof their study site. The

second intrusionwas detected by observations collected by commercial fishing vessels as part of a community

science program (Gawarkiewicz andMercer 2019) in January 2017 over the southernNewEngland shelf.

Anomalies of the depth-averaged temperature and salinity exceeded 4 °Cand 1 psu respectively, both above the

97th percentile of all historical profiles in the same region (Gawarkiewicz et al 2019). The anomalouswater

properties in January 2017were accompanied by unusual distributions offish and invertebrate species over the

continental shelf, impacting the productivity of commercial fishing activities in the region.

Combining available observations and a high-resolution (1-km)numericalmodel in a realistic

configuration, Chen et al (2022) showed that offshore eddies and upwelling-favorable windwere responsible for

driving a cross-shelf bottom intrusion leading to highly anomalouswater properties toward the inner shelf.

Distinct from a 2Dwind-driven conceptualmodel, along-shelf bathymetry plays an important role in shaping

the bottom intrusion: the intrusion is enhanced at a topographic troughwhere local isobaths also change

orientation.While this case study identified the importance of wind forcing, offshore preconditioning and

along-shelf variation of bathymetry in driving significant watermass anomalies, the relevance of these

ingredients in bottom intrusions over different oceanographic conditions deserves further investigations. For

example, does the local bathymetrymake certain places over the southernNewEngland shelf hot spots for cross-

shelf exchange?Or, howdeterministic is upwellingwind in driving localized cross-isobath intrusions given

realistic bathymetry? Answering these questions will improve our understanding of processes driving large-

magnitude cross-shelf bottom intrusions, which as stated above is both scientifically important and broadly

relevant.

This study seeks to better understand the characteristics of the spatial and temporal occurrence of enhanced

bottom intrusions and the associatedmechanisms on the southernNewEngland shelf. The approach is to

examine large-magnitude bottom intrusions inmultiple years using the sameNortheast Shelf and Slope (NESS)

model as inChen et al (2022).

2.Numericalmodeling

The numericalmodel is theNESS primitive equationmodel developed for theNortheast U.S. shelf and slope

region based on the hydrostatic Regional OceanModeling System (ROMS). It has 1-kmhorizontal resolution

and 40 vertical terrain-following layers. This high-resolution is essential in capturingmesoscale-submesoscale

Figure 1. (a)Map showing the southernNewEngland continental shelf. Bathymetry is shown in color with a range from30 m to
150 m isobath. The selected isobaths are further contoured in gray. The 50 mand 70 m isobaths from themodel are contoured in red,
with along-isobath distance from the upstream endmarked (with red dots, along-isobath spacing 50 km). The black vectors denote
the eight-yearmean bottomvelocity between the 50 m and 150 m isobaths, i.e., mid- to outer shelf. Relevant geographic locations are
labelled. (b)Days per year when the bottom salinity anomaly exceeds two standard deviations along the 50 m isobath (c) Same as (b)
but for the 70 m isobath. Along-isobath resolution in (b) and (c) is 10 km.
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processes from theGulf Stream to the coastal ocean and detailed bathymetric features, both of whichwere

important in producing the largemagnitude cross-shelf bottom intrusion in 2017 (Chen et al 2022). Formore

technical details and numerical treatments, the readers are referred to the description inChen et al (2022).

An eight-year control hindcast is conducted from2010 to 2017. Themodel, which is configured in the same

way as that inChen et al (2022), has been shown to be capable of resolving relevant processes and compares well

with observations. Point-to-point comparisonwithCommercial Fisheries Research Foundation (CFRF)—

WoodsHoleOceanographic Institution (WHOI) hydrographic data (Gawarkiewicz andMercer 2019) confirms

a similarmodel performance as that inChen et al (2022) (not shown). In addition to the control run, one

experiment with no topographic trough over the southernNewEngland shelf is also conducted. In this

experiment, the topographic trough is removed so the effect of the shallow trough can be isolated. Specifically,

the 30 m to 100 m isobaths between 72° 54′Wand 71° 24′Wismodified so that the no bathymetric features exist

except the general orientation of isobaths following the shelf direction (section 3.3 for details).

3. Results

3.1. Spatial characteristics of the bottom intrusion

The eight-yearmean bottom currents over themid- to outer shelf are, to the lowest order, along-isobath

(figure 1(a)). However, obvious cross-isobathflows can be identified,most notably at the topographic trough

(referred to as BlockTrough, to be consistent with Block Island andBlockCanyon) over the southernNew

England shelf (between 72°Wand 71°W) aswell as theHudson Shelf Valley (∼ 73°W). Themean bottom

currents reflect the sumof various forcings over different stratification conditions, e.g., buoyancy-driven along-

shelfflow, upwelling- and downwelling-favorable winds. For theHudson Shelf Valley, it has been known that

themeanflows over time scales ofmonths tend to be onshore, presumably due to the asymmetry of the response

of along-valleyflow towinds (Lentz et al 2014, Zhang and Lentz 2017). In comparison, bottom flowpatterns

around the BlockTrough have not beenwell documented. Dedicated observations, particularly velocity

measurements in the area, are absent andmany numericalmodels (both global and regional) do not sufficiently

represent the detailed bathymetric features and circulation in the region.

Along-isobath distribution of the salinity anomalies reveal the spatially varying cross-shelf exchanges along

the bottomas themean bottom current pattern indicates (figures 1(b), (c)). The calculations are done for each

10 km segment along the 50 m and 70 m isobaths from2010 to 2017. For each segment, the daily climatological

mean and standard deviations are calculated for each year day using bottom salinity valueswithin a 15-day

window. Along the 70 m isobath, the frequency of bottom salinity exceeding two standard deviations varies from

1 to 8 days per year (figure 1(c)). The occurrence of high salinity anomalies ismore frequent between 150 kmand

250 km, around the Block Trough and its northern flank, with a frequency of 8 days per year. That is 60%more

frequent than that of the arealmean occurrence (5 days per year), or seven timesmore frequent than regions of

lowest occurrence. Another location of frequent high salinity anomalies is between 300 km and 350 km at the

70 m isobath, where amild topographic depression is located (between 72°30′Wand 72°W,figure 1(a)).

Similarly, along the 50 m isobath, large bottom salinity anomalies can bemore frequently found between

200 km and 300 km, around the head (inshore end) of the BlockTrough. The frequency of occurrence is∼ 17

days per year, which is also∼60%more than themean frequency along the 50 m isobath, ormore than double

the frequency at the region of lowest occurrence, to the south of theNantucket Shoals. A secondary region of

frequent occurrence along the 50 m isobath is at∼ 350 km, close to the head of anothermild topographic

depression. In combination, the results indicate a higher frequency of anomalous bottom salinity at topographic

depressions at themid- to outer southernNewEngland shelf,making themhot spots for bottom intrusions. In

the following, we focus on the BlockTrough extending from the outer shelf toward the Block Island, which is the

same regionwhere the 2017 bottom intrusion developed.

3.2. Composite analysis of circulation andmomentum

The representativeness of the 2017 bottom intrusion is examined by extracting events with high salinity

anomalies overmultiple years. Focusing on the Block Trough, events with salinity anomalies exceeding two

standard deviations are selected to produce compositemeanfields. Over the eight-year simulation from2010 to

2017, 19 events over 11months (except August) are identified. The bottom salinity and current fields in the

composite remarkably resemble the patterns of the 2017 bottom intrusion (cf, figures 2(a), (b), and figure 15 in

Chen et al 2022). First, the anomalous bottom salinity is clearly associatedwith upwelling-favorable wind,

starting from∼ 6 days before the date when the salinity anomaly reaches itsmaximum. Second, the enhanced

onshore, cross-isobath flow is concentrated at the same location along the Block Trough. Third, the cross-

isobath intrusion starts earlier than the setup of the along-isobath flow. The consistency between the composite

mean and the 2017 event indicates that wind forcing is a commonmechanismdriving intrusion flows in this

3

Environ. Res. Commun. 6 (2024) 071008



region. This is evidenced by the analysis of themomentumbalance during the development of the bottom

intrusion process.

Themain terms in the cross-isobath and along-isobathmomentumbalances at a certain isobath on the shelf

(e.g., the 70 m isobath) are:
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Figure 2. (a), (d): Compositemean bottom currents (black vectors) and salinity (color) for different stages of the bottom intrusion
relative to themaximum salinity anomaly at the Block Trough (averagedwithin the rectangular box): 6 days and 2 days prior to the
time ofmaximumanomaly. Spatialmean bottomvelocity vector (within the rectangular box) is shownwithmagnitude amplified by
five times for better visualization.Meanwind stress in the region is shown in blue vectors. (b), (e): Same as (a), (d) but for bottom
pressure gradient force withmagnitude in color and directions in gray vectors. (c), (f): Estimates of the bottomflowusing pressure
gradient, stress divergence, and acceleration termswithin the trough. The light gray dots represent the geostrophic balance, i.e., using
the first term to infer bottom flow. The darker gray represents the contribution of the pressure gradient and stress divergence. The
black dots represent the consideration of the additional acceleration term, i.e., all three terms below the x-axis. Color-coded Root
Mean SquareDifference (RMSD) values are shown.
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where x and y are rotated to cross-isobath (positive offshore) and along-isobath (positive poleward) directions, u

and v are defined as cross-isobath (positive offshore) and along-isobath (positive poleward), f is theCoriolis

parameter, ro is themean seawater density, p is the pressure, u is the horizontal velocity vector,w is the vertical

velocity, and Kv is the vertical viscosity. The terms on the right-hand side of (1) and (2) are Coriolis (cor),

pressure gradient force (pgf ), nonlinear horizontal and vertical advection ofmomentum (adv), and vertical

mixing ofmomentum,which is also the stress divergence term (str). Horizontal viscous terms are small and have

been neglected. The cross- and along-isobath ageostrophic (ageo) velocities can be expressed by:
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Starting from six days prior to the peak salinity anomaly, an enhanced pressure gradient sets up along the

BlockTrough (figures 2(b), (e)). The directions of the pressure gradient force (PGF) are directed to the

northwest, facilitating northeastward cross-isobathflow toward the head of the trough.

Themagnitude of the bottom velocity can be retrieved by the combination of the pressure gradient term and

stress divergence (figure 2(c)), that is,
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whereu is the bottom velocity, r
0
is the average seawater density, f is the Coriolis parameter, p is the pressure at

the seafloor, and t is the total stress and is expressed as t = ¶
¶

K
z

u

.v Among the three terms in equation (5), the

only driving term is the pressure gradient term. As demonstrated byChen et al (2022), the setup of this pressure

gradient at the Block Trough is clearly associatedwith upwelling-favorable winds. In otherwords, wind forcing

sets up the pressure gradient, which drives onshore cross-isobath bottom flowbalanced by near bottom stress

divergence. The actual bottom flow is weaker than the geostrophic velocity due to the presence of bottom

friction (figure 2(c)).

The composite analysis shows a consistent upwelling-favorable wind pattern leading to the peak salinity

anomaly. A similar circulation pattern appears two days before the peak anomaly (figure 2(d)). At this stage,

regional scale along-isobath flowdevelops, withmore pronounced onshore flow at the BlockTrough. The

horizontalmomentum is still largely balanced betweenCoriolis, pressure gradient, and stress divergence terms

(figure 2(f)). In comparison to the first stage (6 days prior the peak anomaly), all terms are about twice as large,

consistent with the strongerwind stress. Throughout, nonlinear advection ofmomentum is not important,

which is different from the numerical studies ofHudson Shelf Valley or canyon circulation in general (e.g., Allen

andDurrieu deMadron 2009, Zhang and Lentz 2018). This is because the RossbyNumber at the Block Trough is

small, that is, Ro=U/fL is∼0.05, whereU is themagnitude of the flowfield (∼ 0.1m s−1), and L is the

characteristic width of the trough (∼20 km). The smaller Rossby number implies different dynamical processes

operating at the Block Trough frommore topographically influenced canyon and valley flows.

3.3. Setup of the pressure gradientfield

The setup of enhanced pressure gradient field at the Block Trough is one salient feature both for the 2017 event

(Figure 17 inChen et al 2022) and the composite analysis. Observational and numerical studies have discussed

the importance of the pressure gradient in circulation at continental canyons and valleys (e.g., Klinck 1996,

Allen 2000, Yuan 2002, Lentz et al 2014). As the pressure gradient can both represent the driving force and reflect

the strength of geostrophicflow as a diagnostic variable, the role of the pressure gradient needs to be elucidated.

In the early stage of the development of a bottom intrusion, the broad-scale pressure gradient sets up in response

to the upwelling-favorable windfield (figure 2(b)). For the 2Dwind-drivenmodel, this pressure gradient would

drive along-shelf flow in the direction of thewind; the along-shelfflow further drives bottomEkman flow

onshore.However, with realistic coastline and bathymetry, themagnitudes and directions of the pressure
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gradient are by nomeans spatially homogenous. Largermagnitude pressure gradient force can be found at the

trough (figure 2(b)).

The enhanced pressure gradient setup is a convoluted result of local circulation dynamics and topographic

features. In response to upwelling-favorable wind, along-isobath geostrophicflowdevelops in the downwind

direction. Approaching the head of the trough (∼71° 40′), the along-isobathflowveers to the direction of the

larger-scale pressure gradient force. In addition, the local isobaths converge toward the head of the trough. The

alignment of pressure gradient force and along-isobath flow aswell as the convergence of isobathswould favor

the acceleration of the along-isobath geostrophic flow (e.g., Klinck 1996, Allen 2000). This is clearly the case for

along-isobathflowon the left flank of the trough (more positive velocity infigure 3(a)). Correspondingly, there

is also enhanced cross-isobath pressure gradient force as a result of the geostrophic balance, which leads to the

enhanced pattern locally (enhanced negative pgf values infigure 3(d);figure 4(a)). Accompanying the

acceleration of the along-isobath flow is also the along-isobath stress (not shown) and cross-isobath advection of

momentum (figure 3(f)). The enhanced stress termnear bottomdrives an onshore ageostrophic (bottom

Ekman)flow along the left flank of the BlockTrough (negative ageo values infigure 3(c)). The advection of

momentum in the cross-isobath direction, despite its overall smallermagnitude, becomesmore important

approaching the head of the trough, which further breaks down the cross-isobath geostrophic balance and

enables cross-isobath flow. In themeantime, the turning isobath at the curvature of the 70 m isobath facilitates

cross-isobathflow.Due to the curvature of the local isobath, the enhanced cross-isobath pressure gradient

manifests into along-isobath pressure gradient to the east (right) of 71° 40′ (enhanced negative pgf values in

figure 3(e);figure 4(a)). This broad-scale pressure gradient force drives significant cross-isobathflow

(figure 3(b)). The cross-isobath ageostrophic velocity, which reflects the imbalance between the along-isobath

pressure gradient andCoriolis terms, is positive or offshore at the eastern flank of the trough (positive values of

ageo to the east (right) of 71° 40′ infigure 3(c)), which compensates the net onshore flow. According to

equation (3), thismeans that themagnitude of the pressure gradient force
r

-
¶
¶

p

y

1

o

exceeds that of the Coriolis

and drives the onshore bottom-intensifiedflow.

The pressure gradient setup at the trough is also associatedwith the configuration of the coastal boundary

and broader scale orientation of isobaths in the region, regardless of the presence of the BlockTrough. To

Figure 3.Along- and cross-isobath velocity andmomentum terms at the 70 m isobath: (a) along-shelf velocity, (b) cross-isobath
velocity, (c) cross-isobath ageostrophic velocity, (d) cross-isobath pressure gradient force, (e) along-isobath pressure gradient force,
and (f) cross-isobathmomentum advection.Only the segment around the Block Trough and the lower water column are shown.
Density contours are shown in gray. The black dashed lines denote the longitudinal boundary defining the trough infigures 2 and 4.
The black square denotes the longitude of the head of the Block Trough at the 70 m isobath. For along-isobath (cross-isobath) terms,
positive direction is defined poleward (offshore). Note horizontal axis is plotted in distance but labelled in longitude. Also note the
different color scales used.
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demonstrate this, one numerical experiment without the troughwas conducted (see section 2). The composite

pressure gradient field 2 days prior to the peak salinity anomaly roughly resembles that in the control experiment

(figure 4(b)). The onshore pressure gradient force is alignedwith the 2Dupwelling scenario, and the location of

the largermagnitude is qualitatively similar to that in the control simulation. The complex correlation between

the bottompressure gradient vectors between the two experiments reveals amagnitude correlation of 0.7 and

angle difference of 34°within the predefined rectangular region. The similarity of the pressure gradient setup

(largermagnitude at similar locations) is presumably determined by the common factors between the two

experiments, that is, the veering orientation of the continental shelf, whichwould favor a higher pressure center

where thewest-east running isobaths intersect in the southwest-northeast direction (Chen et al 2022). In other

words, with orwithout the BlockTrough, higher pressure gradient can be established at approximately the same

location.

3.4.Determinismofwind forcing in bottom anomaly

The composite analysis above draws a clear connection between enhanced bottom intrusion andwind forcing.

Numerical experiments show that without persistent wind forcing, no bottom intrusionwould occur (Chen et al

2022). This naturally leads to the prediction question: whether and towhat extent wind can be used to predict

the bottomwatermass anomaly? To answer this question, lead-lag correlation between regionalmeanwind

stress anomalies (seasonal cycle removed) on the southernNewEngland shelf and average bottom salinity

anomalies in the trough is analyzed. The results reveal significant positive correlations between upwelling-

favorable winds and bottom salinity a few days later in the trough (figure 4(c)). The largest correlation is 60°T

winds leading bottom salinity by 2 days, with a correlation coefficient of∼ 0.3.While the correlation is

significant above the 99% confidence level (using t-test and effective degree of freedom (Emery and

Thomson 2001)) and is useful for developing predictionmodels, the coefficient is not particularly large,

implying that other factors can help improve the prediction. For example, the preconditioning of both the shelf

and slopewater properties via the impingement of offshore eddies (Chen et al 2022)may need to be included for

more deterministic predictions.

4. Summary and implications

Thiswork investigates the spatiotemporal occurrence and dynamics of enhanced bottom intrusions on the

southernNewEngland continental shelf. An eight-year high-resolution realisticmodel simulation reveals that

highly anomalous bottomwaters driven by onshore intrusions aremore frequently found at the Block Trough to

Figure 4.Pressure gradient force (PGF) at the Block Trough 2 days prior (a) to the time ofmaximum salinity anomaly. (b): Same as (a)
but for the experimentwithout a topographic trough. Color representsmagnitude andwhite vectors represent the direction of PGF.
50 m, 60 m, 70 m, 80 m, and 90 m isobaths are contoured in gray. Complex correlations of PGF fields between the control experiment
and the experimentwithout the trough are shown in panel bwith thefirst value being themagnitude correlation (r) and the second
value being the overall angle difference (θ, bothwithin the rectangular region). (c): Correlation betweenwind stress at different
directions (from 0 to 180 fromnorth) and bottom salinity at the trough. Coefficients significant above 99% confidence level are
denoted by black dotswith themaximumvalue in a black cross.Wind direction is defined as the angle clockwise from the north.
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the south of the Block Island, whichmakes it a hotspot for bottom intrusions. Composite analysis of highly

anomalous events over the eight-year simulation unravels a dominantmechanism remarkably similar to that in

an earlier study of an event in 2017 (Chen et al 2022): thewatermass anomalies are associatedwith cross-isobath,

bottom-intensified onshore intrusions at the trough driven by persistent upwelling-favorable winds. The

intrusions are driven by the enhanced pressure gradient field, which is set up by the large-scale wind forcing and

modulated by the configuration of the shelf bathymetry and orientation of the coastal boundary. A similar

pressure gradient setup exists in a numerical experiment without the Block Trough, implying that the relatively

gentle trough is less decisive in setting up the pressure gradientfield. The predictability of the bottomwatermass

anomalies at the trough is examined based on the cross-correlation of wind stress and bottom salinity anomalies.

Statistically significant correlations can be established between the two, withmaximumcorrelation being 60°T

wind leading bottom salinity anomaly in two days.More deterministic predictionmodels need to incorporate

other factors such as preconditioning of the shelfbreak hydrographic properties.

The study of bottomwater anomalies has great implications for themarine ecosystem and fisheries.Many

commercially valuablefish and shellfish species such as scallop and lobster, the two of themost valuable single

species in the entire U.S., are highly sensitive to the bottom conditions on the northeast U.S. continental shelf.

Future studies are needed tomore comprehensively understand the similarities and differences in the

characteristics and dynamics of bottom intensified intrusions under a variety of background conditions and to

develop robust predictionmodels of subsurface ocean conditions on the continental shelf.
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