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Submarine canyons provide a conduit for shelf-slope exchange via topographically induced processes such as upwelling and downwelling. These processes in the Wilmington Canyon, located along the shelf-break of the Mid-Atlantic Bight (MAB), have not been previously studied, and the associated hydrographic variability inside the canyon and on the adjacent shelf are largely unknown. Observations from an underwater glider deployed in Wilmington Canyon (February 27 - March 8, 2016), along with wind and satellite altimetry data, showed evidence for a wind-driven canyon upwelling event followed by a subsequent downwelling event. Next, a numerical model of the MAB was developed to more fully represent these two events. Modeled results showed that under upwelling-favorable winds during February 25 - March 3, sea level increased seaward, shelf currents flowed northeastward, and canyon upwelling developed. Then under downwelling-favorable winds during March 4-7, sea level increased landward, shelf currents flowed southwestward, and canyon downwelling developed. Modeling experiments showed that canyon upwelling and downwelling were sub-tidal processes driven by winds and pressure gradients (associated with SSH gradients), and they would occur with or without tidal forcing. During the upwelling period, slope water originating from 150-215 m depths within the canyon (75 m below the canyon rim), was advected onto the shelf, forming a cold and dense canyon-upwelled slope-originated overflow water at the bottom of the outer shelf (75-150 m isobaths). The dense overflow current flowed was directed northeastward and expanded in the cross-shelf direction. It was 5-20 km wide and 10-30 m thick. The estimated volume of the plume overflow water exceeded 6×109 m3 at peak. The density front at the shoreward side of the dense overflow water caused a subsurface baroclinic frontal jet, which flowed northeastward and along-shelf with maximum speed exceeding 0.5 m/s. In the ensuing downwelling event, a portion of the previously upwelled dense water was advected back to the canyon, and then flowed down-slope in the upper canyon in ~0.3 m/s bottom-intensified currents. Dynamical investigation of the overflow current showed that its evolution was governed by unbalanced horizontal pressure gradient force in the cross-shelf direction and that the current was geostrophic.
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1 Introduction

Shelf-break submarine canyons are common geomorphological features that incise the shelf-break, and they provide a conduit for shelf-slope exchange via topographically induced processes such as canyon upwelling and downwelling (Allen and Durrieu de Madron, 2009). Under similar upwelling- or downwelling-favorable conditions, the cross-isobath exchange flow in a canyon is stronger than that over a normal shelf-break (Klinck, 1996; She and Klinck, 2000; Kämpf, 2006). Thus, submarine canyons can drive enhanced shelf-slope exchanges of water masses (Kämpf, 2010; Connolly and Hickey, 2014). Canyon upwelling and downwelling occurs on the sub-inertial time scales and is associated with favorable conditions of along-shelf flows, which is driven by cross-shelf sea surface height gradients and winds. For canyons in the northern hemisphere, upwelling occurs under left-bounded along-shelf flows (flows with the coast to their left side; Klinck, 1996). Canyon upwelling and left-bounded along-shelf flows are often associated with seaward cross-shelf sea surface height gradients (∇SSH) that produce sea-level set-down at the coast (Freeland, 1982; Allen and Hickey, 2010), which in turn are often forced by upwelling-favorable winds (left-bounded along-shelf winds or seaward cross-shelf winds; Hickey, 1997; She and Klinck, 2000; Zhang and Lentz, 2017). Conversely, canyon downwelling in the northern hemisphere is associated with right-bounded along-shelf flows, SSH gradients that produce set-up at the coast, and downwelling-favorable winds.

Canyon upwelling and downwelling scenarios were considered separately in most previous canyon modeling studies. Often in these studies, separate upwelling and downwelling simulations were set up with opposite along-shelf flows (e.g., Klinck, 1996), or with winds blowing from opposite directions (e.g., Zhang and Lentz, 2017). They found that canyon circulation is stronger during upwelling than that during downwelling under conditions of equal strength but opposite directions. In addition, canyon upwelling can induce over 10 times more net cross-shelf-break transport than canyon downwelling (Spurgin and Allen, 2014). During canyon upwelling, substantial amounts of slope water can be channeled along the canyon towards the canyon head and upwelled onto the shelf (Allen and Hickey, 2010). The canyon-upwelled water forms a dense pool that expands on the bottom of the downstream shelf (e.g., Howatt and Allen, 2013). In this paper, we refer to this dense pool as a canyon-upwelled overflow, others have also referred to the feature as “canyon upwelling plume” and they have been reported in several process-oriented numerical modeling studies, such as Kämpf (2009, 2010, 2012), Howatt and Allen (2013); Ramos Musalem (2020) and Saldías and Allen (2020). They have also been produced in laboratory experiments by Ramos Musalem (2020). We chose to use the term “overflow” instead of “plume” because plume suggests lighter water than the surrounding, while overflow is a denser water than the surrounding. Notably, the scenario of a canyon downwelling event that immediately follows an upwelling event has not been investigated by previous canyon modeling studies. Thus, for a cycle of canyon upwelling and downwelling, it is unknown how the dense overflow water that has accumulated on the shelf during the upwelling phase would evolve during the ensuing downwelling event.

Studies of upwelling and downwelling in the shelf-break canyons of the Mid-Atlantic Bight (MAB; Figure 1A) are rare. A synoptic hydrographical survey in Wilmington Canyon by Church et al. (1984) observed slope water moving up along the canyon axis and shelf water moving seaward on the canyon’s southwest flank. Mooring measurements of ocean currents in Baltimore Canyon (Hunkins, 1988) and Lydonia Canyon (Butman, 1986) showed that on the sub-tidal time scale, flows inside the canyons moved up-canyon and down-canyon when shelf currents were left-bounded and right-bounded, respectively. The above-mentioned studies were made before the dynamics of canyon upwelling and downwelling were well understood, however, all showed observations that could be explained by canyon upwelling or downwelling. Observational studies on near-bed circulation in Hudson Shelf Valley (which is the shoreward extension of Hudson Canyon) in wintertime 1999-2000, Harris et al. (2003) and Lentz et al. (2014) found that up-valley and down-valley currents were closely correlated with sea level set-down and set-up at the coast, respectively. An idealized modeling study by Zhang and Lentz (2017) confirmed that upwelling and downwelling in the Hudson Shelf Valley are correlated with seaward (positive) and shoreward (negative) cross-shelf ∇SSH on the continental shelf, respectively. For Wilmington Canyon (Figure 1B), upwelling and downwelling processes are still essentially unknown regarding the associated forcing conditions on the shelf and the hydrographic variability in and near the canyon.




Figure 1 | (A) Location of Wilmington Canyon in the Mid-Atlantic Bight. (B) Wilmington Canyon bathymetry with glider survey track (magenta line) during 02/27-03/08/2016. (C) Underwater track taken by the glider at transect a2. The glider used in this study has a maximum diving depth of 350 m. At locations shallower than 350 m, the glider’s altimeter sensor was used during diving to prevent the glider from hitting the seafloor. Thus, the water column within 7 m above the sea floor was generally not sampled.



Wilmington Canyon is the second largest shelf-break submarine canyon (after Hudson Canyon) in the southern MAB. The canyon has an approximately 55° axial bend (Figure 1B): the lower section from the canyon mouth to the bend orients towards the northwest and lays nearly perpendicular to the shelf break (~72°); the upper section from the bend to the canyon head veers to the northeast and lays nearly parallel to the shelf break (~17°). The canyon head intersects the continental shelf at around the 90 m isobath, and the canyon mouth intersects the shelf break at a depth of 150 m. On either side of the canyon axis, the canyon intersects with the continental shelf at the canyon rim. The canyon is approximately 20 km long from the canyon mouth to the canyon head, 10 km wide at the canyon mouth, and has a rim depth of 125 m at the head of the canyon. The depth change along the canyon thalweg from the canyon head to the canyon mouth is approximately 1000 m (www.geomapapp.org; Ryan et al., 2009). The roughly southeast-northwest lower canyon allows an along-shelf flow to interact with canyon topography in a way similar to those previously simulated by idealized numerical models (e.g., Klinck, 1996; Howatt and Allen, 2013). The roughly southwest-northeast alignment of the upper canyon means that canyon flows are channeled in the along-shelf direction. Thus, for Wilmington Canyon, a northeastward (southwestward) incoming along-shelf flow is not only upwelling-favorable (downwelling-favorable) in a classical sense due to the orientation of the lower canyon, but also can flow directly up-canyon (down-canyon) in the upper canyon.

In this study, an underwater glider was deployed in Wilmington Canyon during February 27 - March 8, 2016. During this time period, the MAB experienced nine days of upwelling-favorable winds followed by four days of downwelling-favorable winds. The glider fortuitously obtained hydrographic evidence of consecutive canyon upwelling and downwelling in Wilmington Canyon. To place the glider observations in a greater spatial and temporal context, we utilized a numerical model with realistic forcing and bathymetry. The model allowed us to investigate the cycle of upwelling and downwelling events and compare it with the glider observations. The rest of the paper is organized as follows. Section 2 includes a presentation of the glider survey design and glider configuration, as well as an outline of the numerical modeling system and model setup. In section 3, evidence of the consecutive occurrences of sub-tidal upwelling and downwelling is presented based on the glider observations (sections 3.1.1, 3.1.2.) and numerical simulation (sections 3.1.2, 3.1.3). Then, the development and receding of a canyon-upwelled dense water overflow is described based on model results (sections 3.2., 3.3). The results are discussed in section 4, and key findings are summarized in section 5.



2 Methods


2.1 Glider Survey Design and Glider Configuration

A 350 m Slocum G2 glider “Amelia” was used to survey Wilmington Canyon during February 27 - March 8, 2016 (Figure 1). The glider repeated the “figure 8” shaped survey pattern 3 times (Figure 1B): a transect across the upper canyon, a transect across the lower canyon, a transect parallel to the shelf break, then a transect along the lower canyon. The glider was equipped with the Sea-Bird Scientific’s pumped glider conductivity temperature and depth (CTD) sensor. The CTD sensor was factory calibrated in June 2015 prior to deployment. After the glider was recovered, full resolution delayed-mode temperature, conductivity, and pressure data were extracted from the CTD sensor and thermal lag correction algorithms were applied following Garau et al. (2011). Absolute Salinity and potential density were calculated using Thermodynamic Equation of Seawater 2010 (TEOS-10) provided by the Gibbs SeaWater (GSW) Oceanographic Toolbox (McDougall and Barker, 2011). The glider was also equipped with the following sensors: Sea-Bird Scientific’s EcoPUCK triplet fluorometer with chlorophyll-a, colored dissolved organic matter (CDOM), optical backscatter (700 nm) sensors, and an Aanderaa Optode for measuring dissolved oxygen. In this study, we used the temperature, salinity, and density data at the three repeated transects across the lower canyon, as well as those at the three repeated transects along the lower canyon.

An underwater glider dives and climbs in the water column by changing buoyancy while being propelled forward by the normal force acting on its wings (Webb et al., 2001). Typically, a Slocum glider dives and climbs at ~26° angle from the horizontal plane, at nominal vertical speeds of 0.15 ± 0.04 m/s, and horizontal speeds of 0.25 ± 0.06 m/s through the water. During a 350m deep “yo” consisting of one dive and one climb, which takes approximately 80 minutes, a glider moves laterally by ~1.4 km (assuming no currents) while making ~2400 measurements at a sampling rate of 0.5 Hz. At locations with bathymetry shallower than 350 m, the glider’s downward facing altimeter sensor was used during the downcast to prevent the glider from hitting the seafloor. The glider would inflect from dive to climb at about 7 m above the sea floor. Thus, the water column within 7 m above the bottom was generally not sampled (Figure 1C).



2.2 Numerical Modeling Using the SCHISM Model

To place the observations in larger spatial and temporal contexts, we conducted numerical modeling experiments using the Semi-implicit Cross-scale Hydroscience Integrated System Model (SCHISM, Zhang et al., 2016). SCHISM has been used in multiple studies of the coastal ocean of the U.S. east coast (e.g., Ye et al., 2019; Liu et al., 2020), as well as in a study of the submarine canyons in the Black Sea (Brovchenko and Maderich, 2011). SCHISM is based on unstructured horizontal grids and flexible vertical grids, thus it can represent the complex 3D topography while avoiding artifacts like “staircase-like” bathymetry (Zhang et al., 2016). The pressure gradient force error (Haney, 1991) is effectively reduced using the localized and hybridized vertical grid that lowers the coordinate slopes (Zhang et al., 2016). Other major characteristics of SCHISM include a hybrid finite element/volume formulation, semi-implicit time-stepping, implicit vertical advection scheme for transport (TVD2; Ye et al., 2019), 3rd order Weighted Essentially Non-Oscillatory (WENO) transport in the horizontal dimension (Ye et al., 2019), an efficient and accurate Eulerian-Lagrangian algorithm for momentum advection, horizontal viscosity scheme (including bi-harmonic viscosity) to effectively remove inertial spurious modes without introducing excessive dissipation, etc. For detailed information about SCHISM, please refer to http://schism.wiki. The model implementation was designed to represent the hydrodynamical processes inside Wilmington Canyon, as well as the adjacent outer shelf, shelf-break, and continental slope regions. To achieve this, the model’s domain size, bathymetry, horizontal resolutions, vertical layer configuration, boundary conditions, forcing conditions, simulation time, spin-up time, and time step were all considered.

The model domain covered the US east coast from Georgia to Massachusetts (Figure 2A) and used the GMRT (Ryan et al., 2009) v3.7 bathymetry data (which has 133 m gridded resolution) that has not been smoothed. Overall, the model grid included over 240,000 nodes and 480,000 triangular elements. The model’s horizontal resolution was relatively uniform and high along the shelf-break in the southern and central MAB (Figure 2A). Along the shelf-break isobath (150 m) from ~50 km south of Norfolk Canyon to ~50 km north of Wilmington Canyon, the resolution was ~400 m (Figures 2A, B); in and around Hudson Canyon the resolution was ~1 km; in general, the resolution was 2-3 km at the coast (except in coastal estuaries such as the Chesapeake Bay where the resolution was increased) and 3-8 km at the open ocean boundary. In the vertical direction, depending on water depth, the model has up to 55 levels in the hybrid sigma-z (SZ) vertical grid with enhanced vertical resolutions at the surface and bottom (Figures 2C, D). The bottom layer thickness was generally 0.1-5 m over the continental shelf, shelf-break, slope, and canyons. The high horizontal resolution was designed to capture physical processes within and around the canyons. The intensified vertical resolution near the bottom was designed to capture topographical processes.




Figure 2 | (A) SCHISM model domain and horizontal resolution in equivalent diameter. The model uses >24,000 horizontal nodes, >48,000 unstructured triangular grids, with 350-1000 m resolution over the submarine canyons and adjacent shelf and slope. Location of Wilmington Canyon is indicated by the magenta box. (B) Model mesh over the Wilmington Canyon. Blue line indicates a transect along the canyon’s main axis. Visualization of model vertical layers (C) along the axis of Wilmington Canyon, and (D) zoomed in near the canyon head. There are up to 55 vertical layers depending on water depth. Relatively high vertical resolution is set up for near the surface and bottom. The thickness of the bottom model layer is generally 0.1-5 m over the shelf, shelf-break, and canyon.



Our numerical simulation was subjected to relatively realistic atmospheric and oceanic conditions. It was initialized with conditions of temperature, salinity, and sub-tidal horizontal velocities from a data-assimilative global ocean model - the HYbrid Coordinate Ocean Model (HYCOM), Global Ocean Forecasting System (GOFS) 3.1. This HYCOM model had a 1/12-degree resolution which does not resolve the bathymetry of submarine canyons. At the open ocean boundary of our SCHISM model, a 1.5 degree nudging zone was set, and boundary conditions were forced by the temperature, salinity, and de-tided horizontal velocities from HYCOM, as well as by the tidal elevations and tidal currents from the FES2014 tides database (standard case with Tide). For atmospheric forcing, our implementation included winds, heat fluxes, precipitation, and evaporation from the North American Regional Reanalysis model (NARR, 32 km resolution). Finally, our model took inputs of daily freshwater discharge based on U.S. Geographical Survey (USGS) gauge data for the four major estuaries in the MAB, i.e., Chesapeake Bay, Delaware Bay, Hudson River, and Connecticut River. Altogether, these relatively realistic (as opposed to idealized) atmospheric and oceanic conditions allow us to simulate the hydrodynamics inside Wilmington Canyon and on the adjacent shelf during the study period. In addition, we performed a simulation that excluded tidal forcing at the open boundary (No-Tide case) to investigate how the sub-tidal wind-forced phenomena and tide-forced phenomena are superimposed, and whether the phenomena can be separated in time.

The SCHISM model simulations started on January 1 and ended on March 31, 2016. The spin up period was five days. Results representing February 24 - March 8, 2016, were used in this study. The model used a non-split time step of dt = 120 s. Each model day simulation took about 25 minutes using 300 cores (1324 Xeon “Broadwell” cores) on a High-Performance Computing system (the Bora cluster on SciClone at William & Mary). The model outputs were saved every 2 hours or 12 times daily. Altogether, the above configurations allowed us to investigate the hydrodynamics inside Wilmington Canyon and over the region surrounding the canyon.




3 Results

Observed evidence for a cycle of upwelling and downwelling events is presented in section 3.1, including hydrographic transects within Wilmington Canyon from the glider survey, and the records of winds and water level at a coastal observation station. In section 3.2, we validate the SCHISM implementation by comparing the modeled hydrodynamics to observations. Then in section 3.3, the modeled results from within Wilmington Canyon are provided to examine how the hydrodynamics at the canyon responded to forcing conditions through different phases of the upwelling and downwelling cycle, and to visualize the upwelling and downwelling flows inside Wilmington Canyon. Lastly in section 3.4, the model results for a canyon-upwelled dens water overflow on the shelf, which was generated from the main head of Wilmington Canyon, are presented.


3.1 A Cycle of Upwelling and Downwelling in Wilmington Canyon Shown by Observations

We inferred that a cycle of canyon upwelling and downwelling occurred in Wilmington Canyon during February 27-March 8, 2016, based on repeated glider hydrographical transects. This inference was supported by the records of winds and water level at the NOAA station 8536110 at Cape May, NJ (~100 km shoreward of Wilmington Canyon).


3.1.1 In Situ Evidence From the Glider Survey

Three distinctive water masses comprising the upper 350 m of the water column in and around Wilmington Canyon were observed during the glider survey. To illustrate this, the temperature and salinity data, and associated T/S diagrams at a glider transect along the lower canyon are shown in Figure 3. From surface to bottom, we identified the low-temperature (~ 10 °C) and low-salinity (<34.5) winter shelf water (WSW), the high-temperature (~14 °C) and high-salinity (≥ 35.5) upper slope water (USW), and the low-temperature (~9°C) and high-salinity (~35.3) intermediate slope water (ISW).




Figure 3 | Water masses in the upper 350 m in Wilmington Canyon shown by data at glider transect a1. (A) Purple line indicates glider transect a1. Red dashed line indicates where SCHISM model output was extracted in Figure 6. (B, C) Spatially interpolated fields of temperature and salinity, contours are isopycnals. (D) T/S diagram based on glider data. Three distinctive water masses comprised the upper 350 m of the water column in and around Wilmington Canyon during the glider survey. From surface downward, there were the low-temperature (~ 10°C) and low-salinity (<34.5) winter shelf water (WSW), the high-temperature (~14°C) and high-salinity (≥ 35.5) upper slope water (USW), and the low-temperature (~9°C) and high-salinity (~35.3) intermediate slope water (ISW). Each water mass is shown as an end member in the T/S diagram.



By inspecting the spatial distribution of the three water masses at each glider transect and comparing the changes in water column structure between repeated transects (Figure 4), we could identify that a canyon upwelling event was immediately followed by a downwelling event. It is worth mentioning that a glider transect in this survey typically took 20-30 hours to complete, and the isopycnals below 150 m depth (e.g. σ0 = 27.2 kg m-3) within each glider transect showed semi-diurnal tidal time scale oscillations. Above 150 m, the water column in the canyon is more strongly influenced by surface and frontal processes and the tidally driven semi-diurnal variability is less obvious. While we cannot completely separate spatial variability from temporal variability in the glider observations, in section 3.3, we will use the SCHISM output at a fixed location to show the phases of the upwelling and downwelling events, and the daily mean (tidally averaged) spatial distributions of temperature and velocities across the entire canyon. Regardless of the phases of the tide, comparisons between repeated glider transects show that both the upwelling and downwelling events lasted for several days.




Figure 4 | Interpolated temperature (color) and density (contours) fields at (A) three repeated cross-canyon transects and (B) three repeated along-canyon transects from the glider survey. Typically in this mission, a glider transect took 20 to 30 hours to complete. Thin white lines in the temperature transects indicate glider tracks. Dashed black arrows indicate the glider’s heading. The cross-canyon transects c1, c2 and c3 were conducted February 27-28, March 2-3, and March 5, 2016, respectively. The along-canyon transects In a1, a2 and a3 were conducted on February 28-29, March 3-4, and March 6-7 respectively.



Temporal changes between the three cross-canyon transects across the lower canyon (Figure 4A) showed a sequence of water upwelling and downwelling. The transects c1, c2 and c3 were conducted February 27-28, March 2-3, and March 5, 2016, respectively. From transect c1 to transect c2, which were separated by about three days, the ISW layer rose by 50-70 m, consistent with upwelling. From transect c2 to transect c3, which were separated by about two days, the ISW layer fell by 50-70 m, consistent with downwelling.

Next, spatial and temporal varying water column structure at the three glider transects along the lower canyon (Figure 4B) also revealed the same sequence of upwelling and downwelling. The examination here focused on the water column below 100 m depth, especially on the σ0 = 26.8-27.2 kg m-3 isopycnals in the lower portion of USW and upper portion of ISW. In transects a1 (February 28-29) and a2 (March 3-4), the isopycnals tilted upward from the canyon mouth toward the shelf by about 80 m, indicative of upwelling. In transect a3 (March 6-7), the water layers tilted downward from the canyon mouth towards the shelf by about 80 m, indicative of downwelling.



3.1.2 Supporting Evidence From Records of Winds and Water Level at Cape May, NJ

Wind and water level data from the NOAA station 8536110 at Cape May, NJ (~100 km shoreward of Wilmington Canyon) were examined to characterize forcing conditions over the MAB coastal ocean (Figure 5). For most of the time during February 25 - March 3, winds were northwesterly or southwesterly (Figure 5A), i.e. upwelling-favorable. Corresponding to the upwelling winds, the measured water level was lower than predicted astronomical tide (Figure 5B), indicating a sea level set-down at the coast. Then during March 4-7, winds were northeasterly or northerly (Figure 5A), i.e. downwelling-favorable. Corresponding to the downwelling-favorable winds, measured water level was higher than predicted astronomical tide (Figure 5B), indicating a sea level set-up at the coast. The above temporal changes of wind directions and sea level suggest that forcing conditions over the MAB coastal ocean were upwelling-favorable when upwelling was observed in Wilmington Canyon by the glider, and forcing conditions changed to be downwelling-favorable when downwelling was observed in Wilmington Canyon. In section 3.3.1, we will use results from SCHISM to examine how the hydrodynamics at Wilmington Canyon responded to forcing conditions through different phases of the upwelling and downwelling events.




Figure 5 | (A) Wind and (B) water level data from the NOAA station 8536110 at Cape May, NJ (~100 km shoreward of Wilmington Canyon). For most of the time during February 25 - March 3, winds were northwesterly or southwesterly (A), i.e. upwelling-favorable. Corresponding to the upwelling winds, the measured water level was lower than predicted, indicating a sea level set-down at the coast. Then during March 4-7, winds were northeasterly or northerly, i.e., downwelling-favorable. Corresponding to the downwelling-favorable winds, measured water level was higher than predicted, indicating a sea level set-up at the coast.






3.2 Model-Data Comparison

To validate the model, we first compared the modeled results from SCHISM with glider observations in terms of the T/S identities and spatial distribution of water masses within the canyon (Figure 6A). As an example, the modeled temperature and salinity data were extracted along the lower canyon to compare with observations. The model outputs were extracted at a straight transect which is roughly overlapping with but slightly longer than the glider transect, and at the halftime point between the beginning and end of the glider transect (Figure 3A). Compared to observations, the model underestimated the temperature and salinity of USW by about 0.8 °C and 0.4 respectively, and of ISW by about 1°C and 0.1 respectively (Figure 6A). Nonetheless, the model produced the same three distinctive water masses as observations. More importantly, the modeled spatial distribution pattern of the water masses, i.e. the water column structure, was consistent with that of observed: the WSW layer occupied the upper ~50 m of the water column over the outer shelf, and this layer became thinner, warmer, and saltier in farther offshore locations over the canyon; the ISW resided below 200 m within the canyon, but tilted upward from the canyon mouth towards the shelf; the USW was wedged between the WSW and ISW, and was thicker within the canyon, thinner over the shelf. Thus, the modeled results showed the same three water masses as observed, and the modeled spatial distribution of water masses was qualitatively similar to observed.




Figure 6 | (A) Comparison of the modeled results from SCHISM with glider observations in terms of the T/S identities and spatial distribution of water masses within the canyon. The locations of the glider transect and model transect are shown in Figure 3A. The glider transect was conducted from 22:38 Feb 28 - 18:32 Feb29 (GMT). The modeled results were averaged over 22:00 Feb 28 - 18:00 Feb 29. Bathymetry in glider transects was based on glider altimetry data. Bathymetry in modeled transects was based on GMRT data. (B) Comparison of the modeled water level by SCHISM with the predicted (based on astronomical tides) and measured water level at the NOAA station 8536110 at Cape May, NJ.



We also compared the modeled water level by SCHISM with the predicted (based on astronomical tides) and measured water level at the NOAA station 8536110 at Cape May, NJ (Figure 6B). The SCHISM model generally reproduced the measured water level in terms of tidal phases, and subtidal deviation from predicted water level. In particular, similar to the observed water level, the SCHISM water level was lower than the predicted water level during the upwelling period (e.g., on February 27), and higher than predicted during the downwelling period (e.g., on March 5). The above comparisons indicate that the modeled sea level response was consistent with observations.

The above validations gave us the confidence to use the SCHISM model to examine how the hydrodynamics at the canyon responded to forcing conditions through different phases of the upwelling and downwelling events, to visualize the upwelling and downwelling flows inside Wilmington Canyon, and to inspect the hydrodynamics on the adjacent shelf during the cycle of upwelling and downwelling event.



3.3 Modeled Upwelling and Downwelling Events Inside Wilmington Canyon


3.3.1 Temporal Evolution of the Upwelling and Downwelling Events

Time series of forcing conditions and flow responses at the canyon head (Figure 7) suggest that the canyon upwelling event lasted for 8.5 days from February 25 to March 4, 2016, persisted through multiple tidal cycles, and consisted of a 2-day ramp-up phase, a 5-day quasi-steady phase, and a 1.5-day relaxation phase when wind speeds were reduced. The ensuing downwelling event lasted for 3.5 days from March 4-7, and consisted of 1.5 days of ramp-up, followed by 2 days of relaxation when both winds and currents relaxed back toward zero.




Figure 7 | Time series of forcing conditions and flow responses at the canyon head. The point from where the model outputs are extracted is located at about 10 m above bottom at 110 m isobath near the canyon head: (A) wind vectors and cross-shelf SSH gradient (positive is seaward), (B) near bottom velocities (full forcing with tides), (C) near bottom temperature and density, (D) near bottom velocities (no tides), and (E) near bottom temperature and density (no tides). The canyon upwelling event lasted for 8.5 days from February 25 to March 4, 2016, persisted through multiple tidal cycles, and consisted of a 2-day ramp-up phase, a 5-day quasi steady phase, and a 1.5-day relaxation phase. The ensuing downwelling event lasted for 3.5 days from March 4-7, and consisted of 1.5 days of ramp-up, and 2 days of relaxation.



In the ramp-up phase of upwelling on February 25-26, winds turned from southerly to southwesterly and northwesterly with speeds of 10-15 m/s; during the same period the cross-shelf SSH gradient quickly increased (positive gradient is seaward, which corresponds to sea level set-down at the coast) from 0 to 3 ± 1.5 × 10-6 (Figure 7A). In response to the changing conditions of wind and SSH gradient, the near-bottom currents at the canyon head (extracted at 10 m above sea floor at the 110 m isobath), which were southwestward before, now turned to be northeastward (i.e. up-canyon), with speed accelerated to about 0.2 m/s (Figure 7B). The vertical flow velocity, w, turned from negative to positive (i.e. upward) at 4 ± 1 mm/s. In the same two days of upwelling ramp-up, water temperature decreased from 12.5 to 10.7 °C, and the water density anomaly increased from 26.7 to 27.2 kg m-3 (Figure 7C). In the following 5-day quasi-steady phase of upwelling, from February 27 to March 2, despite tidal oscillations, westerly winds sustained the positive cross-shelf SSH gradient (Figure 7A). During this phase, near-bottom currents at the canyon head continuously flowed up-canyon at 0.15-0.2 m/s, the vertical velocity remained upward at 3-5 mm/s (Figure 7B), water temperature and density anomalies remained steady at 10.5-11 °C, and 27.1-27.2 kg m-3, respectively (Figure 7C).

Then during the relaxation phase of upwelling on March 3 and first half of March 4, northwesterly winds gave way to northeasterly winds, cross-shelf SSH gradient decreased to about 0 (Figure 7A), near-bottom flow and its vertical velocity both decreased to about 0 as well (Figure 7B), water temperature increased to 11.5 °C, and density anomaly decreased to 27.0 kg m-3 (Figure 7C). In the transition phase between the upwelling event and downwelling event around 00:00 on March 4, the directions of winds and SSH gradient changed from being upwelling- to downwelling-favorable. Throughout March 4, northeasterly and northerly wind speeds continued to increase, and reached 10-16 m/s (Figure 7A) before decreasing on March 5 (Figure 7A).

In the second half of March 4 and first 18 hours of March 5, cross-shelf SSH gradient became increasingly negative from 0 to -4 × 10-6 (Figure 7A). At the same time, near the bottom at the canyon head (10 m above sea floor at the 110 m isobath), down-canyon currents increased from 0 to 0.35 m/s, vertical velocity accelerated from 0 to -13 mm/s (Figure 7B), temperature increased to about 12 °C, and the density anomaly decreased to 26.8 kg m-3 (Figure 7C). From the end of March 5 to March 7, as wind speed gradually decreased, the cross-shelf SSH gradient and current velocities all gradually decreased, though the temperature and density anomalies roughly stayed constant.



3.3.2 Effect of Tides on Canyon Upwelling and Downwelling

The ocean’s response to subtidal and tidal forces is a superimposition of various processes operating on different time scales. Due to the speed of glider’s motion, their observations tend to convolve mesoscale spatial variability with temporal variability driven by tides. However, we can easily separate subtidal events and tidal variabilities in numerical models. Time series at the canyon head from the Tide and No-Tide simulations showed the same sub-tidal upwelling and downwelling events in response to changes in winds and cross-shelf SSH gradients. Tidal oscillations were superimposed on the sub-tidal events in the Tide case (Figures 7B, C) and were absent in the No-Tide case (Figures 7D, E).

In the Tide case, time series of near-bottom velocities, temperature, and density all displayed the sub-tidal events of upwelling and downwelling as well as tidal oscillations (Figures 7B, C). The sub-tidal upwelling event (February 25 - March 4) corresponded to 8.5 days of upwelling-favorable southwesterly and northwesterly winds and persistently positive cross-shelf SSH gradients (Figure 7A). The sub-tidal downwelling event (March 4-7) corresponded to 3.5 days of downwelling-favorable northerly and northeasterly winds and persistently negative cross-shelf SSH gradients. Tidal oscillations were mainly semi-diurnal, and superimposed on the sub-tidal signals (Figures 7A–C).

In the No-Tide case, where tidal forcing was turned off, the sub-tidal events of canyon upwelling and downwelling, demonstrated by the time series of velocities, temperature, and density, still occurred in the same periods and at nearly the same magnitudes (Figures 7D, E).

These results suggest that observed and modeled canyon upwelling and downwelling events were sub-tidal processes driven by winds and pressure gradients (associated with SSH gradients), and they would occur with or without tidal forcing.



3.3.3 Spatial Views of Upwelling and Downwelling Flows

The strongest flows during both upwelling and downwelling were located at the canyon head. During the upwelling event, upwelling flow delivered ISW and USW from 215-100 m depths through the canyon head onto the outer shelf; in the ensuing downwelling event, the previously upwelled water flowed down-slope inside the canyon in bottom-intensified currents.

The modeled horizontal velocity hvel and vertical velocity w at the shelf-break depth of z=150 m are shown in Figure 8. On March 1, at the peak of the upwelling period, maximum velocities (up-canyon hvel and upward w) were at the canyon head (Figures 8A, C). On March 5, at the peak of the downwelling period, the maximum velocities (down-canyon hvel and downward w) spread near the canyon head and along the northeast flank of the upper canyon (Figures 8B, D). Comparing the two scenarios (March 1 vs. March 5), downwelling had maximum hvel >0.3 m/s and maximum w >15 mm/s, both about twice those calculated during upwelling.




Figure 8 | Modeled fields of (A, B) horizontal velocity hvel and (C, D) vertical velocity w at the shelf-break depth of z = -150 m. hvel vectors were interpolated from unstructured model mesh (Figure 2B) to coarser structured grids for visualization. On March 1, at the peak of the upwelling period, maximum velocities (up-canyon hvel and upward w) were at the canyon head (Figures 8A, C). On March 5, at the peak of the downwelling period, the maximum velocities (down-canyon hvel and downward w) spread near the canyon head and along the northeast flank of the upper canyon (Figures 8B, D). Comparing the two scenarios (March 1 vs. March 5), downwelling had maximum hvel >0.3 m/s and maximum w >15 mm/s, both about twice those calculated during upwelling.



Transect views of the along-canyon component of horizontal velocity, vertical velocity, and temperature for the transect along the main axis of Wilmington Canyon are shown in Figure 9. On March 1, in the quasi-steady maximum phase of the upwelling event, the canyon upwelling flow was characterized by up-canyon horizontal velocity (Figure 9A) and upward vertical velocity (Figure 9C). Near the canyon head, the flow’s horizontal velocity reached 0.4-0.5 m/s, and vertical velocity reached about 5 mm/s. This canyon-upwelling flow delivered the lower layers of USW and upper layers of ISW from inside the canyon onto the outer continental shelf (Figure 9E). The deepest source of the upwelled water was from a depth of 215 m near the canyon mouth, which was about 50 m below the canyon rim at the canyon’s mouth. On March 5, in the downwelling maximum phase, there were bottom-intensified currents flowing down-slope inside the canyon near the canyon head with horizontal velocity of 0.3 m/s (Figure 9B) and downward vertical velocity of 15 mm/s (Figure 9D). The previously upwelled dense slope water now fell to 200-350 m depths within the canyon (Figure 9F).




Figure 9 | Transect views of daily mean (A, B) along-canyon component of horizontal velocity, (C, D) vertical velocity w, and (E, F) temperature for the transect along the main axis of Wilmington Canyon (location of the transect is shown in Figure 2B). On March 1, during canyon upwelling, flow was characterized by up-canyon horizontal velocity and upward vertical velocity. The lower layers of USW and upper layers of ISW from inside the canyon upwelled onto the outer continental shelf. The deepest source of the upwelled water was from about 215 m depth near the canyon mouth, which was about 50 m below the canyon rim at the canyon’s mouth. On March 5, during canyon downwelling, there were bottom-intensified currents flowing down-slope inside the canyon near the canyon head with horizontal velocity of 0.3 m/s and downward vertical velocity of 15 mm/s. The previously upwelled dense slope now fell to 200-350 m depths within the canyon.






3.4 A Canyon-Upwelled Dense Water Overflow Revealed by the Model

The model simulation allowed us to study the fate, dynamics, and impact of the canyon-upwelled slope water on the shelf. As a result of upwelling at Wilmington Canyon, a dense water overflow made of relatively cold and dense ISW was found at the upper canyon and the bottom of the outer shelf northeast of the canyon. During the upwelling event, the overflow water was advected northeastward with shelf currents and grew wider in the cross-shelf direction. In the ensuing downwelling event, shelf currents changed to be southwestward, and the dense overflow water receded back into the canyon.


3.4.1 Development and Recession of the Canyon-Upwelled Dense Water

The development of a canyon-upwelled dense overflow water containing ISW is shown by the temperature and horizontal velocity vectors calculated for the model layer right above the sea floor (Figure 10A). Before the upwelling event on February 24, the bottom of the shelf was still occupied by USW (T>12°C). By day 2 of upwelling, on February 26, the canyon-upwelled ISW (T<12°C) was seen at the bottom of the shelf just north of the canyon head. This dense water was sustained on the shelf for the following six days of the upwelling event, during which time it flowed northeastward in the along-shelf direction and spread in the cross-shelf direction. As the dense water overflow developed, the bottom temperature on the downstream shelf between the 75-100 m isobaths cooled from 12-13 °C on February 24 to 10-11 °C on March 1. At the peak of upwelling on March 1, the cold overflow covered > 90% of the outer shelf between 75-150 m isobaths. The only shelf area that remained to be occupied by warmer USW (T>12°C) was located at the corner northeast of the canyon mouth.




Figure 10 | (A) Daily mean temperature and horizontal velocity vectors calculated for the model layer right above the sea floor. A canyon-upwelled dense water overflow consisting of cold ISW developed on the shelf northeast of Wilmington Canyon during the upwelling phase, and the dense water receded from the shelf during the downwelling phase. (B) Daily mean volume of ISW (blue line) calculated within the circled shelf area northeast of Wilmington Canyon (between 75-m and 150-m isobaths). Red line is the 2-hourly vertical velocity at the canyon head.



The upwelling transported a substantial volume of ISW on to the shelf (Figure 10B). Within the area of outer shelf between 75-150 m isobaths and between Wilmington Canyon and Spencer Canyon, the volume of canyon-upwelled ISW with T<12 °C and S>35.2 increased from zero on February 24-25 to 4.5 × 109m3 on February 27, reached >6 × 109m3 on March 1, and the volume of ISW on the shelf remained above 4.5 × 109m3 until the end of the upwelling period on March 4.

In the downwelling event (March 4-7) that directly followed the upwelling event (February 25 - March 4), the canyon-upwelled ISW receded from the shelf. During this period, the directions of winds and SSH gradients (Figure 7A) reversed to be downwelling-favorable, and the shelf currents flowed southwestward (Mar 5, Figure 10). Consequently, ISW was no longer being transported from within Wilmington Canyon onto the shelf, and the remaining ISW on the shelf was advected southwestward back towards the canyon. The dense ISW on the shelf decreased in terms of horizontal extent (Figure 10A) and total volume (Figure 10B).



3.4.2 Impact of Canyon-Upwelling Dense Water on Shelf Circulation

The canyon-upwelled dense water overflow induced an interesting velocity structure during the upwelling event. This is illustrated by the daily mean velocity distributions from March 1 (Figure 11). In terms of along-shelf velocity (Figures 11C, D), there was a northeastward-flowing frontal jet with speed > 0.5 m/s at the shoreward density front associated with the dense overflow (above 75 m isobath). Near the canyon head, the core of this frontal jet was about 7 km wide in the cross-shelf direction and was about 30 m thick within the water column at 10-40 m above bottom (Figure 11C). Farther downstream (to the northeast), at 15 km away from the canyon, the core of the jet was approximately 10 km wide, and 10-15 m thick (Figure 11D). There was also secondary cross-shelf circulation that allowed the overflow water to expand both shoreward and seaward during the upwelling period. Near the canyon head, the daily mean cross-shelf circulation on March 1 was characterized by up to 0.1 m/s shoreward velocity on the shoreward and lower half of the overflow, and up to 0.05 m/s seaward velocity on the seaward and upper half of the overflow water (Figure 11E). Farther downstream, the cross-shelf circulation was characterized by <0.05 m/s shoreward velocity on the lower half of the overflow, and up to 0.2 m/s seaward velocity on the upper half of the overflow and in the water column above (Figure 11F). Both the along-shelf frontal jet and secondary cross-shelf circulation are indicative of density-driven dynamics by the canyon-upwelled overflow.




Figure 11 | Cross-shelf transect views of daily mean (A, B) temperature, (C, D) along-shelf velocity, and (E, F) cross-shelf velocity on March 1 during the upwelling event, contours are isopycnals. The locations of transects A and B are shown in Figure 10 (Mar 1). The positive direction of along-shelf velocity is pointing northeastward, of cross-shelf velocity is pointing seaward. The cold and dense canyon-upwelled dense water overflow was seen at the canyon head. A subsurface along-shelf frontal jet was located at the shoreward flank of the canyon-upwelled overflow water. The frontal jet flowed towards northeast. At transect A, the dense water also expanded both shoreward and seaward in the cross-shelf direction.





3.4.3 Dynamics Associated With the Dense Overflow Frontal Jet

To investigate the dynamical drivers of the frontal jet associated with the dense overflow, we focus on a cross-shelf transect just northeast of the canyon head labelled as “Northern-1”. During upwelling on February 29, the Northern-1 cross-shelf transect’s isopycnals domed at the head of the canyon due to upwelling of dense overflow water onto the shelf (Figure 12). Such a density distribution caused a shoreward baroclinic horizontal pressure gradient force (HPGF) to develop on the shoreward side of the canyon head, and seaward baroclinic HPGF to develop on the seward side of the canyon head (Figure 12B). Within the overflow water, the baroclinic HPGF was dominant and unbalanced in the cross-shelf direction, likely due to the ageostrophic advection up the canyon (Figure 12F), thus the overflow water spread seaward and shoreward from the canyon head by the cross-shelf baroclinic HPGF (Figure 12F).




Figure 12 | Cross-shelf momentum balance for February 29, 2016 at the North-1 transect just northeast of the head of the canyon (A–F) and the North-2 transect 20 km northeast of the North-1 transect (G–L). (A, G) Barotropic horizontal pressure gradient force. (B, H) Baroclinic horizontal pressure gradient force. (C, I) Coriolis Force. (D, J) Viscosity. (E, K) Advection. (F, L) HPGF + Coriolis.



Meanwhile, on the shoreward side of the canyon head both the baroclinic and barotropic HPGFs were in same direction toward the shore during upwelling; and on the seaward side of the canyon head, they opposed each other. Thus, the total HPGF was greater in magnitude on the shoreward side of the canyon head than the seaward side. Geostrophic balance required a greater Coriolis force on the shoreward side of the canyon head (Figure 12C). This implies that the along-shelf overflow current in the form of a northeastward subsurface baroclinic jet would develop on the shoreward flank of the canyon-upwelled dense water (Figures 11C, D). At the Northern-2 cross-shelf transect farther downstream of the canyon (Figures 12G–L), isopycnals were nearly parallel to the bottom, and the main force terms were in geostrophic balance (Figure 12L). However, the distribution of baroclinic HPGF was still shoreward on the shoreward flank of the dense water, and seaward on the seaward flank of the dense water (Figure 12H). Consequently, the Coriolis force was also greater on the shoreward flank of the dense water here (Figure 12I), thus there was the northeastward subsurface baroclinic jet.





4 Discussion


4.1 Impact of Canyon-Upwelled Dense Water on the Canyon Flow During the Ensuing Downwelling Event

In this study, despite the speeds of shelf currents being about equal during the upwelling and downwelling events (March 1 & 5 in Figure 10), flows within Wilmington Canyon were stronger during the downwelling event than seen in the preceding upwelling event (March 1 & 5 in Figures 8, 9). These results with angled canyon alignment and realistic bathymetry are different idealized modeling studies that showed canyon upwelling would be stronger than canyon downwelling (Klinck, 1996; Spurgin and Allen, 2014; Zhang and Lentz, 2017) under equal-strength background conditions. The parallel alignment of the upper canyon with the shelfbreak means there is a dynamical bias for enhanced gravity assisted down canyon flow. However, the details of such dynamical balances remain a topic of future investigation. In addition, our study of Wilmington Canyon investigated a real-world scenario in which a downwelling event immediately followed an upwelling event. In the upwelling phase, dense slope water was upwelled onto and sustained on the shelf. When the upwelling event ended, and conditions changed to be downwelling-favorable, the previously canyon-upwelled dense water that had been accumulated on the shelf was advected southwestward by the along-shelf shelf currents towards the canyon, which is oriented nearly along-shelf. The canyon-upwelled water then flowed down-slope toward deeper parts of the canyon causing bottom-intensified flow in the upper canyon. This receding of the previous upwelled water enhanced the effect of advection-driven canyon downwelling. As a result, the flow velocities in Wilmington Canyon in the downwelling event were stronger than seen in the preceding upwelling event.



4.2 Canyon Upwelled Dense Overflow Water in the MAB

The canyon-upwelled overflow from Wilmington Canyon resembled those reported in previous studies of canyon upwelling. These previous studies were based on either numerical simulations (e.g. Kämpf, 2009; Kämpf, 2010; Howatt and Allen, 2013; Ramos Musalem, 2020; Saldías and Allen, 2020) or laboratory models (Ramos Musalem, 2020) of idealized straight and smooth canyons that were oriented perpendicular to the shelf-break. In contrast, our study represented Wilmington Canyon and the surrounding area using non-smoothed bathymetry (based on GMRT), and relatively realistic forcing conditions (with inputs of winds, tides, ocean currents, water column structure from data-assimilative models). Despite these differences, our modeling study and previous studies all showed a canyon-upwelled dense water developed on the continental shelf, and a near-bottom frontal jet on the shoreward flank of the upwelled dense water.

A canyon-upwelled dense water overflow consisting of ISW has not been reported in previous observational studies of the MAB. Although intrusions of the warm (>14 °C) USW at the outer shelf is a common feature in the MAB, the presence of colder and denser ISW on the shelf has been rarely observed. This discrepancy between modeling results and existing observations may be attributed to the fact that most hydrographic observations on the shelf avoid the bottom boundary layer (~0-10 m above bottom) and that continuous and high-resolution observations at the canyon heads and right downstream (northeast) of canyons during upwelling events are very rare. As a result, the presence of dense overflow water on the shelf resulting from canyon upwelling events may have consistently escaped previous observational efforts.

In this study, although a hint of ISW was observed on the outer shelf (Figures 3, 4), the glider observations were insufficient to resolve the canyon upwelled overflow shown in the model. An operational reason was that the glider was programmed to avoid hitting the seafloor, therefore the bottom 5-10 m of the water column on the shelf was generally not well sampled. More importantly, the glider survey did not have sufficient spatial coverage on the outer shelf northeast of Wilmington Canyon where the dense water on the shelf would have resided.

In order to capture canyon-upwelled dense water from a shelf-break canyon in the MAB, we have the following recommendation for future observations: (1) high resolution hydrographic observations at the canyon head, especially the near-bottom 20 m northeast of a canyon; (2) conduct the study over a sustained period so that it can capture the episodic event when sub-tidal flows are northeastward over the outer shelf and shelf-break, especially during prolonged (>2 days) and strong (e.g. ≥10 m/s) upwelling-favorable wind events; (3) employ a complimentary set of moored array (profiler moorings capable of profiling from the bottom up to the surface, lined from the canyon head to the downstream shelf) and mobile platforms (gliders, AUVs or shipboard surveys for quick and high-resolution synoptic transects in both the along-overflow and across-overflow directions).

Canyon-upwelled dense overflows are likely important features that have the potential to supply significant quantities of water, salt, and nutrients from continental slope waters to the continental shelf of the MAB. The overflow at Wilmington Canyon characterized in this study had its source water from the ISW, which were located roughly at 150 – 215 m depths. The peak volume of ISW contained in the overflow was estimated to be > 6 × 109m3. Thus, it is reasonable to conclude that submarine canyons may supply a significant quantity of ISW onto the shelf during upwelling events. In addition, ISW is saltier than shelf waters, and has relatively high nutrient concentration (e.g. He et al., 2011), thus upwelled ISW may be a significant source of salt and nutrients from the slope sea to the shelf.




5 Conclusions

We used observations from a glider survey and a numerical model with relatively realistic bathymetry and forcing to analyze a cycle of wind-driven canyon upwelling and downwelling that occurred over Wilmington Canyon in the southern MAB. In this cycle of events, an upwelling event (February 25 - March 3, 2016) was immediately followed by a downwelling (March 4-7, 2016) event. During the upwelling event, winds were upwelling-favorable, sea level increased seaward, shelf currents flowed northeastward, ISW originating from 150-215 m depths within the canyon was channeled onto the shelf, and formed a cold and dense canyon-upwelled overflow on outer continental shelf (75-150 m isobaths) northeast of the canyon. The overflow contained up to 6 × 109m3 of ISW, lowered the bottom temperature of the outer shelf by up to 2°C, and induced a near-bottom frontal jet with speeds over 0.5 m/s. In the ensuing downwelling event, winds were downwelling-favorable, sea level increased landward, shelf-currents were southwestward, and the previously upwelled ISW receded from the shelf to the canyon, causing 0.3 m/s bottom-intensified down-slope currents in the upper canyon near the canyon head. Canyon upwelled dense water overflows have not been reported in previous observational studies of the MAB due to their location specificity and episodic nature. However, they have the potential to supply and entrain significant quantities of water, salt, and nutrients from the slope sea to the continental shelf of the MAB.
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