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Abstract

Deep-ocean upwelling, driven by small-scale turbulence, plays a key role in climate by regulating the ocean’s capacity to

sequester heat and carbon. Recent theoretical studies have hypothesized that such upwelling may primarily occur within a

bottom boundary layer (BBL) along the sloping seafloor. A recent dye experiment in a continental-slope canyon as part of

the BLT-Recipes program revealed very rapid BBL-focussed upwelling, endorsing this notion. Here, we elucidate the mixing

processes governing the upwelling. We show that along-canyon upwelling stems from episodic turbulent mixing cells up to 250

m high, generated by tides sweeping up- and down-canyon. The tidal currents support a vertical shear that advects dense

waters over slower-flowing lighter waters, reducing BBL stratification. This triggers instabilities that mix the dense waters

with neighboring lighter waters, resulting in a net along-boundary upwelling flow. Our findings substantiate the view that

deep-ocean upwelling can predominantly occur along the ocean’s sloping boundaries.
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Key Points: 23 

 The drivers of the rapid along-boundary upwelling observed by the BLT-Recipes dye 24 

experiment in a continental-slope canyon are investigated. 25 

 It is shown that along-boundary upwelling stems from turbulent mixing cells up to 250 26 

m high, generated by sheared tidal flows.  27 
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 The turbulence mixes the denser waters in the canyon with neighboring lighter waters, 28 

causing the dense waters to upwell along the boundary.  29 
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Abstract 30 

Deep-ocean upwelling, driven by small-scale turbulence, plays a key role in climate by 31 

regulating the ocean’s capacity to sequester heat and carbon. Recent theoretical studies have 32 

hypothesized that such upwelling may primarily occur within a bottom boundary layer (BBL) 33 

along the sloping seafloor. A recent dye experiment in a continental-slope canyon as part of the 34 

BLT-Recipes program revealed very rapid BBL-focussed upwelling, endorsing this notion. Here, 35 

we elucidate the mixing processes governing the upwelling. We show that along-canyon 36 

upwelling stems from episodic turbulent mixing cells up to 250 m high, generated by tides 37 

sweeping up- and down-canyon. The tidal currents support a vertical shear that advects dense 38 

waters over slower-flowing lighter waters, reducing BBL stratification. This triggers instabilities 39 

that mix the dense waters with neighboring lighter waters, resulting in a net along-boundary 40 

upwelling flow. Our findings substantiate the view that deep-ocean upwelling can 41 

predominantly occur along the ocean’s sloping boundaries. 42 

1 Introduction 43 

Small-scale turbulent mixing has long been recognized as the key driver of deep-ocean 44 

diapycnal upwelling, through which dense abyssal waters of high-latitude origin are 45 

transformed into lighter, mid-depth waters (Munk, 1966; de Lavergne et al., 2016, 2021). 46 

Starting with Walter Munk’s work in the 1960s, it has been extensively argued that upwelling is 47 

broadly distributed across the global ocean below ~1,000 m (Munk and Wunsch, 1998; Lumpkin 48 

and Speer, 2007; Talley, 2013), and that its underpinning mixing is induced principally by the 49 

breaking of internal waves radiating from rough topography (Munk and Wunsch, 1998; Kunze, 50 

2017b; MacKinnon et al., 2017). A flaw in this argument is raised, however, by observations of 51 

the deep-ocean internal wavefield and associated turbulence: the intensity of such turbulence 52 

above rough topography – where the turbulence is commonly most vigorous – usually increases 53 

with depth (Waterhouse et al., 2014; Kunze et al., 2017a). This vertical structure of the 54 

turbulence implies that water parcels subject to wave breaking mix more rapidly with 55 

underlying denser layers than with overlying lighter waters, and so must become denser and 56 
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downwell – not upwell – across the ocean’s density stratification (de Lavergne et al., 2016; 57 

Ferrari et al., 2016).  58 

 59 

A potential solution to this conundrum is provided by a body of recent theoretical work (de 60 

Lavergne et al., 2016; Ferrari et al., 2016; Drake et al., 2020; Polzin and McDougall, 2021), 61 

founded on the principle that mixing must vanish at the ocean’s solid boundaries. Since water 62 

parcels close to the seabed may only mix with overlying lighter waters, they must become 63 

lighter and upwell across stratification. If topography is sloped, as is often the case, such 64 

lightening of near-boundary waters could result in an upward along-boundary flow that would 65 

transport those waters to shallower depths. Thus, in this alternative view, deep-ocean 66 

diapycnal upwelling would expectedly occur via focussed and rapid along-boundary flows 67 

within an O(10 m)-thick, weakly stratified layer – the bottom boundary layer (BBL) – directed up 68 

sloping topography, with the downward reduction in mixing across the BBL governing the 69 

upwelling’s intensity. Direct observational evidence in support of this scenario is lacking, 70 

however, so that the fundamental physics of BBL mixing and upwelling remain the focus of a 71 

vibrant discussion (Armi, 1979a,b; Garrett, 1979; Polzin and McDougall, 2021). 72 

 73 

To address this evidence gap, the U.K.-U.S. Bottom Boundary Layer Turbulence and Abyssal 74 

Recipes (BLT-Recipes) program performed a suite of measurements of turbulent mixing, 75 

diapycnal upwelling and their driving processes along a paradigmatic ocean boundary: a 76 

continental-slope canyon, the likes of which occupy over one-fifth of all continental slopes 77 

bordering the global ocean (Harris and Whiteway, 2011; Harris et al., 2014). Measurements of 78 

the dispersion of a fluorescein dye injected near the seabed (Wynne-Cattanach et al., 2024) 79 

revealed the occurrence of exceptionally rapid diapycnal upwelling of O(10-3 m s-1) [O(100 m d-
80 

1), or roughly 10,000 times the global-mean deep-ocean upwelling rate (Munk, 1966; Munk and 81 

Wunsch, 1998; Lumpkin and Speer, 2007; Talley, 2013; de Lavergne et al., 2021)] along the 82 

canyon’s thalweg. Here, we assess the mechanism by which turbulent mixing within the canyon 83 

results in such strong along-boundary upwelling. 84 
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2 Data and Methods 85 

2.1 Data 86 

The canyon targeted by BLT-Recipes is approximately 30 km long and 8 km wide at its entry, 87 

and is located in the Rockall Trough (Northeast Atlantic; Fig. 1a) – a basin characterized by 88 

generally moderate deep-ocean stratification and circulation (Holliday et al., 2015) and 89 

barotropic tidal currents (Stanev and Ricker, 2020). The observations considered here were 90 

obtained in July-October 2021, using both vessel-deployed and moored instrumentation. The 91 

ship-based measurements included (Fig. 1a): an along-canyon section of 11 full-depth 92 

hydrographic and (temperature and shear) microstructure profiles, which captures the general 93 

increase in the intensity of turbulence with proximity to the seabed (Fig. 1b) characteristic of 94 

regions of rough topography (Waterhouse et al., 2014; Kunze et al., 2017); 6 finely-resolved 95 

FastCTD (Klymak et al, 2006) timeseries of hydrographic and temperature microstructure 96 

profiles within the canyon spanning at least one semidiurnal tidal cycle (Alford et al., 2025); and 97 

the dye dispersion measurements (Wynne-Cattanach et al., 2024). The dye-derived diapycnal 98 

velocity of O(10-3 m s-1) is equivalent to a warming of ~0.3°C d-1 as water parcels upwell across 99 

the canyon’s stable background stratification, which is primarily determined by temperature 100 

(Fig. 1b; see also Suppl. Info.). High- (vertical and temporal) resolution records of turbulent 101 

fluctuations in three-dimensional velocity and temperature were acquired by a mooring 102 

instrumented with an acoustic Doppler current profiler (ADCP), 7 modular acoustic velocity 103 

meters and 83 thermistors, distributed across the deepest 300 m of the water column. The 104 

mooring was deployed near the canyon’s head (Fig. 1a) for 89 days (i.e. ~172 semidiurnal and 105 

~106 inertial periods), thereby affording robust statistical sampling of variability in turbulent 106 

parameters within the canyon across a broad range of frequencies (including tidal and near-107 

inertial). See Suppl. Info.  for further details. 108 

2.2 Calculation of turbulent mixing rates from mooring-based temperature observations 109 

To assess the evolution of mixing within the canyon, the rate of dissipation of temperature 110 

variance, χ, was computed from temperature timeseries acquired with each of the 83 fast-111 



manuscript submitted to Geophysical Research Letters 

 

sampling (1 Hz) thermistors in the mooring. χ is estimated from temperature records by fitting a 112 

theoretical model of inertial-subrange turbulence to measured temperature spectra (Shaw et 113 

al., 2001; Bluteau et al., 2013; Sreenivasan, 2018). See Suppl. Info. for a full model description. 114 

Implicit in the model are the assumptions of: Taylor’s frozen field, used to relate horizontal 115 

wavenumber spectra to the measured frequency spectra (Shaw et al., 2001; Bluteau et al., 116 

2013); a constant dissipation ratio, Γ, which relates the rate of turbulent kinetic energy 117 

dissipation, ε, to a buoyancy flux (Gregg et al., 2018); and a sole dependence of buoyancy 118 

frequency on temperature, found to accurately hold within the canyon. An estimate of χ was 119 

obtained for each thermistor every 5 minutes by, first, computing mean temperature spectra in 120 

5-minute segments; and, second, fitting the theoretical model for periods of 10-100 s (or a 121 

suitably narrower range for near-bottom thermistors) representative of the inertial subrange. Γ 122 

was taken as 0.2 (as pertinent to much of the ocean; Gregg et al., 2018), but the sensitivity of χ 123 

to this choice was explored by repeating the calculation with Γ = 0.4 (likely more appropriate to 124 

our measured canyon; Alford et al., 2025). The calculation of χ from thermistor data entails 125 

several other practical computation choices, which introduce uncertainty. This uncertainty is 126 

discussed in the Suppl. Info., and found to be typically a factor of <2. 127 

The mooring-based estimates of χ are of a subtly different nature to those acquired by the 128 

microstructure profilers – a distinction that has both advantages and challenges for our work. 129 

Profiler-based χ measurements are obtained at the closing stages of the turbulent cascade of 130 

temperature variance, i.e. near the dissipative (Kolmogorov) scale at which mixing takes place. 131 

Thus, they offer an accurate, relatively assumption-free view of local mixing. In contrast, 132 

mooring-based χ values are derived from observations within the inertial subrange, such that 133 

the measured temperature variance is yet to cascade further downscale before reaching the 134 

dissipative scale. A simple estimate of the timescale of the downscale cascade (〈𝑇′2〉/χ, where 135 

〈𝑇′2〉 is the characteristic thermistor-measured potential temperature (𝑇) variance on inertial-136 

subrange timescales) suggests that it may take several hours for that variance to be dissipated. 137 

Consequently, mooring-based χ values provide an assumption-heavier, but spatially-integrated 138 

metric of the in-canyon mixing. The integral character of mooring-based χ estimates is arguably 139 

advantageous to our goal of connecting upwelling to mixing rates, as it reduces the sensitivity 140 
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of the calculation to the precise location of the mooring – which effectively samples mixing 141 

conditions along a substantial segment of the canyon. Since the in-canyon flow is highly 142 

rectilinear (oriented along-canyon) and varies primarily on semidiurnal tidal timescales, the 143 

along-canyon advective lengthscale corresponding to 〈𝑇′2〉/χ may be estimated as O(100-1000 144 

m), given a characteristic along-canyon tidal velocity of ~0.1 m s-1 (Fig. 1a). 145 

 146 

A further advantage of mooring measurements is that they are approximately Eulerian, and 147 

thereby provide unbiased sampling of all phases of the tidal cycle. Whereas the mooring’s 148 

uppermost instruments move horizontally by only <50 m during one such cycle, microstructure 149 

profilers may drift with the tidal currents by as much as ~3 km in the course of a cast (Alford et 150 

al., 2025). This drift is expected to curtail the extent to which profilers may sample the most 151 

vigorous mixing in a tidal cycle, which – as will be seen – takes place immediately below the 152 

strongest up-canyon flows. As a profiler descends into these intense flows, it will tend to be 153 

advected away from the highly-turbulent layers below, potentially introducing a sampling bias. 154 

This likely explains why Alford et al. (2025) did not observe buoyancy flux profiles consistent 155 

with upwelling. 156 

2.3 Calculation of diapycnal upwelling from mooring-based temperature observations 157 

The rate of diapycnal (closely equivalent to diathermal) upwelling, wT
*, across the canyon’s 158 

mean stratification is computed from the mooring-based estimates of χ. An expression for 159 

𝑤𝑇
∗  may be derived by considering the diathermal flux (Winters and D’Asaro, 1996), 160 

 161 

𝜙 = −𝜅
𝜕𝑧∗

𝜕𝑇
⟨|𝛻𝑇|2⟩𝑧∗  , (1) 162 

 163 

where z* is the distance in the diathermal direction and ⟨ ⟩𝑧∗ denotes an average over a 164 

temperature surface in a bounded volume. Combining equation (1) with the definition of 165 

𝜒 = 2𝜅⟨|𝛻𝑇|2⟩ (where the angled brackets indicate an average over a local volume, with spatial 166 
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scales comparable to those of three-dimensional turbulence; Oakey, 1982) and expressing 𝑤𝑇
∗  167 

as the rate of change of the diathermal flux in the diathermal direction yields: 168 

 169 

𝑤𝑇
∗ = −

𝜕𝜙

𝜕𝑧∗ =
1

2

𝜕(⟨𝜒⟩𝑧∗
𝜕𝑧∗

𝜕𝑇
)

𝜕𝑧∗ =
1

2

𝜕⟨𝜒⟩𝑧∗

𝜕𝑇
+

1

2
⟨𝜒⟩𝑧∗

𝜕2𝑧∗/𝜕𝑇2

𝜕𝑧∗/𝜕𝑇
 . (2) 170 

 171 

𝑤𝑇
∗  has units of °C s-1. Its definition synthesises the notion that a water parcel mixing with 172 

warmer waters more strongly than with colder waters will become warmer, or – since warm 173 

waters overlie cold waters in a stably-stratified column – will upwell across isotherms. 174 

Conversely, a water parcel mixing with colder waters more intensely than with warmer waters 175 

will become colder, or downwell across isotherms. Note that, since isopycnal gradients of 176 

temperature are negligible within the canyon, the in-canyon temperature variance is 177 

overwhelmingly produced by diapycnal flows, such that 𝑤𝑇
∗  is an accurate metric of the 178 

diapycnal velocity. 𝑤𝑇
∗  can be expressed in the more familiar units of m s-1 via scaling with the 179 

diathermal (close to vertical within the canyon) gradient of potential temperature, i.e. 180 

𝑤∗ ≈  𝑤𝑇
∗ /

𝜕𝑇

𝜕𝑧∗
. 181 

 182 

Our calculation of 𝑤𝑇
∗  from mooring-based estimates of χ makes two inevitable assumptions. 183 

First, z* is approximated by the local vertical direction, i.e. the only direction sampled by the 184 

mooring. This approximation is supported by a comparison of directly-measured vertical 185 

temperature gradients with indirectly-estimated along-canyon temperature gradients (inferred 186 

via application of Taylor’s frozen field). This comparison suggests that the characteristic 187 

magnitude of vertical gradients typically exceeds that of horizontal gradients by at least one 188 

order of magnitude on a wide range of timescales longer than those of the inertial subrange 189 

(i.e. ≫1 min), such that the diathermal direction is close to vertical on those timescales. 190 

 191 

Second, ⟨𝜒⟩𝑧∗, the isothermal average of χ within the bounded calculation volume, is assumed 192 

to be adequately represented by χ as sampled by the mooring at a specific tidal phase. Thus, 193 

tidal phase-averaged fields of χ and other relevant variables are constructed prior to 194 
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computation of 𝑤𝑇
∗ , and the ⟨ ⟩𝑧∗ operator is approximated by a tidal phase-average (see Suppl. 195 

Info. for details). There is no a priori justification for this approximation; rather, its adoption 196 

places subtle constraints on the interpretation of our 𝑤𝑇
∗  diagnostics. The ‘bounded volume’ to 197 

which these diagnostics apply may be regarded as a body of water centred at the mooring site, 198 

extending up to ~6 km (double the along-canyon semidiurnal tidal excursion) along the  199 

thalweg, and sloshing up- and down-canyon by up to ~3 km. Since the semidiurnal tidal cycle of 200 

χ exhibits the same characteristic patterns at different locations along the canyon (cf. Figs. 2c 201 

and S3d), our estimated 𝑤𝑇
∗  at any tidal phase can be thought of as the upwelling rate 202 

experienced by the volume at that phase. This would be the case even if different parts of the 203 

volume were subject to different tidal phases at any instant in time. 204 

 205 

The calculation of 𝑤𝑇
∗  is performed in four steps. First, a vertical profile of  is constructed at 5-206 

minute intervals by bin-averaging all the  estimates from individual thermistors within a half-207 

bin period of each time-bin centre. Second, each vertical profile of  is re-mapped onto 208 

temperature space by bin-averaging in temperature cells at intervals of 0.1C. Third, phase 209 

averages of  and 𝑧∗ (approximated by the vertical coordinate) are computed. Fourth,  /T, 210 

𝜕𝑧∗/𝜕𝑇 and 𝜕2𝑧∗/𝜕𝑇2 are calculated in each time-bin and temperature class via centred 211 

differences. This step assumes that a single vertical mooring captures the bulk of the 212 

temperature dependence of . The resulting estimate of 𝑤𝑇
∗  is primarily determined by the 213 

1

2

𝜕⟨𝜒⟩𝑧∗

𝜕𝑇
 term, although the contribution from the 

1

2
⟨𝜒⟩𝑧∗

𝜕2𝑧∗/𝜕𝑇2

𝜕𝑧∗/𝜕𝑇
 term is also significant and 214 

reinforces the patterns in the dominant term (Fig. S6). The uncertainty in 𝑤𝑇
∗  related to 215 

temporal variability and instrumental noise is assessed in the Suppl. Info., and displayed in 216 

Figure 3d. 217 

3 Results 218 

A window into the nature of the in-canyon turbulence is provided by the vessel-based 219 

timeseries of hydrographic and temperature microstructure profiles, an example of which is 220 

shown in Figures 2b,c contextualised with the mooring-measured along-canyon flow (Fig. 2a). 221 

The canyon’s background hydrographic structure entails a reduction in temperature with depth 222 
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of ~1°C over 400 m (Fig. 2b), which corresponds to a buoyancy frequency of ~2×10-3 s-1 223 

characteristic of deep-ocean stratification elsewhere (de Lavergne et al., 2016, 2021). This 224 

background structure is prominently modulated by a semidiurnal tide, which flows up- and 225 

down-canyon with peak speeds of ~0.2 m s-1 (cf. Figs. 2a,b). As the flood tidal flow displaces 226 

isotherms upward, a layer containing frequent patches of unstable stratification (within which 227 

temperature typically increases slightly with height above bottom; Fig. 2d) develops over 2-3 228 

hours, reaching a height of ~250 m at the tide’s turning. Vigorous mixing (χ > 10-8 °C2 s-1, 229 

exceeding typical ocean-interior values by over one order of magnitude) occurs along the 230 

turbulent layer’s rising edge (Fig. 2c), a pattern suggestive of a convective mixing scenario in 231 

which isotherms fold over to produce areas of local static instability that progressively mix the 232 

fluid from above (Thorpe, 2005; Umlauf and Burchard, 2011; Ivey et al., 2021). During the ebb 233 

tide, isotherms deepen, the turbulent layer thins rapidly, the near-bottom water column re-234 

stratifies, and elevated mixing is progressively confined closer to the seabed. 235 

 236 

Strong shears can induce turbulent mixing of dense and light waters in the stably-stratified 237 

ocean interior through two primary mechanisms. First, a sufficiently strong and persistent shear 238 

can advect dense waters over lighter waters, inducing a convective instability (Moum et al., 239 

2004; Umlauf and Burchard, 2011; Winters, 2015; Lorke et al., 2005, 2008). Second, weaker or 240 

less persistent shear can still be energetic enough to trigger a Kelvin-Helmholtz shear instability 241 

(Smyth and Moum, 2012; Lewin and Caulfield, 2022; Liu et al., 2023). This is typically assumed 242 

to occur when the Richardson number – the ratio of stratification to shear squared – is less than 243 

¼, although for time-dependent shears, as is the case for the tidal flow here, the instability can 244 

occur at somewhat higher Richardson numbers (e.g., Si et al., 2025). Convective instabilities 245 

generate patches of turbulence with the same vertical scale of the sheared flow, while shear 246 

instabilities are typically more ephemeral and result in turbulent patches of O(1-10 m) and O(1-247 

10 min).  248 

 249 

The along-canyon tidal flow exhibits significant vertical shear (i.e. the tide is baroclinic; Fig. 2a), 250 

with flood and ebb tidal speeds usually peaking at >0.15 m s-1 about 250 m above the seabed 251 
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and decreasing to <0.05 m s-1 within ~50 m of the bottom. As this vertically-sheared flow 252 

advects the background temperature distribution – which consists of roughly flat isotherms 253 

(Fig. 1b) – along the canyon’s sloping thalweg, it transports colder waters from further down 254 

the canyon over the slowly-moving near-bottom waters during periods of positive shear 255 

(upward-increasing up-canyon flow; e.g., during flood), causing unstable stratification and 256 

turbulent mixing about 3-6 h into that tidal phase (Figs. 2a,b). Conversely, this vertically-257 

sheared flow carries warm waters from higher up the canyon over near-bottom waters during 258 

periods of negative shear (downward-increasing up-canyon flow; e.g., during ebb), acting to 259 

restore stably-stratified conditions (Figs. 2a,b). Thus, the occurrence of turbulent mixing and 260 

subsequent re-stratification can both be attributed to the differential advection of the canyon’s 261 

background hydrographic structure by a vertically-sheared tide steered  by the sloping 262 

topography. It remains somewhat unclear whether the shear is sufficiently strong and 263 

persistent to drive a convective instability, as argued by Alford et al. (2025), or 264 

whether turbulence results from a parametric shear instability, as proposed by Si et al. (2025). 265 

Both instabilities produce patches of unstable stratification and mixing across the vertical range 266 

of enhanced tidal shear, as observed. See further discussion in the Suppl. Info. 267 

 268 

The role of turbulent mixing in driving the rapid diapycnal upwelling observed in the canyon 269 

(Wynne-Cattanach et al., 2024) may be quantitatively borne out by considering the mooring-270 

based measurements, which – on account of their long extent (89 days) and high temporal 271 

resolution (~1 s) – capture the variability of mixing (assessed via χ; section 2.2) over many tidal 272 

cycles. The same semidiurnal sequence of isotherm shoaling and deepening, de- and re-273 

stratification, and enhancement and suppression of χ, seen in the vessel-based observations 274 

(Fig. 2) is apparent in the mooring records (Fig. S3 and Supp. Movie), which also expose some 275 

differences between any two tidal cycles. To draw statistically robust relationships between 276 

mixing and its tidal drivers, and elucidate implications for upwelling, we construct a phase-277 

averaged picture of the temporal evolution of the along-canyon flow (Fig. 3a) and χ (Fig. 3b) 278 

over a semidiurnal tidal cycle (see Suppl. Info.). Using T as the vertical coordinate provides a 279 
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ready connection between χ and the diathermal (here equivalent to diapycnal) velocity, wT
*, 280 

expressed as a warming rate and defined by equation (2). 281 

 282 

The phased-averaged view (Fig. 3c) demonstrates how, in a characteristic tidal cycle, isobaths 283 

progressively converge in temperature space (denoting de-stratification; Fig. 3a) and χ is 284 

elevated across a wide range of temperatures (Fig. 3b) when the flow ~200 m above the seabed 285 

is directed up-canyon relative to the near-bottom flow, i.e. precisely when positive shear peaks 286 

and stratification is minimal. This occurs at the tide’s turning from ebb to flood (around a phase 287 

of 2 rad, when the flows far above and near the seabed are oriented oppositely) and during 288 

flood (in the phase range of 2.5-5 rad, when flow is up-canyon at all temperatures). The causal 289 

relationship between positive shear and χ also transpires in the latter’s diathermal distribution: 290 

χ peaks along the band of maximum up-canyon shear, some ~120 m above the seabed (Fig. 3b; 291 

see also Fig. S5g), and decays toward colder temperatures from there, since the intensity of up-292 

canyon flow varies little over the coldest waters, i.e. in the deepest ~80 m. Subsequently, as the 293 

tide turns to ebb (in the phase ranges of 0-1.5 rad and >5 rad), isobath divergence and a 294 

reduction in χ lead to re-stratification and suppression of turbulence. 295 

 296 

The diapycnal circulation induced by the in-canyon turbulent mixing is illustrated by the phase-297 

averaged distribution of wT
* (Fig. 3c). During flood, the preferential elevation of χ within 298 

intermediate temperature classes (around 5°C; Fig. 3b) results in diapycnal upwelling (i.e. 299 

warming) of colder waters (typically within ~120 m of the seabed) at rates approaching or 300 

exceeding 10-5 °C s-1, and in somewhat less intense diapycnal downwelling (i.e. cooling) of 301 

warmer waters aloft. Little diapycnal flow occurs during ebb. Upon averaging over the tidal 302 

cycle to estimate the net diapycnal velocity profile (Fig. 3d), waters colder than ~5°C are found 303 

to upwell at a rate of up to ~3×10-6 °C s-1 (~0.3 °C d-1), and warmer waters to downwell at a 304 

weaker rate of ~-1×10-6 °C s-1 (~-0.1 °C d-1), resulting in convergence and net formation of 305 

waters of intermediate temperatures (around ~5°C). The net upwelling rate of the colder 306 

waters approximately matches the dye-derived diapycnal flow of ~0.3 °C d-1 (Wynne-Cattanach 307 
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et al., 2024) – thereby endorsing the role of tidal shear-generated mixing in driving the rapid 308 

along-boundary upwelling measured within the canyon. 309 

 310 

The efficacy of tidal shear-generated turbulence as an agent of intense diapycnal upwelling is 311 

contingent on its large vertical scale, which leads to the swift mixing of waters spanning a 312 

substantial range of temperatures. In our measured canyon, where turbulence is observed to 313 

reach up to ~250 m above bottom, such vertical scale is determined by that of the along-canyon 314 

flow’s vertical shear – as it is this shear that reduces stratification by differentially advecting the 315 

background temperature profile along the canyon’s sloping thalweg (Fig. S1). Our analysis (see 316 

Suppl. Info. and Fig. S4) suggests that the in-canyon vertical shear is associated with baroclinic 317 

tidal waves that develop within the canyon (Baines, 1983; Grimshaw et al., 1985; Ma et al., 318 

2025). The characteristic vertical scale of the waves is on the order of the canyon's vertical 319 

extent, which thus sets the size of the large turbulent overturns underpinning along-slope 320 

upwelling. 321 

4 Conclusions 322 

In conclusion, our observations of a continental-slope canyon at the edge of a North Atlantic 323 

basin provide evidence of very rapid along-boundary upwelling driven by vertically-extensive 324 

turbulent mixing, itself generated by semidiurnal baroclinic tidal flows sloshing up- and down-325 

canyon (Fig. 4). The cornerstone of the upwelling mechanism is the sheared structure of the 326 

tidal waves that develop within the canyon. When steered by the canyon’s sloping thalweg, this 327 

shear advects dense waters above lighter near-bottom waters during flood, thereby 328 

reducing stratification and priming the BBL for convective and shear instabilities. These 329 

instabilities produce overturns that mix dense BBL waters with surrounding lighter waters (Fig. 330 

4a), resulting in diapycnal upwelling along the canyon.  Reversal of the sheared tidal flow during 331 

ebb induces re-stratification within the canyon via the differential down-canyon advection of 332 

near-boundary waters (Fig. 4b), and promotes the offshore export of waters that were newly 333 

mixed and upwelled along topography during the previous flood (Wynne-Cattanach et al., 334 

2024). Such ebb-time re-stratification and export reset the canyon for the next flood stage of 335 
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upwelling, and communicate the effects of in-canyon mixing and upwelling toward the basin’s 336 

interior. 337 

 338 

Although the technological complexity of our measurements inevitably confines our study to a 339 

single small domain, there is evidence to suggest that our findings may have wider 340 

representativeness along other sloping boundaries. Such evidence comes in two forms. First, 341 

canyons of a similar nature to that of the one targeted here abound around the global 342 

continental slope. Our measured canyon’s length (~30 km), width (~8 km at its mouth), vertical 343 

extent (>1000 m from mouth to head), aspect ratio (~80º, denoting a relatively narrow canyon), 344 

V-shaped geometry (with axial slope near M2 tidal criticality, and steep, supercritical sidewalls), 345 

and characteristic barotropic tidal speeds (~0.08 m s-1) – all factors likely to shape the governing 346 

physics and intensity of the in-canyon mixing (Nazarian and Legg, 2017a,b) – are in line with 347 

those of many continental-slope canyons in the global ocean (Harris and Whiteway, 2011; 348 

Harris et al., 2014; Nazarian et al., 2021). The degree of criticality of the thalweg is likely to be 349 

particularly important in generating the strong near-bottom baroclinic flows required to 350 

support mixing as vigorous as that in our measured canyon (Slinn and Riley, 1996; Nazarian and 351 

Legg, 2017a,b; Nazarian et al., 2021; Ma et al., 2025). Second, observational and modelling 352 

investigations of near-boundary mixing in a range of oceanic (Moum et al., 2004; Umlauf and 353 

Burchard, 2011; Winters, 2015; Schulz and Umlauf, 2016; Baker et al., 2023; Masunaga et al 354 

2025), limnic (Lorke et al., 2005, 2008) and idealized geophysical fluid (Lewin and Caulfield, 355 

2022; Liu et al., 2023; Si et al., 2025) settings suggest that the shear-driven destabilization 356 

process documented here may be of some generality to oscillatory flows over sloping 357 

topography, regardless of the details of the flow or topographic configuration. On this basis, our 358 

results provide observational support for the paradigm of BBL-focussed deep-ocean upwelling, 359 

and point to shear-generated instabilities as a potentially important agent of such upwelling. 360 
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 486 

Figure 1 | Overview of BLT-Recipes experimental domain and observations. (a) Topography of 487 

the Rockall Trough in the Northeast Atlantic (lower inset), and of the continental-slope canyon 488 

measured during the BLT-Recipes experiment (main panel) with measurement locations 489 

indicated by instrument-referencing symbols. The near-bottom (averaged over a height above 490 

bottom range of 50-300 m) velocity at the location of the mooring is shown in the upper inset, 491 

and indicates that tidal fluctuations in the in-canyon flow are predominantly oriented along the 492 

canyon. (b) Logarithm of the rate of turbulent kinetic energy dissipation (ε, shading) and 493 

potential temperature (contours) along the canyon’s thalweg (section marked in Fig. 1a). The 494 

inset illustrates the potential temperature (T) - density relationship observed within the canyon, 495 

where the density variable shown (2) is the potential density relative to 2000 dbar. (c) Along-496 

canyon-mean profile of ε versus height above bottom. 497 
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 498 

Figure 2 | A semidiurnal tidal cycle of along-canyon flow, hydrographic structure and 499 

turbulent mixing. (a) Along-canyon velocity (shading, positive values indicate up-canyon flow) 500 

and potential temperature (contours) measured by the mooring’s ADCP and thermistors, 501 

respectively, on 8 July 2021. HAB: height above bottom. (b) Potential temperature (shading and 502 

black contours) measured by the FastCTD on 2-3 July 2021. White contours indicate 503 

occurrences of a statically unstable vertical temperature gradient (i.e.  T/z < 0). (c) Rate of 504 

turbulent dissipation of temperature variance (, shading) measured by the FastCTD, with 505 

potential temperature contours overlaid in black. Panels (a) and (b)-(c), which show data from 506 

different periods at approximately the same location, have been aligned by the phase of the 507 

semidiurnal tide. (d) Selected profiles of potential temperature during the period with extensive 508 

statically unstable conditions. 509 



manuscript submitted to Geophysical Research Letters 

 

 510 

Figure 3 | Phase-averaged semidiurnal tidal cycle of along-canyon flow, turbulent mixing and 511 

diapycnal upwelling. Phase-averaged (a) up-canyon velocity, (b) rate of turbulent dissipation of 512 
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temperature variance (χ), and (c) diapycnal velocity (𝑤𝑇
∗ ) – indicated by shading in each panel – 513 

as a function of potential temperature for a characteristic semidiurnal tidal cycle. Height above 514 

bottom contours are overlaid in black and labelled in (a). (d) Mean (across all phases) profile of 515 

diapycnal velocity as a function of potential temperature. The solid and dashed lines 516 

respectively show the diapycnal velocity calculated using dissipation ratio (Γ) values of 0.2 and 517 

0.4 (see Suppl. Info.). The grey shading provides a measure of the uncertainty in 𝑤𝑇
∗  related to 518 

temporal variability and instrumental noise. This is computed as the interquartile range of 𝑤𝑇
∗  519 

estimates obtained from many phased-averaged χ fields, each constructed from a set of three 520 

semidiurnal tidal periods. The diapycnal velocity determined from the dye (Wynne-Cattanach et 521 

al., 2024) is added as a rectangle (with horizontal and vertical side lengths respectively 522 

indicating the uncertainty and the potential temperature range sampled by the dye, where this 523 

range has been shifted toward warmer waters by the difference between the coldest 524 

temperatures sampled by the dye and the mooring) for comparison. 525 

  526 
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 527 

Figure 4 | Schematic of along-boundary upwelling driven by tidally-generated convective 528 

mixing. (a) During flood tide, the positively sheared up-canyon flow (black arrows) causes 529 

relatively dense waters aloft to overshoot, reducing stratification and producing mixing with 530 

lighter waters – thus leading to diapycnal upwelling of the dense waters along the boundary. (b) 531 

During ebb tide, the intensification of down-canyon flow with height (negatively sheared flow, 532 

shown by black arrows) induces re-stratification within the canyon, and supports the offshore 533 

export of waters that were newly mixed and upwelled during the previous flood tide. The small 534 

circular swirls in both panels denote turbulent eddies, shaded by temperature / density. 535 
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Text S1. 

Experimental design 

A set of targeted, vessel-based measurements of the hydrographic, velocity and (shear and temperature) 

microstructure proper'es of the ocean within and above a con'nental-slope canyon in the Rockall Trough 

(Northeast Atlan'c; Fig. 1a) was acquired during expedi'on DY132 of the RRS Discovery between 19th June 

and 29th July 2021, supported by the U.K.-U.S. BoSom Boundary Layer Turbulence and Abyssal Recipes (BLT-

Recipes) programme. See Figure 1 for a map overview of the measurements per'nent to this ar'cle. 

These ship-based observa'ons were collected with two instrument suites. First, the general along-canyon 

distribu'ons of stra'fica'on and mixing were documented with a transect of 11 full-depth sta'ons along the 

canyon’s thalweg. At each sta'on, ver'cal profiles (down to 5-50 m above the ocean floor) of hydrographic 

variables and velocity were recorded with: (i) a conduc'vity-temperature-depth / 300-kHz lower acous'c 

Doppler current profiler (CTD/LADCP) package lowered from the vessel; and (ii) the untethered, free-fall 

Woods Hole Oceanographic Ins'tu'on’s High Resolu'on Profiler (HRP) (Polzin and Montgomery, 1996) or 

Rockland Scien'fic Ver'cal Microstructure Profiler 6000 (VMP-6000) (Naveira Garabato et al., 2016), which 

addi'onally measured shear and temperature microstructure – from which the rates of dissipa'on of 

turbulent kine'c energy (ε) and temperature variance (χ) can be respec'vely quan'fied (Oakey, 1982). 

Second, 6 finely-resolved (with a characteris'c temporal resolu'on of ~15 min) 'me series of hydrographic 

and temperature microstructure profiles spanning 1-2 semidiurnal 'dal cycles were obtained within the 

canyon, over a height-above-boSom range of approximately 0-400 m, using two Scripps Ins'tu'on of 

Oceanography-produced, lightly-tethered ultra-fast profilers equipped with a CTD and either conduc'vity 

(from which temperature was derived) microstructure sensors (the FastCTD) or shear and temperature 

microstructure sensors (the Epsilometer) (Le Boyer et al., 2021). The FastCTD, which was also integrated with 

a fluorometer, enabled monitoring of the dispersion of a fluorescein dye injected near the seabed, from which 

evidence of very rapid diapycnal upwelling along the canyon is drawn and discussed by Wynne-CaSanach et 

al. (2024). All microstructure profilers produced processed data with a ver'cal resolu'on of 0.5 m. Full details 

of the dataset acquisi'on and processing may be found in the DY132 cruise report (Naveira Garabato and 

Spingys, 2021). 

Vessel-based measurements were supplemented by moored observa'ons of turbulent fluctua'ons in three-

component velocity and temperature, obtained with a mooring instrumented with 7 modular acous'c 

velocity sensor (MAVS) current meters (not explicitly considered here), 83 fast-sampling thermistors and an 

ADCP. The mooring was deployed near the canyon’s head (Fig. 1a) on 7th July 2021, during the DY132 

expedi'on, and recovered on 4th October 2021 in cruise DY138 of the RRS Discovery. The fast-sampling 

thermistors were placed at intervals of 1-5 m (with higher ver'cal resolu'on near the seabed) over the 
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height-above-boSom range of 2-300 m, and were programmed to sample at 1 Hz over a period of 89 days. A 

downward-looking 75 kHz RDI ADCP was deployed in a float at the top of the mooring, at a height above 

boSom of 300 m, and sampled with a ver'cal bin size of 16 m every 15 minutes. Thus, the moored 

measurements were performed at a substan'ally finer temporal resolu'on, and during a much longer period 

– extending over ~172 semidiurnal 'dal cycles and ~106 iner'al cycles – than the ship-based observa'ons. 

As such, the moored sensors sampled the variability in turbulent parameters, and its rela'onships with the 

evolving background stra'fica'on and flow, with far greater sta's'cal robustness than provided by the 

vessel-based data. 

Calcula3on of turbulent kine3c energy dissipa3on rates from shear microstructure measurements 

The rate of dissipa'on of turbulent kine'c energy, ε, was computed from shear microstructure measurements 

obtained with three different profilers (HRP, VMP-6000 and Epsilometer; see Experimental design), which 

recorded ver'cal gradients in horizontal velocity on cen'metre scales at 512 Hz to within typically 2 m of the 

ocean floor. Data processing was conducted using algorithms developed originally for the HRP (Polzin and 

Montgomery, 1996; Naveira Garabato et al., 2016; Le Boyer et al., 2021; Naveira Garabato and Spingys, 2021),  

which comply with current best prac'ces (Lueck et al., 2024). The variance in the shear in the ver'cal 

direc'on, (𝜕𝑢/𝜕𝑧)!'''''''''''', was calculated every 0.5 m, using shear spectra computed over bin widths of 1 s and 

integrated between 1 Hz and the spectral minimum in the 10–25 Hz band, or the 25–100 Hz band for ε > 10−7 

W kg−1. Values of ε were calculated from the variance of the shear as e = 7.5n(𝜕𝑢/𝜕𝑧)!'''''''''''', where n is the 

molecular viscosity of seawater and isotropy is assumed (Oakey, 1982). 

Calcula3on of turbulent mixing rates from temperature microstructure measurements 

The rate of dissipa'on of temperature variance, χ, was computed from temperature microstructure 

measurements acquired with four different profilers (HRP, VMP-6000, FastCTD and Epsilometer; see 

Experimental design). Similarly to ε, data processing was conducted using algorithms developed originally for 

the HRP (Polzin and Montgomery, 1996; Naveira Garabato et al., 2016; Le Boyer et al., 2021; Naveira Garabato 

and Spingys, 2021). The variance of the ver'cal temperature gradient, (𝜕𝑇/𝜕𝑧)!'''''''''''', was calculated every 0.5 m, 

using bin widths of 1 s. Each profiler carried two fast-response thermistors, and unless one sensor was 

deemed noisy, the mean of the χ es'mates from each sensor pair was used. Values of χ were computed from 

the variance of the ver'cal temperature gradient as 𝜒 = 6𝜅(𝜕𝑇/𝜕𝑧)!'''''''''''', where 𝜅 the molecular diffusivity of 

seawater and isotropy is assumed (Oakey, 1982). Prior to the computa'on of χ, (𝜕𝑇/𝜕𝑧)!'''''''''''' was corrected for 

nonlinearity and pressure dependence in the thermistors’ response by reference to the temperature 

measurements obtained with a CTD mounted on each profiler. Microstructure cast loca'ons were recorded 

as the midpoint between the instrument deployment and recovery posi'ons in each sta'on (HRP and VMP-

6000), or as the vessel’s posi'on at the 'me of sampling (FastCTD and EpsiFish). 
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Fundamentally, χ represents the rate of dissipa'on of temperature variance by molecular mixing. Since this 

temperature variance is produced by cen'metre-scale turbulent diathermal mo'ons ac'ng on the evolving 

temperature field, χ provides a metric of the diathermal mixing effected by such mo'ons (Winters and 

D’Asaro, 1996). In the context of our canyon data set, the diathermal and diapycnal direc'ons are closely 

aligned, as evidenced by the 'ghtness of the in-canyon poten'al temperature-density rela'onship (Fig. 1b). 

This rela'onship is quasi-linear and monotonic, with an R2 value of 0.996 and a linear-fit root-mean-square 

error of 0.004 kg m-3. Thus, χ adequately quan'fies the intensity of turbulent diapycnal mixing within the 

canyon. 

Calcula3on of turbulent mixing rates from mooring-based temperature observa3ons 

The rate of dissipa'on of temperature variance, χ, was computed from temperature 'me series acquired with 

each of the 83 fast-sampling (1 Hz) thermistors in the mooring. χ can be es'mated from temperature records 

by fitng a theore'cal model of iner'al subrange turbulence to measured temperature spectra (Shaw et al., 

2001; Bluteau et al., 2013; Sreenivasan, 2018), 

 

𝜙"(𝑘) = 𝐶#𝜒𝜀
$!"𝑘$

#
" , (S1) 

 

where 𝜙"(𝑘) is the horizontal wavenumber spectrum of temperature, 𝑘 is the horizontal wavenumber, and 

𝐶#  is the Obukhov-Corrsin constant (taken as 0.4). This wavenumber iner'al subrange spectral model is 

translated to frequency, 𝜎, via Taylor’s frozen field hypothesis, 𝜎 = 𝑈𝑘, with 𝑈 as the magnitude of the flow 

past the sensor (Shaw et al., 2001; Bluteau et al., 2013). Rela'ng the rate of dissipa'on of turbulent kine'c 

energy, ε, to a buoyancy flux (Shaw et al., 2001), and assuming the buoyancy frequency to be a func'on of 
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where g is gravity, α is the thermal expansion coefficient, and Γ is the dissipa'on ra'o (the ra'o of the net 

change in poten'al energy due to turbulent mixing to the energy expended in producing the turbulence; 

Gregg et al., 2018). This expression enables χ to be calculated from theore'cal fits to the observed 

temperature spectra. In our implementa'on, we computed spectra in 5-minute segments, scaled them by 

𝜎5/3, and averaged the (fiSed and scaled) spectra for periods of 10-100 s (or 10-[hab/𝑈] s for instruments 

whose height above boSom (hab) was sufficiently small that hab/𝑈 < 100 s) representa've of the iner'al 

subrange. This produced an es'mate of χ every 5 minutes for each thermistor. Γ was taken as 0.2 (a common 

value in much of the ocean; Gregg et al., 2018), but the sensi'vity of χ to this choice was explored by repea'ng 

the calcula'on with Γ = 0.4 (a value that is likely more appropriate to our measured canyon; Alford et al., 

2025). 

 

A number of prac'cal computa'on choices must be made in es'ma'ng χ from thermistor measurements, 

including: the window size and shape implemented in the Welch spectral calcula'on; the frequency range 

used to average the temperature spectra; the applica'on of the mean or median operators in averaging over 

this frequency range; and the aforemen'oned selec'on of a Γ  value. We performed a broad suite of 

sensi'vity tests using a representa've sample of the en're thermistor data set, in order to assess the 

robustness of our χ es'mates. The resul'ng χ data were only weakly sensi've to reasonable varia'ons in 

computa'on choices. Thus, changes in spectral window size (between 20 s and 300 s) and shape (Hamming 

vs. Hann windows), and in mean vs. median operator choice, produced a change in χ of at most a factor of 

1.7. Similarly, χ exhibited weak sensi'vity to the choice of frequency range for spectral averaging (upper and 

lower bounds varied from 10-2 Hz to 0.2 Hz): χ values changed by less than a factor of 1.5, except when 

excessive narrowness of the frequency range increased the impact of spectral noise. Varying Γ from 0.2 to 

0.4 resulted in a reduc'on in χ by a factor of 1.4. We also conducted a thorough examina'on of 5-min-

averaged temperature spectra for each thermistor to ensure that the selected frequency range is 

representa've of the iner'al subrange, with spectra consistently exhibi'ng the typical -5/3 (i.e. -1.67) slope 

(median slopes averaged for each instrument vary from -2.19 to -1.48, with a standard devia'on of 0.34). 

Finally, we probed the influence of replacing the bin-averaged ADCP measurements of 𝑈 by data from point 

current meters (MAVS), where available, on χ; such influence proved to be minimal (less than a factor of 1.5). 

Assessment of the physics leading to the onset of turbulence and mixing 

Turbulent diapycnal mixing in the stra'fied ocean interior is commonly associated with shear-driven 

turbulence (Thomas and Zhai, 2021; Musgrave et al., 2021; Mashayek et al., 2021). Such turbulence ensues 

when a stably stra'fied fluid with buoyancy frequency 𝑁 =	@−(𝑔/𝜌)(𝜕𝜌/𝜕𝑧)  (with 𝜌  as density) and 

subjected to a steady flow with ver'cal shear 𝑆 = 𝜕𝑈/𝜕𝑧 (with 𝑈 as flow speed) becomes unstable to shear 

instability, which grows as the gradient Richardson number 𝑅𝑖 = 𝑁!/𝑆! < 0.25 (Miles, 1961; Howard, 1961; 
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Thorpe, 2005; Ivey et al., 2021). The 𝑅𝑖 criterion becomes less strict when the ver'cal shear is unsteady (Kelly, 

1965; Radko, 2019; Si et al., 2025) or there is pre-exis'ng turbulence in the fluid (Kaminski and Smyth, 2019).  

In the presence of strong shears, like that reported in the canyon, dense waters can also be advected over 

lighter waters and trigger a convec've instability, with progressive mixing of the unstable patch from above 

(Moum et al., 2004; Lorke et al., 2005, 2008; Umlauf and Burchard, 2011; Winters, 2015; Ivey et al., 2021). 

To quan'ta'vely assess which instability may trigger the vigorous mixing (χ > 10-8 °C2 s-1) observed once per 

'dal cycle, we develop a simple two-dimensional (along-canyon distance versus depth) analy'cal model to 

explore how the in-canyon poten'al temperature distribu'on, which characterizes the in-canyon 

stra'fica'on, is affected by the observed along-canyon flow over a typical semidiurnal 'dal cycle. The in-

canyon temperature field is assumed to depend solely on depth, 𝑇(𝑥, 𝑧)= 𝑇(𝑧) (with x represen'ng the 

along-canyon distance), meaning that mean isotherms are taken as approximately flat within the canyon in 

line with our measurements (Fig. 1b), and is ini'alised from mooring observa'ons at the 'me of ebb-to-flood 

'de reversal. The horizontal component of the along-canyon flow 𝑢 is approximated as a func'on of height 

above the local boSom (hab) and 'me (t), i.e. 𝑢(𝑥, 𝑧, 𝑡)=𝑢(ℎ𝑎𝑏(𝑥), 𝑡), with the flow’s ver'cal component 

assumed to be ver'cally uniform within the canyon and parallel to the canyon’s thalweg, i.e. 𝑤(𝑥, 𝑡) =

𝜂	𝑢(𝑥, 𝑧, 𝑡), where 𝜂 ≈ 0.07 is the boSom slope of the canyon’s thalweg. These approxima'ons assume that 

(i) the along-canyon velocity profile measured by the mooring is widely representa've along the canyon’s 

thalweg, and (ii) the component of the flow normal to the seafloor plays a modest role in the advec'on of 

temperature within the canyon. Some support for (i) is provided by the recurrent paSern of isothermal 

displacement and χ over a semidiurnal 'dal cycle observed at various loca'ons along the canyon (e.g., 

compare Figures 2 and S2, constructed from measurements acquired 5 km apart). Regarding (ii), the moored 

observa'ons of along-canyon and ver'cal velocity (Fig. S5) show that par'cle trajectories are up to 40% 

steeper than the canyon’s thalweg during flood 'de, indica'ng that our model assesses only instabili'es 

associated with the slope-parallel shear flow, and so neglects instabili'es caused by the addi'onal upli~ of 

isopycnals by the flow component perpendicular to the seafloor. Assump'on (ii) effec'vely neglects the 

poten'al influence of nonlinear internal wave deforma'on and breaking in triggering mixing (Slinn and Riley, 

1996; Winters, 2015; Cyr and van Haren, 2016). 

The model is integrated in 'me over a semidiurnal (flood followed by ebb) period and an effec'vely 

unbounded along-canyon domain, in order to es'mate the depth from which waters sampled by the mooring 

at each 'me originated (Fig. S1). A model integra'on for the same period as shown in Figure 2a is considered 

here – other periods yield very similar results. During the flood phase of the 'de, water parcels translate a 

characteris'c up-canyon distance of ~2.5 km at ~250 m above the seafloor but only <1 km within ~80 m of 

the seafloor, i.e. waters alo~ move up-canyon by >1.5 km rela've to near-boSom waters (not shown). With 

along-canyon parcel trajectories assumed parallel to the sloping seafloor, the differen'al up-canyon mo'on 
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of waters with a substan'al height above boSom rela've to those below causes waters arriving at the 

mooring’s deepest ~250 m during flood 'de to originate from a narrow range of depth (and therefore 

temperature) horizons (Fig. S1). Such homogeniza'on of deep water proper'es generates a weakly stra'fied 

BBL at the 'me of strong shear, crea'ng the condi'ons for instabili'es to grow.  This sugges'on is reaffirmed 

by the favourable comparison of the model’s predic'ons with the observed temperature record (Fig. S1), 

which indicates that the measured emergence of a thick, homogeneous BBL during flood 'de stems from all 

BBL waters having been sourced over a narrow range of depths upstream. 

The specific nature of the instability, however, remains unclear. Si et al. (2025) find that even when the 

stra'fica'on is at its minimum, the large-scale 'dal shear is not sufficiently strong to bring 𝑅𝑖 below 0.25. 

Instead, they propose that the 'dal flow goes unstable to a parametric instability associated with the 'me 

dependence of the 'dal shear, which can arise at the 𝑅𝑖 ~ 1 observed in the canyon. Alford et al. (2025) rather 

suggest that finite-amplitude perturba'ons to the low-mode 'dal shear associated with topographic 

roughness or propaga'ng internal waves can generate fluid patches with 𝑅𝑖 < 0.25, thereby seeding the 

development of the instability. Polzin (in prepara'on) emphasizes that the enhancement of tidal shear near 

the seafloor by bottom drag is another potential pathway to instability, consistent with the evidence that 

turbulent mixing originates from the seafloor and propagates upward. In conclusion, there is no shortage of 

explana'ons for why instability and mixing develop when the stra'fica'on is reduced in the canyon. The 

specific pathway does not really maSer for the present work. The key point here is that instability and mixing 

are triggered by the 'dal shear ac'ng on the background stra'fica'on within the canyon, with the ver'cal 

scale of the well-mixed BBL being set by that of the 'dal shear (see Origin of the along-canyon shear). 

Construc3ng a phase-averaged view of a semidiurnal 3dal cycle 

To draw sta's'cally robust rela'onships between mixing and its 'dal drivers, and elucidate implica'ons for 

upwelling, we construct a phase-averaged picture of the temporal evolu'on of the along-canyon flow (Fig. 

3a), χ (Fig. 3b) and a range of ancillary parameters (Fig. S5) over a semidiurnal 'dal cycle. The 'me series of 

phase used to generate the averages is calculated by fitng a sinusoid to the up-canyon velocity over a sliding 

3-day window. This sinusoid has four free parameters (amplitude, frequency, phase and offset) that are 

separately fiSed via a least squares approach for each window. The resul'ng fiSed phase is then taken as the 

phase at the mid-point of the window. This approach was employed to capture possible subtle changes in the 

'dal drivers over the 'me series. An analogous analysis using a fixed M2 period produces very similar phase-

averaged diagnos'cs, although slightly blurred due to smoothing by small phase errors. 

Uncertainty in the calcula3on of diapycnal upwelling from mooring-based temperature observa3ons 

To gauge the uncertainty in 𝑤"∗  related to temporal variability and instrumental noise, we compute the 

interquar'le range of 𝑤"∗  es'mates obtained from many phased-averaged χ fields, each constructed from a 
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set of three semidiurnal 'dal periods (the smallest record length required to map out c as a func'on of 

poten'al temperature and 'dal phase) (Fig. 3d). This suggests that, at a minimum, the near-boundary 

upwelling signal of 𝑤"∗  in waters colder than ~5°C is robust and persistent during the period of mooring 

observa'ons. Although errors in the thermistor-based es'mates of χ (discussed in CalculaBon of turbulent 

mixing rates from mooring-based temperature observaBons) may poten'ally introduce further quan'ta've 

uncertainty in 𝑤"∗ , such errors are too modest to affect our conclusions on near-boundary upwelling. 

Origin of the along-canyon shear 

The along-canyon shear exerts an important influence on the intensity of upwelling within the canyon, as it 

is this shear that triggers turbulent overturns by differen'ally advec'ng denser waters over lighter waters 

during flood 'de and resetng a stable stra'fica'on during the ebb phase (Fig. S1). To gain some insight into 

the along-canyon shear’s physical origin, Figure S4a shows the power density frequency spectrum of the 

ADCP-measured along-canyon velocity shear, es'mated from a linear fit to the full ver'cal profile of the 

along-canyon velocity. The spectrum exhibits peaks at the K1 and M2 'dal frequencies and their harmonics, 

with liSle energy at the higher frequencies related to small-scale turbulence. Further, the along-canyon shear 

is much more energe'c than the cross-canyon shear (not shown). This confirms that the shear is associated 

with along-canyon baroclinic 'dal mo'ons within the canyon. 

Next, we wish to assess whether the 'dal shear results from turbulent mo'ons arres'ng the near-boSom 

flow – as might be expected from the ac'on of topographic drag – or from the propaga'on of waves (e.g., 

baroclinic 'des) within the canyon. To illuminate this issue, Figure S4b displays the coherence between the 

along-canyon and ver'cal veloci'es, which provides a metric of the effec'veness of mo'ons of a given 

frequency in the ver'cal redistribu'on of along-canyon momentum. Such redistribu'on is arguably required 

to explain the emergence of the 'dal shear. Coherence is found to be large exclusively at 'dal frequencies, 

and not at the higher frequencies of small-scale turbulent flows. This strongly suggests that the 'dal shear is 

associated with baroclinic waves that arise in the canyon (Baines, 1983; Grimshaw et al., 1985; Ma et al., 

2025), and not the result of a turbulent-frequency momentum flux divergence. The observed dominance of 

the shear’s along-canyon component further suggests that the waves’ dispersion rela'onship is Kelvin-like 

(Rhines, 1970), in that cross-canyon mo'ons are suppressed by the presence of supercri'cal lateral walls. 

Future work will address the ques'on of how these waves are generated. 

Although the ADCP measurements used in this analysis do not resolve the full spectrum of small-scale 

turbulent mo'ons, the above results are corroborated through an analogous examina'on of MAVS current 

meter observa'ons from the same mooring (not shown), which have much finer temporal resolu'on and 

comprehensively capture the iner'al subrange. 
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Figure S1 | Analy&cal model of the role of ver&cally differen&al along-canyon advec&on in genera&ng 

reduced stra&fica&on. Source depth (shading) of waters sampled by the mooring, es'mated with an idealized 

analy'cal model of the advec'on of the in-canyon ver'cal temperature profile at the start of flood 'de by 

the measured along-canyon flow. Comparison with the observed poten'al temperature record (contours) 

indicates that the measured emergence of a thick, homogeneous BBL in the deepest ~250 m during flood 

'de stems from all BBL waters having originated at approximately the same depth upstream, thus priming 

the layer for convec've or shear instabili'es. Conversely, BBL thinning coincides with a progressive 

sharpening of the ver'cal gradient in the source depth of near-boSom waters. HAB: height above boSom.      
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Figure S2 | A 2-day example of semidiurnal cycles of turbulent mixing, in-canyon stra&fica&on, shear and 

Richardson number. (a) Rate of turbulent dissipa'on of temperature variance (χ, shading) and poten'al 

temperature (contours) during a 2-day subset of the mooring record. (b) Squared buoyancy frequency (N2, 

shading) and poten'al temperature (contours) during the same period. (c) Squared shear (S2, shading) and 

poten'al temperature (contours). (d) Richardson number (Ri, shading) and poten'al temperature (contours).  

log(c) (oC2 s-1)

N2 (s-2)

S2 (s-2)
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Figure S3 | A 2-day example of semidiurnal cycles of hydrographic structure, along-canyon flow and 

turbulent mixing. (a) Poten'al temperature (shading and black contours) during a 2-day subset of the 

mooring record. (b) Along-canyon velocity (shading) and poten'al temperature (contours) in the same 

period. (c) Frac'onal occurrence of a sta'cally unstable ver'cal temperature gradient (i.e.   ¶T/¶z < 0) in the 

1 Hz temperature data within each 15-min bin (shading), with poten'al temperature contours overlaid in 

black. A frac'on of 1 indicates sustained unstable condi'ons within a bin, and a frac'on of 0 denotes 

con'nuous stability during that 'me. (d) Rate of turbulent dissipa'on of temperature variance (c, shading) 

and poten'al temperature (contours).  

T (oC)

Proportion of unstable ∂T/∂z

Up-canyon velocity (m s-1)
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Figure S4 | Inves&ga&on of the physical origin of along-canyon shear. (a) Power spectral density of the 

(ADCP-measured) mean along-canyon velocity shear, es'mated from a linear fit to the full ver'cal profile of 

the along-canyon velocity. (b) Magnitude-squared coherence between the along-canyon velocity and the 

ver'cal velocity. The K1 and M2 'dal cons'tuents and their harmonics are indicated by dashed lines and 

labelled in both panels.  
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Figure S5 | Phase-averaged semidiurnal &dal cycle of in-canyon flow, hydrographic structure and 

turbulence parameters. Phase-averaged (a) height above boSom of isotherms; (b) data density; (c) up-

canyon velocity; (d) ver'cal velocity; (e) rate of dissipa'on of temperature variance (χ); (f) squared buoyancy 

frequency (N2); (g) squared shear (S2); and (h) Richardson number (Ri) – as a func'on of poten'al temperature 

for a characteris'c semidiurnal 'dal cycle (shading). Height above boSom contours are overlaid in black and 

labelled. 
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Figure S6 | Phase-averaged semidiurnal &dal cycle of diapycnal upwelling and its cons&tuent terms. Phase-

averaged (a) 12
1"

 term of diapycnal velocity, (b) 𝜒 1
(3∗/1"(

13∗/1"
 term of diapycnal velocity, (c) diapycnal velocity 

expressed as a warming rate (wT
*), and (d) diapycnal velocity in m s-1  (𝑤∗ ≈	𝑤"∗/

1"
13

) – indicated by shading 

*∂c/∂z* (oC s-1)

c (∂2z*/∂T2)/(∂z*/∂T) (oC s-1)

wT* (oC s-1)

w* (m s-1)

wT* (10-6 oC s-1) w* (10-3 m s-1)

wT* w*
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in each panel – as a func'on of poten'al temperature for a characteris'c semidiurnal 'dal cycle. Height above 

boSom contours are overlaid in black.  
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Movie S1 | An 89-day mooring record of along-canyon flow, hydrographic structure and turbulent mixing. 

(a) Up-canyon velocity (shading) and poten'al temperature (contours) during the 89-day mooring record. (b) 

Poten'al temperature (shading and contours) in the same period. (c) Rate of turbulent dissipa'on of 

temperature variance (χ, shading, on a logarithmic scale), with poten'al temperature contours overlaid in 

black. 

 

hSps://www.dropbox.com/scl/fi/s8284vnyiq511r8i0fup8/output.mp4?rlkey=4mxovtglqu1x2eouaqhxx5fql&

dl=0  
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