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Thomas Meunier1, Paula Pérez-Brunius2, Javier Rodriguez Outerelo3, Paula
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Abstract

The Deep Water Horizon oil spill has dramatically impacted the Gulf of Mexico from the seafloor to the surface. While dispersion

of contaminants at the surface has been extensively studied, little is known about deep water dispersion properties. This study

describes the results of the Deep Water Dispersion Experiment, which consisted in the release of surface drifters and RAFOS

floats drifting at 300 and 1500 dbar in the Gulf of Mexico. We show that surface diffusivity is elevated, and decreases with

depth. The separation dependence of relative diffusivity follows a Richardson law at all depths. Time dependence of dispersion

suggests a Richardson regime near the surface and a mixed Richardson/ballistic regime in depth at scales of [10-100 km]. Finite

Scale Lyapunov Exponents and pair separation Kurtosis show the existence of a Lundgren regime at scales smaller than the

Rossby radius near the surface, and at smaller scales in depth.
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Key Points:7

• Pairs of surface drifters and RAFOS floats drifting at 300 and 1500 dbar were re-8

leased simultaneously in the Gulf of Mexico between 2016 and 2018.9

• Relative diffusivity at 300 and 1500 dbar is on average 2 and 5 times weaker than10

at the surface, respectively.11

• The size of energy-containing eddies appears to be about three times smaller at12

1500 dbar than near the surface.13
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Abstract14

The 2010 Deep Water Horizon oil spill has dramatically impacted the Gulf of Mexico’s15

marine environment from the sea-floor to the surface. While dispersion of contaminants16

at the surface has been extensively studied over the past decades, little is known about the17

deep water dispersion properties of the ocean, and the fate of deep contaminants is uncer-18

tain. This paper describes the results of the Deep Water Dispersion Experiment (DWDE)19

that took place in the western Gulf of Mexico, a deep water drilling operation area. The20

experiment consisted in the simultaneous release of triplets of surface drifters and RAFOS21

floats drifting at 300 and 1500 dbar, to assess the variations of dispersion properties with22

depth for the first time. Our results show that surface absolute diffusivity in the western23

GoM is elevated (comparable in magnitude with that of intense equatorial and western24

boundary currents). Diffusivity decreases with depth, and is, on average 2 times smaller25

(range [1-5] times) at 300 dbar and 5 times (range [3-12] times) smaller at 1500 dbar.26

We show that the separation scale dependence of relative diffusivity follows a Richard-27

son’s law (K ∝ D4/3) at all depths. The time dependence of relative dispersion suggests28

a Richardson regime near the surface and a mixed Richardson/ballistic regime in depth at29

scales of O(10-100 km). Analysis of the Finite Scale Lyapunov Exponents and of the pair30

separation’s Kurtosis suggests the existence of a non-local (Lundgren) regime at separa-31

tion scales smaller than the first baroclinic Rossby radius (≈50km) near the surface, and32

at scales smaller than O(15 km) in depth. This suggests that the size of the most energetic33

eddies decreases with depth. Finally, we find that in the long time limit, the dispersion34

regime shifts towards standard diffusion (Rayleigh regime), and is affected by the basin’s35

boundaries, as the Kurtosis is indicative of saturated dispersion after O(100 days).36

1 Introduction37

The theory of particle dispersion in 2-dimensional turbulent flows [Batchelor, 1952;38

Kraichnan, 1967; Lin, 1972; Lundgren, 1981; Bennett, 1987; Babiano et al., 1990; La-39

Casce, 2008] has provided a solid background for the study of passive tracers evolution40

in the ocean. Lagrangian experiments, releasing large numbers of tracked drifting buoys41

by pairs or triplets, and studying their relative movement as turbulent advection separates42

them, have successfully applied these concepts to reveal the turbulent regimes occurring43

over a variety of time and space scales in the ocean (Colin de Verdiere [1983]; Davis44

[1991]; LaCasce and Bower [2000]; Ollitrault et al. [2005]; LaCasce and Ohlmann [2003];45
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Zavala Sansón [2015] among many). Beyond the fundamental purpose of better under-46

standing the nature of oceanic turbulence, the study of relative dispersion has direct ap-47

plications in a number of essential biological, environmental and economical issues, from48

the distribution of plankton patches [Bennett and Denman, 1985], the dispersal of fish lar-49

vae [Mariani et al., 2007], the fate of plastic waste in the ocean [van Sebille et al., 2012],50

and the evolution of contaminant spills [North et al., 2011]. While most of these problems51

are confined to the surface mixed layer, the recent Deep Water Horizon catastrophe in the52

Gulf of Mexico, discharging 650.000 m3 of oil at a depth of 1200 m [Kujawinski et al.,53

2011; McNutt et al., 2012], showed the necessity of understanding dispersion properties of54

the full water column: oil is composed of a variety of constituents evolving into droplets55

of different sizes [Reddy et al., 2012], each reaching a different neutral buoyancy depth56

before dispersing, and resulting in a series of distinct plumes from the sea-floor to the sur-57

face [North et al., 2011]. The development of deep sea mining, involving the injection of58

contaminants and sediments into the water column has also recently raised concerns on59

the necessity of an in-depth assessment of the deep and intermediate dispersion properties60

of the ocean [Drazen et al., 2020].61

Thanks to the early work of LaCasce and Ohlmann [2003], and the extensive La-62

grangian experiments carried out after the Deep Water Horizon spill, such as the Grand63

Lagrangian Deployment (GLAD [Poje et al., 2014, 2017; Beron-Vera and LaCasce, 2016]),64

surface dispersion properties of the northern and western GoM are well documented. The65

latter was shown to be local at scales of O([10-100 km]) (Richardson regime), while its66

small time and spatial scale behaviour is more ambiguous: while LaCasce and Ohlmann67

[2003] and Beron-Vera and LaCasce [2016] reported non-local dispersion (Lundgren regime)68

at times shorter than a few days and separations smaller than the first Rossby radius, Poje69

et al. [2014] found a Richardson regime down to the smallest resolved scales (≈ 1 km),70

consistent with local dispersion by energetic submesoscale structures. At these scales, Bal-71

wada et al. [2016] showed that dispersion was driven by divergent (ageostrophic) motion72

while rotational motion is responsible for the larger scale dispersion.73

Despite this exceptional Lagrangian sampling effort in the surface GoM, direct ob-74

servations of relative dispersion at depth are lacking. More generally, observations of deep75

ocean dispersion are rare. Notable exceptions include the work of LaCasce and Bower76

[2000] who studied the dispersion of RAFOS and SOFAR floats drifting between 40077

and 1300 dbar in the North Atlantic and Ollitrault et al. [2005] who used 700 dbar SO-78
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FAR floats in the same oceanic basin. While both clearly identified a Richardson regime79

at scales ranging between 40 and 300 km, the existence of an exponential regime at small80

scale at these depths remained uncertain, possibly due to the relatively large initial sepa-81

rations of float pairs. Deep lateral diffusivity was also estimated by LaCasce et al. [2014]82

using isopycnal RAFOS floats in the Antarctic circumpolar current. Using a numerical83

model validated from the RAFOS observations at ≈1000 m depth, they showed that mix-84

ing was maximum at depths between 1500 and 2000 m.85

As part of the Gulf of Mexico Research Consortium (CIGoM) project -a large com-86

munity effort funded by the Mexican Government to better understand the dynamics of the87

GoM and its response to oil spills, the Deep Water Dispersion Experiment (DWDE) was88

designed to simultaneously measure the deep, intermediate, and surface dispersion proper-89

ties of the Perdido region in the western GoM. The Perdido region, located across Mexico90

and USA’s exclusive economic zones, is a particularly sensible region, as it shelters some91

of the world’s deepest drilling operations, at about 200 miles from the Texas and Tamauli-92

pas shores. The experiment, performed in 4 legs between June 2016 and November 2018,93

consisted in the simultaneous release of surface drifters and RAFOS floats drifting at 30094

and 1500 dbar, to assess and compare the water column’s dispersion properties. To our95

knowledge, this is only the second experiment of simultaneous release of drifter clusters96

at different depths (see Balwada et al. [2019] for an experimental study of dispersion at97

two different depth ranges in the Southern Ocean), so that, beyond the essential environ-98

mental necessity of studying deep dispersion in the western GoM, the DWDE experiment99

provides one of the first direct observations of the depth dependence of dispersion and dif-100

fusivity.101

2 Data102

The surface drifters and RAFOS floats deployment site is shown on figures 1c,d,e.103

Surface drifters drogued at 1 m, and RAFOS floats drifting at 300 and 1500 dbar, were re-104

leased simultaneously as triplets (each triplet corresponding to 3 pairs). Each triplet was105

separated by 50 km in the cross-slope direction. The sampling rate of surface drifters106

(1 hour) was degraded to the RAFOS floats 8 hour rate for consistency of the data sets.107

This results in a partial filtering of inertial oscillations, which were shown to affect scale-108

dependent variables such as Finite Size Lyapunov Exponents at scales of a few kilometres109

[Beron-Vera and LaCasce, 2016]. The parking depths of the RAFOS floats were chosen110
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to represent the top and deep layers of the GoM, whose circulation is essentially two-111

layered [Hamilton et al., 2018]. Positioning of the RAFOS floats was performed using112

an array of 5 sound sources deployed prior to the experiments. From a total of 84 recov-113

ered RAFOS floats (44 at 300 dbar and 40 at 1500 dbar), 51 completed a full mission,114

while 33 surfaced earlier, most likely due to attacks by large pelagic fish. These early ris-115

ers were almost entirely 300 dbar floats, resulting in an incomplete data set and weaker116

statistical significance of the results at this depth. The dataset used in the present study117

is composed of 207 original pairs of surface drifters, 37 pairs of 300 dbar RAFOS floats,118

and 40 pairs of 1500 dbar RAFOS floats. We also included chance pairs, which are floats119

that were not initially launched together, but approached one another by chance [Morel120

and Larceveque, 1974; LaCasce and Ohlmann, 2003], resulting in a total number of 294,121

39, and 43 pairs for the surface, 300 dbar, and 1500 dbar datasets, respectively. While the122

number of RAFOS pairs is small compared to typical surface drifter experiments, yield-123

ing a higher level of uncertainty, it should be mentioned that deep dispersion experiments124

are rare and any new information is valuable. The deployment strategy was designed to125

answer Beron-Vera and LaCasce [2016]’s concerns on the biasing effect of releasing si-126

multaneously all pairs in the same location. To avoid undesired correlation between dif-127

ferent pairs, instruments were released as triplets approximately 50 km apart (the average128

first baroclinic Rossby radius in the GoM), during four release campaigns 6 months apart.129

Details of the floats life cycles, including launch and surface dates are available as sup-130

plementary information (Fig. SI.1), as well as a detailed map of the deployment sites and131

sound sources array (Fig. SI.2).132

3 Methods133

Important theoretical efforts in Lagrangian fluid dynamics since the early fifties (e.g.134

Batchelor [1952]; Lundgren [1981]; Bennett [1987]; Babiano et al. [1990]; Artale et al.135

[1997]) provided an arsenal of diagnoses that allow us to discriminate between turbulent136

regimes. The variables used in the present study were extensively described and discussed137

in a number of reviews (e.g. Davis [1991]; LaCasce [2008]) and their definitions and138

properties are only briefly recalled below:139

The separation vector ®D between two particles whose Lagrangian coordinates at140

time t are ®a1 and ®a2 is defined as:141

®D(t, ®D0) = ®D0 + ®A(®a1, t) − ®A(®a2, t), (1)
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where ®D0 is the initial separation vector, and ®A(®ai, t) is the absolute displacement vector142

of particle i at time t. In this work, initial separation is chosen to be 6 km, which cor-143

responds to the error margin of the RAFOS acoustic positioning. Relative dispersion is144

defined as the ensemble mean at time t of the squared norm of the separation vectors of145

all particle pairs that were originally separated by a distance D0 = ‖ ®D0‖:146

D2(t,D0) = 〈 ®D(t, ®D0) · ®D(t, ®D0)〉. (2)

Considering a tracer patch as a large number of individual particles, relative dispersion147

can be thought of as a proxy of the instantaneous area of a patch whose initial area was148

D2
0. Relative diffusivity is a measure of the rate of change of this area with time, or spread-149

ing, and is defined as:150

K(t,D0) =
1
2

d
dt

D2(t,D0). (3)

Relative diffusivity is a scale dependent variable, and the relationship between K(t,D0)151

and the separation scale ‖ ®D(t)‖ is an important indicator of the turbulent regime. In the152

Richardson’s regime, where dispersion is driven by eddies that are the same scale as pair153

separation (local regime), diffusivity is expected to grow as K(D) ∝ D4/3 [Batchelor,154

1952; LaCasce, 2008]. In the Lundgren (or Lin) regime, where dispersion is driven by155

eddies that are larger than pair separation (non-local regime), diffusivity is expected to156

grow as K(D) ∝ D2 [Lin, 1972; Lundgren, 1981; Beron-Vera and LaCasce, 2016]. These157

different regimes are directly linked to the Eulerian kinetic energy (KE) spectrum: the158

Richardson regime is found at scales larger than the energy-containing eddies, where en-159

ergy cascades towards larger scales and the KE spectrum slopes as k−5/3, while the Lund-160

gren regime is expected at scales that are smaller than the energy-containing eddies, which161

corresponds to a direct enstrophy cascade and a KE spectrum that is steeper than k−3
162

[Kraichnan, 1967]. Similarly, the time dependence of dispersion provides information on163

the turbulent regime, with typical growth laws of D2 ∝ t3 and D2 ∝ eγt (where γ is the164

exponential growth rate, or inverse e-folding time) for the local and non-local regimes, re-165

spectively.166

When using a limited number of particle pairs (as is the case in the DWDE exper-167

iment), or sampling regions of the ocean where the 2D turbulence theory’s hypothesis168

(stationary and isotropic turbulence in an infinite domain) do not hold, as is the case for169

the semi-enclosed Gulf of Mexico, the fundamental relations between dispersion and time,170

or between relative diffusivity and separation, can eventually be uncertain or contradic-171
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tory [Artale et al., 1997; Beron-Vera and LaCasce, 2016; LaCasce, 2008]. A number of172

Lagrangian diagnoses can then help to distinguish between the possible regimes.173

In particular, we will make use of the finite size Lyapunov exponent (FSLE) [Ar-174

tale et al., 1997; LaCasce and Ohlmann, 2003], which is a measure of the (inverse) av-175

erage time necessary for pair separation to increase by a chosen factor α. The computa-176

tion procedure consists in selecting a series of pair separation distances Di growing as177

Di+1 = αDi , and averaging the finite time Ti necessary for separation distance to grow178

from Di to Di+1. The FSLE is then defined as :179

λ = ln(α)〈Ti〉−1, (4)

where the ensemble averaging is performed on each separation distance Di . Because FSLEs180

are defined in terms of spatial rather than temporal scales, they are particularly suited for181

the study of dispersion in closed basins where the size of the eddies is not very small182

compared to the size of the domain [Artale et al., 1997]. Also, FSLE does not depend183

on the initial separation ®D0, so that one can use all available pairs for a given separation184

scale, regardless of the initial conditions [LaCasce, 2008]. In the Richardson’s regime,185

FSLE decays as λ ∝ D−2/3, while it is constant in the Lundgren’s regime (λ ∝ D0) [La-186

Casce and Ohlmann, 2003; Balwada et al., 2019].187

The Kurtosis of the pair separation probability density function (PDF) will also be188

discussed. It is the PDF’s fourth moment and is a measure of the shape of the distribution189

[LaCasce and Bower, 2000; LaCasce and Ohlmann, 2003; LaCasce, 2008], defined as:190

Ku(t) =
〈‖ ®D‖4〉

〈‖ ®D‖2〉2
(5)

In Richardson’s regime, Kurtosis has a constant value of 5.6, while it grows expo-191

nentially in Lundgren’s regime.192

Finally, note that the Lundgren and Richardson regimes occur at finite time, when193

the particles are close enough so that their absolute velocities are still correlated. A third194

case, the Rayleigh regime, is found in the long-time asymptotic limit, as the particles sep-195

aration becomes large compared to the eddies size. In that regime, while the Eulerian KE196

spectrum’s slope remains similar to the Richardson’s regime (k−5/3), the growth of relative197

dispersion becomes linear, while relative diffusivity saturates at a constant value, corre-198

sponding to twice the single particle (or absolute) diffusivity [Babiano et al., 1990].199
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4 Results200

Trajectories of all surface drifters, 300 dbar and 1500 dbar RAFOS floats are shown201

in the spaghetti plots of Fig. 1a,b,c, respectively. The western GoM was densely sam-202

pled at all depths. Surface drifters and 1500 dbar floats travelled Eastward as far as 88◦W203

(eastward of 88◦W in the case of a few surface drifters), while the 300 dbar floats re-204

mained west of 90◦W. At all depths, the westward spreading of the floats was constrained205

by the topography. As an analogy to a passive tracer patch, we computed the smallest206

convex polygons (SCP) containing the entire drifters set for the first 150 days after launch-207

ing (Fig. 1d,e,f). The launch region is depicted by the black polygons. Time evolution of208

the growth of the SCPs is illustrative of absolute dispersion of the drifters clusters. The209

growth of SCPs at all depths appears to be quickly bounded to the west by the topogra-210

phy. After 150 days, absolute dispersion of the surface drifters is saturated by the basin’s211

boundary, and the SCPs occupy the entire western basin, bounded by the continental shelf212

to the west, north and south, while it extends as far as 88◦W in the interior GoM. At 300213

dbar, SCPs grow faster in the meridional direction, closely following the 300 m isobath in214

the west, and only extending to 92◦W to the east. On the contrary, the 1500 dbar SCP’s215

growth is more zonal, as floats reach the Campeche bank after 100 days. After 150 days,216

the 1500 dbar floats still haven’t reached the Bay of Campeche or the northern continental217

slope. Since the float number is not identical at all depths, and since SCPs are representa-218

tive of the furthest-drifting floats, it should be stated that SCPs should not be considered219

as a quantitative measure of dispersion, but only as a qualitative visual illustration.220

Maps of relative displacements of the drifter pairs are shown in Fig. 1g,h,i. The fig-221

ure shows the distance of each drifter or float to the centre of gravity of the pair it belongs222

to, corresponding to the half separation ( 1
2 ‖
®D‖). The difference in pair numbers is evident223

in these plots: the surface is sampled more densely than the 300 dbar and 1500 dbar lev-224

els (207, 37, and 40 pairs respectively). At all depths, floats disperse isotropically around225

the centre of gravity, reaching maximum distances of approximately 400, 300, and 200 km226

for the Surface, 300 dbar, and 1500 dbar floats, respectively.227

Time evolution of the mean separation at each depth is shown in Fig. 2a. At the228

surface and at 300 dbar, separation grows regularly during the first 80 days at a similar229

rate. It then saturates between 250 and 300 km at 300 dbar, while it keeps on growing230

to reach 400 km after 150 days at the surface. At 1500 dbar, separation grows regularly231

during the whole period to reach 120 km after 150 days. Pair separation velocity (Fig.232
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2b) grows during the first 40 days and saturates at approximately 0.4 and 0.2 m s−1 at the233

surface and 300 dbar, respectively. The growth is slower at 1500 dbar, where no thresh-234

old was reached after 150 days. At all depths, relative dispersion grows as a power func-235

tion of time over a finite range of time: At the surface, it grows as t2.6 between 5 and236

25 days, while at 300 and 1500 dbar, it grows as t2.4 and t2.2 in the time ranges [10-237

50] and [8-65] days, respectively. The separation velocity variance on these time scales238

grows linearly with time (Fig. 2d). At longer time scales, the growth of relative disper-239

sion becomes linear (D2 ∝ t1) as the separation velocity variance saturates and its slope240

tends towards zero. Dispersion then seems to saturate at scales greater than 100 km. Time241

evolution of relative dispersion at short time scales is examined in Fig. 2e. The scale of242

the x-axis (time) is linear while the scale of the y-axis (dispersion) is logarithmic. No243

linear trend, which would be indicative of exponential growth, is evident at short times244

(< 10 days) at any depth. The exponential growth rate of dispersion was computed as245

γ(t) = ln(D2(t+δt))−ln(D2(t−δt))
2δt and is shown in Fig. 2f. Exponential growth periods would246

materialize as portions of constant γ(t). Here, the growth rate appears to decay at all247

depths, without stabilizing around any particular values during the first days. Note that the248

error bars are large, so that the data do not allow us to definitely rule out the possibility of249

an exponential regime at short time.250

The FSLEs at the surface, 300 dbar and 1500 dbar are plotted against separation251

scale in Fig. 3a. At the surface and at 300 dbar, the FSLEs are nearly constant up to sep-252

arations of O(40 km), before decaying with increasing separation at larger scales. On av-253

erage, the FSLEs at the surface and 300 dbar decay as D−0.65 and D−0.77, respectively,254

between 40 and 700 km, close to the Richardson’s law (D−2/3). A similar pattern is ob-255

served at 1500 dbar, with a transition at separation scales of O(15 km) between constant256

FSLE and a Richardson-like decay (D−0.60).257

Time evolution of the Kurtosis is shown in Fig. 3b and c. At the surface, the Kur-258

tosis grows exponentially during the first 2 days and stabilizes around the Richardson’s259

value (5.6). It then decays after t = 15 days and approaches 2 (indicative of the Rayleigh260

regime) after 50 days, and then converges towards 1.7 at longer times. A similarly fast261

short time growth is observed at 300 dbar during the first 5 days, saturating at a sub-262

Richardson value (≈ 4), then decaying to reach 2 after 60 days and converging towards263

1.7 at long times. Early surfacing of 300 dbar floats result in an artificial discontinuity of264

the Kurtosis at 90 days. The Kurtosis at 1500 dbar exhibits a distinct evolution: although265
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the growth rate during the first two days has the same order of magnitude as at 300 dbar,266

the Kurtosis keeps on growing irregularly to reach 5.6 after 30 days, and then decays to267

approach 2 after 135 days.268

Relative diffusivity at the surface, 300 and 1500 dbar are compared in Fig. 3d. At269

all depths, relative diffusivity grows with increasing separation scale as K ∝ D4/3 for270

scales of 6 to 100 km, and then saturates to twice the single particle diffusivity (≈ 23000,271

9000, and 4000 m2 s−1 at the surface, 300 dbar and 1500 dbar, respectively). To assess272

the decrease of relative diffusivity with depth, we computed the ratio of relative diffusiv-273

ity at 300 and 1500 dbar over the surface diffusivity (Fig. 3e). Relative diffusivity were274

first averaged over 5 km separation bins ranging from 5 to 300 km. At all resolved scales,275

relative diffusivity decreases with depth. Although uncertainties are large, we found that276

relative diffusivity is respectively 1 to 5 times (average of 2) and 3 to 12 times (average of277

5) smaller at 300 and 1500 dbar than at the surface. No evident scale dependence of the278

diffusivity ratio could be found, given the large noise levels.279

5 Discussion and conclusion280

Values of the asymptotic saturation of surface relative diffusivity at scales larger281

than O(100 km) appear to belong to the high end of the World ocean’s observed range.282

Zhurbas and Oh [2004]’s atlas of surface drifter based absolute diffusivity shows that283

values larger than O(104m2 s−1), similar to our estimates of the surface GoM, are only284

reached in the equatorial currents, north of the subtropical gyres, and in the western bound-285

ary currents and their offshore extensions. Our estimates are however of the same order of286

magnitude as Koszalka et al. [2009]’s observations in the Nordic seas (O(2000km2day−1 ≈287

23000m2 s−1)). At a more regional scale, it is interesting to note that it closely matches288

Mariano et al. [2016]’s and Zavala Sansón et al. [2018]’s surface drifter-based values for289

the northern and south-western GoM, respectively (≈ 104m2 s−1), suggesting that surface290

diffusivity in the GoM is not only high, but also homogeneous across the basin. Since291

little observation-based estimates of diffusivity are available at 300 dbar and 1500 dbar,292

direct comparison with other regions of the ocean is limited. LaCasce and Bower [2000]293

provided estimates of large-scale-saturated relative diffusivity at 5 different sites of the294

North Atlantic and at different depth ranges. Here, we found saturation values for rela-295

tive diffusivity of ≈9000 and ≈4000 m2 s−1 at 300 and 1500 dbar, respectively. These are296

small in comparison to LaCasce and Bower [2000]’s values in the [100-900 m] range in297
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the North Atlantic drift off Newfoundland, and at 700 m offshore of the Gulf Stream’s298

eastern flank (≈30000 and ≈40000 m2 s−1, respectively). Our estimate of the 1500 dbar299

maximum relative diffusivity is however of the same order of magnitude as at 1000 m in300

the Mediterranean Outflow and at 1300 m in the Gulf Stream region (≈ 6000m2 s−1).301

Most importantly, our results highlight the depth dependence of relative dispersion302

on scales of [6-150 km] from floats that were released simultaneously at all depths. The303

DWDE experiment thus provides one of the first estimates of the variation of relative dif-304

fusivity with depth at the same time and place. We found that, averaging over all separa-305

tion scales, relative diffusivity at 300 dbar is about half that at the surface, while it was306

about 5 time smaller at 1500 dbar. The seemingly scale independence of the ratio of sub-307

surface to surface diffusivity may result from the similar growth law of relative diffusivity308

with separation scale (∝ D4/3) at all depths in the [10-100 km] range, but remains uncer-309

tain given the noise level.310

While the relationship between relative diffusivity and separation scale seems straight-311

forward and indicative of a Richardson’s regime at all scales smaller than O(100 km) and312

a Rayleigh regime at larger scales (once diffusivity saturates), examination of the other313

variables complicates the picture. As repeatedly reported in the literature, Lagrangian314

diagnoses from real ocean observations offer an incomplete description of the turbulent315

regimes when looked at separately, and sometimes yield contradictory information when316

compared to one another. This is particularly true when comparing time dependent vari-317

ables, such as relative dispersion or Kurtosis, with separation scale dependent variables318

such as relative diffusivity or FSLE [Beron-Vera and LaCasce, 2016]. More specifically,319

the Gulf of Mexico violates two important assumptions of the 2D turbulence theory: the320

domain is bounded and is not large compared to the scale of the energetic eddies (a typi-321

cal Loop Current Ring (LCR) can reach 300 km in diameter [Meunier et al., 2018], while322

the meridional extension of the basin is of about 900 km.), and the turbulence is not sta-323

tionary, as episodic LCR shedding likely modifies the western basin’s dynamical prop-324

erties in the surface layer as the eddies reach the continental shelf and split into numer-325

ous smaller eddies[Biggs et al., 1996; Lipphardt et al., 2008], and in the deep layer as the326

dipole travelling below the LCR reaches the continental slope [Tenreiro et al., 2018] .327

The closed-basin constraint was shown to be an important limiting factor when328

trying to infer turbulent regimes from relative diffusivity. [Artale et al., 1997] showed329

that, in that case, the use of FSLEs was more accurate to discriminate between possible330
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regimes, and this method was successfully applied to infer the regime shift between non-331

local (Lundgren) and local (Richardson) in a number of studies [Lacorata et al., 1999; La-332

Casce and Ohlmann, 2003; LaCasce, 2008]. Here, while the relationship between relative333

dispersion and time and between relative diffusivity and separation do not show any evi-334

dence of a Lundgren regime at short time and space scales (no exponential growth of the335

former nor D2 growth of the latter), FSLEs suggest the opposite. At the surface and 300336

dbar, FSLEs are nearly constant at small scales, and shift towards a D−2/3 law at scales337

greater than 50 km, and a similar pattern is observed at separations of O(15 km) at 1500338

dbar. This suggests the dominance of non-local dispersion at the surface and subsurface at339

scales smaller than the first baroclinic Rossby radius (50 km in the GoM [Hamilton et al.,340

2018]), gradually shifting towards local dispersion at greater scales. It also suggests that341

the size of the energy-containing eddies, which should scale as the separation scale of the342

regime shift, is approximately 3 times smaller at 1500 m than at near-surface. The short343

time exponential growth of the Kurtosis (t < 2 days), is also consistent with the existence344

of a Lundgren regime at all depths.345

At scales larger than the deformation radius, but still small enough compared to the346

basin’s size [50-100 km], the growth of relative dispersion was shown to follow a power347

law with exponents decreasing with increasing depth. At the surface, the growth was348

nearly cubic (D2 ∝ t2.6), as expected from Richardson’s regime, while at 1500 dBar, it was349

more consistent with ballistic dispersion (D2 ∝ t2.2) [LaCasce, 2008] (possibly driven by350

the boundary current along the shelf). The slope of the FSLEs at these separation scales351

(∝ D−2/3) however supports the hypothesis of a Richardson regime, rather than ballistic352

dispersion, at all depths.353

Because the boundary of enclosed basins can limit the dispersion of particles be-354

fore the full de-correlation of particle velocities naturally yields a regime shift towards355

standard diffusion (Rayleigh regime), the long time and large scale limit of the dispersion356

properties in the GoM deserves further discussion. A transition towards a linear growth357

of relative dispersion was evident at all depths, suggesting a regime shift from Richardson358

or ballistic towards Rayleigh. The saturation of relative diffusivity at scales of [100-150359

km] also supports this possibility. However, recent work from Flores Ramírez and Zavala360

Sansón [2019] showed that bounded domains could result in a saturation regime, where361

the growth of relative dispersion is limited to an upper bound of R2 for circular basins362

with radius R, or L2/4 for squared basins of side L. While such a saturation of dispersion363
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should be accompanied by a collapse of relative diffusivity, which is not observed here,364

the maximum observed surface dispersion after 150 days nearly reaches the saturation dis-365

persion, considering the western GoM as a circular basin of radius R = 450km. More366

strikingly, the Kurtosis at the surface and at 300 dbar closely follow the theoretical satu-367

ration Kurtosis (1.67) after 100 days, at least suggesting saturating effects of the basin’s368

geometry.369

The peculiarities of the GoM’s geometry and intermittent dynamics may not allow a370

direct generalization of our results to the variation of dispersion with depth in the ocean in371

general. New experiments, in a larger and open basin would be useful. Such experiments372

should include an increased number of sampled depths, from the sea-floor to the surface373

to assess more accurately the vertical distribution of diffusivity in oceanic turbulence.374
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Figure 1. a: Spaghetti plot of the surface drifters trajectories during the whole experiment. b: Same as (a)

for the 300 dbar RAFOS floats. c: same as (a) for the 1500 dbar RAFOS floats. d: Smallest convex polygons

containing the entire surface drifters set during the first 150 days. Time is colour-coded. The black polygon

represents the launching area. e: same as (d) for the 300 dbar RAFOS floats. f: same as (d) for the 1500

dbar RAFOS floats. g: Relative displacements of surface drifters pairs during the first 150 days. Position is

referenced to the centre of gravity of each pair and time is colour-coded. Circles are plotted every 100 km. h:

same as (g) for the 300 dbar RAFOS floats. i: same as (g) for the 1500 dbar RAFOS floats
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Figure 2. a: Pair separation against time for the surface drifters (orange circles), 300 dbar (green squares),

and 1500 dbar RAFOS floats (blue diamonds). b: same as (a) for pair separation velocity. c: Dispersion

against time (logarithmic scale). The black lines represent the local linear fit at each depth and a linear and

cubic growth, respectively. d: same as (c) for the mean squared pair separation velocity. e: Short time disper-

sion against time. The time scale is linear while the dispersion scale is logarithmic. The fitted straight lines

represent periods of exponential growth. The corresponding e-folding time is also indicated f: Exponential

growth rate γ(t) (defined as γ(t) = ln(D2(t+δt))−ln(D2(t−δt))
2δt ). Pure exponential growth would materialize as

periods of constant growth rate. The corresponding e-folding times are provided in parenthesis on the y-axis.
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Figure 3. a: Finite size Lyapunov exponents (FSLE, equation 4) against separation scale. The thick lines

represent the decay laws indicated in the text boxes. The latter were computed using linear regression. The

D−2/3 decay law is indicated by the thick black line. b: Kurtosis of the separation probability density func-

tion (PDF) against time for the first 150 days. The black dashed line represent the theoretical Kurtosis for

the Richardson regime (5.6), while the dashed grey line represent the Kurtosis of the Rayleigh regime (2).

c: Same as (b) for the first 10 days. d: Relative diffusivity against separation scale for the surface (orange

circles), 300 dbar (green squares), and 1500 dbar (blue diamonds) data sets. The D2 and D4/3 growth laws

are plotted as black lines. e: Ratio of the 300 dbar (green) and 1500 dbar (blue) relative diffusivity and the

surface relative diffusivity.
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