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ABSTRACT

Ocean submesoscale (;2–20 km) mixing processes play a major role in ocean dynamics, in physical–

biological interactions (e.g., in the dispersion of larvae), and in the dispersion of pollutants. In this paper,

horizontal mixing on a scale of a few kilometers is investigated, from observations of surface currents, using

highly resolved (300 m) high-frequency radar. These results show the complexity of ocean mixing on scales of

a few kilometers and the existence of temporary barriers to mixing that can affect the dispersion of biological

materials and pollutants. These barriers are narrow [O(100 m)] and can survive for a few days. The existence

of these barriers is supported in simultaneous aerial photographs. The barriers observed here may require a

new approach to the way horizontal mixing is parameterized in ocean and climate models.

1. Introduction

Ocean mixing processes span a wide range of spatial

and temporal scales, from millimeters to basin-wide and

from microseconds to decades and beyond. Numerous

recent studies have investigated ocean mixing on meso-

scales or larger (d’Ovidio et al. 2004; Lehahn et al. 2007;

Waugh et al. 2006) using velocity fields derived from

drifters (LaCasce and Ohlmann 2003; Olascoaga et al.

2006), numerical models (d’Ovidio et al. 2004; Orre

et al. 2006; Garcia-Olivares et al. 2007), and observa-

tions from satellites (Waugh et al. 2006; Lehahn et al.

2007). These studies demonstrate the nonuniform char-

acteristics of mixing and the existence of coherent

structures.

Unlike these previous studies, here we concentrate on

the submesoscale structure of horizontal mixing. Capet

et al. (2008) define the submesoscale regime as having

a horizontal scale of O(10 km), less than the first in-

ternal Rossby radius, with a vertical scale of O(10 m),

and with a time scale of O(1 day). Thomas et al. (2008)

use ‘‘submesoscale’’ to refer to vorticity dynamics charac-

terized by a ratio of relative vorticity to planetary vor-

ticity that is O(1). The flow field analyzed in the present

study fits both definitions. An example vorticity map

normalized by the Coriolis parameter f from 3 February

2006 (one of the days analyzed in detail in section 3) can

be seen in Fig. 1.

Submesoscale mixing processes are difficult to ob-

serve and quantify. However, it is well recognized that

they play a critical role in modulating large-scale cir-

culation (Van haren et al. 2004), ecological functioning

and carbon sequestration in surface waters (Williams and

Follows 2003), and the dispersion of pollutants (Waugh

et al. 2006). Accurate parameterizations of submesoscale

mixing processes are critical in simulating and predicting

ocean circulation and changes in the climate (Waugh

et al. 2006). Because of the limited computer power,

present-day ocean and climate models resolve processes
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on scales down to a few tens of kilometers. The com-

bined effect of subgrid processes, including different

types of instabilities and waves, has to be parameter-

ized, and this is typically done using diffusion-like pa-

rameterizations, with an ‘‘eddy diffusivity’’ that is larger

than molecular diffusivity, but which implies similar

physical characteristics to that of molecular diffusion.

Two implications to using homogeneous (or even just

smoothly varying) eddy diffusivity are that first, there

are no barriers to mixing and, second, that the average

absolute dispersion of particles (i.e., the average dis-

placement of particles from their origins) grows in

proportion to the square root of time.

We investigate horizontal submesoscale ocean mixing

using long-term, highly resolved measurements of sur-

face currents by high-frequency (HF) radar. Our sub-

mesoscale observations resolve scales of hundreds of

meters to a few kilometers, and therefore fill an impor-

tant gap in existing observations between fine-structure

turbulence observations (millimeters to meters) and

studies of the mesoscale (few tens to hundreds of kilo-

meters). We investigate the mixing by computing the

Lagrangian trajectories of thousands of ‘‘virtual’’ par-

ticles that are seeded on a uniform grid and advected by

the observed two-dimensional (2D) surface velocities.

Based on the calculated trajectories we calculate the

single particle absolute dispersion and the relative dis-

persion. Our results demonstrate that both character-

istics of ‘‘diffusion-like’’ mixing are violated, and hence

pose a challenge to future parameterizations of ocean

mixing even on such small scales.

In the next section, we describe the study region, the

measurement techniques and observations, and the nu-

merical procedure used for evaluating the submesoscale

mixing environment and for identifying the barriers. In

section 3, we demonstrate the existence of barriers to

mixing based on the analysis of relative dispersion, and

show concurrent evidence from aerial photographs. We

discuss the results and conclude in section 4.

2. Methods

a. Study region

The northern terminus of the Gulf of Eilat (hereafter

‘‘the gulf’’) is a nearly rectangular, deep (;700 m), and

semienclosed basin in the northeast region of the Red

Sea. The gulf is bounded by desert mountains that steer

the typically northerly wind along its main axis (Berman

et al. 2003). Average wind speed is 4 m s21 (80% of the

time from the north) and net evaporation is approxi-

mately 1.6 m yr21, ranging from 1 m yr21 in summer to

3–4 m yr21 in winter (Ben-Sasson et al. 2009).

The surface flow can be quite complex as demon-

strated in Fig. 2. The circulation in the gulf is driven by

buoyancy, wind, and tides. The tide is dominated by the

semidiurnal (M2) component, which is peak forced at

the Straits of Tiran (Genin and Paldor 1998; Monismith

and Genin 2004; Manasrah et al. 2006). The tidally

driven flux of water at the strait occupies the layer above

the thermocline. In winter, when the seasonal thermo-

cline depth exceeds 600 m, the velocity associated with

this flux is significantly reduced (Monismith and Genin

2004; Berman et al. 2003). The first baroclinic Rossby

radius changes seasonally, ranging from 6 (during win-

ter) to 20 km (during summer).

The configuration and dimensions (nearly rectangu-

lar, 6 km 3 10 km basin) of the northern gulf enables

observation of surface currents at a very high spatial and

temporal resolution using HF radar (see below), ren-

dering the gulf a unique natural laboratory for studying

submesoscale mixing processes. Two 42-MHz SeaSonde

HF radar systems have been operational in the northern

gulf near the city of Eilat, Israel, since August 2005.

Figure 2 shows the coastline of the gulf and the locations

of the two HF radars.

b. HF radar current measurements and validation

In recent years, HF radar systems for current mea-

surements (Barrick et al. 1985; Gurgel et al. 1999b),

such as the SeaSonde (Hodgins 1994) and Wellen Radar

FIG. 1. Relative vorticity normalized by the Coriolis parameter f

for the velocity field at 2330 UTC 3 Feb 2006, one of the days

analyzed in detail in section 3. This characteristic ratio is O(1) for

submesoscale dynamics as defined by Thomas et al. (2008).
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(WERA) (Gurgel et al. 1999a), have been used exten-

sively, particularly for the study of coastal circulation. The

measured currents include the Stokes drift (Monismith

and Fong 2004), which results from the nonlinearity of

the surface gravity waves (Mao and Heron 2008). Most

of these systems operate at a frequency of around 24 MHz

or lower, observing from a few tens of a kilometer up

to more than hundreds of kilometers, at a resolution

of a few kilometers. For the present study, we use

measurements from two 42-MHz SeaSonde HF radar

systems, which enable a high spatial resolution of

approximately 300 m and a high temporal resolution

of 30 min.

Here, we provide a brief description of the HF radar

technique. Detailed descriptions of the theory of HF

radar can be found in numerous articles (e.g., Gurgel

et al. 1999b; Barrick et al. 1985). The radar transmits

radio waves and detects the signal backscattered by the

surface gravity waves, due to a Bragg resonance from

those surface waves with a wavelength equal to one-

half of the transmitted waves. The radial component of

the phase speed of the incoming waves and outgoing

waves also produce a Doppler shift in the received

spectrum compared to the transmitted spectrum. If the

waves are superimposed on a current, the spectral

peaks are further shifted. From this additional shift, it

is possible to extract the radial velocity of the current.

If two radar sites measure the radial velocity of a patch

of water from two different angles, it is possible to

calculate the two horizontal components of the surface

velocity field.

In validating the HF radar system, we compared

the radar-derived velocities with those of a moored

600-kHz RD Instruments Workhorse acoustic Doppler

current profiler (ADCP). The ADCP was deployed in

May 2006 (see Fig. 3 for location) at approximately

26.5-m depth (variable with the tide). The ADCP re-

corded 1-Hz velocity measurements, which were later

averaged over 5-min periods. The ADCP measure-

ments span approximately 2–25-m depth with 0.5-m

resolution (except for some bins contamined by the

presence of thermistors on the mooring line). For

comparison, we computed 30-min-averaged currents

from the ADCP measurements at 2-m depth. The

currents measured by the ADCP and by the HF radar

are well correlated (correlation of around 0.8; Fig. 3).

Strictly speaking, the radar measurements represent

the top few tens of centimeters of the water column.

However, for conditions of weak shear in the upper

water column (common in the observations in Fig. 3),

the HF radar measurements should be representative

of currents at greater depths.

As with any remote sensing observation system,

there are gaps and outliers in the HF radar data that

require postprocessing, and before conducting the

analysis described in section 2c, the measured currents

were filtered and interpolated in order to fill spatial

gaps in the observations. Several methods are available

to interpolate and extrapolate the radar data, including

objective mapping (Kim et al. 2007) and empirical or-

thogonal functions (Kaihatu et al. 1998). Another

method is based on the Hodge decomposition of the

velocity field (see Lekien et al. 2004), which represents

the velocity field as a sum of divergence-free and irro-

tational modes. This method was first applied to HF

radar current observations by Lipphardt et al. (2000)

and we use a variant of this method called open-

boundary modal analysis (OMA), which takes into

account the flow through the open boundary (Lekien

et al. 2004) and that can be applied to domains with

arbitrary geometry. To advect the Lagrangian particles

and prevent them from being accumulated on the coast,

a free-slip boundary condition is applied at the coastal

boundaries. An advantage of using such a method is

that each mode independently satisfies the boundary

condition, and therefore any combination of modes will

FIG. 2. The flow field at 2230 UTC 3 Feb 2006 observed by two

dedicated radar stations (marked red X) after the filtering and the

interpolation using OMA. The green circle represents the location

of ADCP deployed during May 2006. The shape of the domain is

nearly rectangular and there is only one open boundary. Although

the domain is only 6 km by 10 km, there is relatively little coher-

ence between different regions and the flow field is rather complex

and variable. See scale in the bottom-left corner.
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satisfy the boundary conditions as well. Details on our

criteria for choosing the number of modes can be found

in Lekien and Gildor (2009). In summary, we use 100

divergence-free modes, 130 irrotational modes, and 40

boundary modes for reconstruction of the flow field.

However, the results are not sensitive to the exact num-

ber of modes considered within a reasonable range. It is

also important to note that the identified structures are

also not sensitive to measurement error (Haller 2002;

Lekien et al. 2005).

c. Particle tracking and dispersion analysis

There are numerous ways to identify regions with

different mixing characteristics, including relative dis-

persion, finite-time Lyapunov exponents (FTLE), and

finite-size Lyapunov exponents (Boffetta et al. 2001;

Berloff et al. 2002; Shadden et al. 2005; Orre et al. 2006).

Identification of such barriers in geophysical flows has

been the focus of a number of studies in past decades

(Pierrehumbert 1991; Samelson 1992; Ridderinkhof and

Zimmerman 1992; Boffetta et al. 2001; Joseph and

Legras 2002; d’Ovidio et al. 2004; Lekien et al. 2005;

Orre et al. 2006; Lipphardt et al. 2006; Olascoaga et al.

2006; Lehahn et al. 2007). For recent reviews on the use

of dynamical systems theory for oceanic applications,

see Wiggins (2005) and Koshel and Prants (2006) and

references therein. As mentioned above, with the ex-

ception of Lekien et al. (2005) who measured the cur-

rents at a similar resolution, these studies dealt with

scales ranging from a few tens of kilometers to basin-

wide phenomena. They could therefore identify fronts

and filaments, but only down to a scale of a few kilo-

meters or more. In this article we focus on flows of a few

kilometers in scale and interrogate them at 300-m res-

olution, allowing for the identification of subkilometer

flow features.

We identify barriers to mixing by calculating the rel-

ative dispersion between thousands of virtual particles

advected based on the surface currents observed using

HF radar. For a robust mathematical definition of a

barrier, the interested reader is referred to Boffetta et al.

(2001) and Shadden et al. (2005). Roughly speaking,

by barrier we mean a line that separates regions with

different mixing characteristics, and with little mixing

across this line. Similar to previous studies (Orre et al.

2006; Haller and Yuan 2000), we find that calculations

based on finite-time Lyapunov exponents yield practi-

cally identical results. A common unresolved issue in all

of these methods is the treatment of particles that move

out of the observed region and might recirculate back

(Lekien et al. 2005). Unlike most ocean regions ob-

served by HF radar, which include three open bound-

aries from which particles can enter or exit the domain

(e.g., Lekien et al. 2005), in the present study the ob-

served region has the advantage of having only one

open boundary (Fig. 2).

The Lagrangian trajectories of the ‘‘virtual’’ particles

are obtained by solving the following:

dx
k

dt
5 u

k
(x

k
, y

k
, t)

dy
k

dt
5 y

k
(x

k
, y

k
, t),

where the subscript k denotes the index of each particle

(k 5 1, . . . , N, where N is the total number of particles),

(uk, yk) is the velocity at the location of the particles

after applying the OMA on the raw HF data, and

(xk, yk) is the location of particle k. We assume that the

FIG. 3. (a) Comparison between the surface currents measured

by the HF radar and between the surface currents measured by a

600-kHz RDI ADCP Workhorse that were conducted during May

2006 at the location marked by a green circle in Fig. 2. (b) Vertical

structure of the horizontal velocity, demonstrating that most of the

time the current measured by the HF radar represent the upper

10–20 m. Data gaps (white bands) for some of the bins are due to

contamination from thermistors on the mooring.
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velocity of the particles is identical to that of the water

(i.e., they have no inertia and they do not interact with

each other). The trajectories are calculated using the

forward Euler method with a time step of 6 min (inte-

grations using different time steps and solvers show

similar results). Because the temporal resolution of the

measurements is 30 min and the spatial resolution is

300 m, we use linear interpolation in time and bilinear

interpolation in space.

The relative dispersion (distance between initially

nearby particles) at each spatial point is calculated based

on the mean distance between the particle released at

this point and its four nearest neighbors after a certain

(finite) amount of time. Barriers, lines with a high value

of relative dispersion, separate regions in which particles

stay near each other. Particles that were initially on the

barrier end up on both sides of the barrier, reflecting the

relatively high value of relative dispersion on the barrier

itself, though this does not necessarily imply divergence

at the barrier.

3. Results

a. Spatial variation in mixing

Figure 4a shows the spatial distribution of the relative

dispersion calculated based on 36 h of measurements

starting at 0500 UTC 3 February 2006. The values of the

relative dispersion between each particle and its neigh-

bors are plotted at their initial position.

With a typical speed of 10 cm s21, and considering

that 36 h includes a few tidal cycles and is a few times the

turnover time of eddies in the gulf, we would expect

the gulf to be well mixed after this period. Moreover,

the average autocorrelation velocities over all particles

is a few hours and the maximum is less than 12 h.

However, the map in Fig. 4a shows that relative dis-

persion is far from uniform. Notably, a barrier shown by

the bright color line, starting approximately at the

northwestern corner of the gulf and ending at the mid-

dle of the eastern coast, can be clearly seen. The small

values of the relative dispersion northeast of the dom-

inant barrier (upper-right triangle; Fig. 4a) indicate that

particles that were released within this area, tended to

remain close to each other within this area. Similarly,

the small values of the relative dispersion southwest of

the dominant barrier indicate that particles that were

released below this line also tended to stay close to each

other. Particles that were released within the white area

exited the domain and therefore we do not know the

relative dispersion between them.

The tendency of particles which originated on one

side of the barrier to stay on that side is also illustrated

in Fig. 5. This figure shows the initial and final (after

36 h) areas covered by two patches of virtual ‘‘particles’’

that were released on both sides of the barrier. Clearly,

particles that originated on one side of the barrier ten-

ded to stay on that side. Very few particles crossed the

barrier from one side to the other.

In Fig. 6, we plot the average absolute dispersion as a

function of time for the particles that were released on

the two sides of the barrier. Clearly, the dependency of

the absolute dispersion on time is not as expected from

diffusion-like behavior. Interestingly, the dependency is

different on the two sides of the barriers. Nondiffusive

dispersion on similar scales was also observed in dye re-

lease experiments (Sundermeyer and Ledwell 2001). The

particles originating in the northeast corner of the gulf

are trapped within this region and hence their absolute

dispersion (yellow line) is slower and their trajectories

are more restricted than that of the particles originating

southwest of the barrier (brown line), which are free to

move in a larger domain. The particles released in the

lower-left region reach rather fast the maximum dis-

placements allowed by the existence of the boundaries,

as can be seen from the ‘‘saturated’’ value of the brown

line.

b. Aerial photographs

Because of a rare flood in this region that started on

3 February, sediments that can be seen in the aerial

photo presented in the top panel of Fig. 7, were trans-

ported into the gulf. In another aerial photo taken 2

days later (bottom panel of Fig. 7, taken from a different

angle), the sharp front between the muddy water and

the relatively clear water was still evident. This sharp

front is located approximately along the barrier identi-

fied by the calculation of the relative dispersion based

on the radar measurements of the surface currents (the

green rectangles in Figs. 4a and 7 mark the same loca-

tion). The existence of the sharp front even 2 days after

the start of the flood clearly demonstrates that mixing

was not homogeneous and was relatively weak across

the barrier. In the absence of a barrier, the interface

between the muddy freshwater and relatively clear

seawater would not have remained so sharp.

c. Temporal variations of the barriers

Mixing barriers within the gulf are highly intermittent

and variable in spatial structure, and at certain times the

whole region is relatively well mixed. An example for a

similar barrier at a different location can be seen in

Fig. 4b. In contrast, Fig. 4c is an example in which the

whole region is relatively well mixed. Based on analysis

of a few months of HF radar data from different sea-

sons, similar barriers exist somewhere within the do-

main over 30% of the time.
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The mechanisms behind the observed barriers are not

yet clear. Sharp fronts can result from density differences

(Mahadevan and Tandon 2006; Thomas et al. 2008) and

may lead to a barrier because it induces a jet along the

front that tends to strain the velocity field. The barrier

shown in Fig. 4a might indeed result from a density dif-

ference between the muddy freshwater and the seawater.

However, precipitation in general is not common in this

region, and typically there is no river runoff so density

differences from inflows are unlikely. Density differences

caused by differential heating/cooling/evaporation might

explain some of these barriers.

4. Discussion and conclusions

It has previously been demonstrated that mesoscale

turbulent mixing in the ocean cannot be well represented

by eddy diffusivity because the velocity distribution is

FIG. 4. Relative dispersion in the Gulf of Eilat after 36 h of particle tracking simulation using

the measured HR radar surface velocities. The values of the relative dispersion between each

particle and its neighbors are plotted at the initial position of this particle. (a) Starting at 0500

UTC 3 Feb 2006. The light-colored lines with higher relative dispersion values divide the

domain into regions with weaker mixing. Nearby particles that were initially on the lines ended

in the different regions so the distance between them grows rapidly and can be relatively large.

Note the high relative dispersion line (between the red arrows) that starts in the western side of

the northern coast and ends on the eastern coast. White areas are regions from which particles

have moved out of the domain. The green rectangle in (a) and in Fig. 7 mark the same location.

(b) Starting at 1400 UTC 3 Nov 2005. A similar barrier can be seen but at a different location.

(c) Starting at 1400 UTC 15 Oct 2005. The region is relatively well mixed; no barriers crossing

the interior are present.
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non-Gaussian (Bracco et al. 2003) and because barriers

to mixing exist on these scale (d’Ovidio et al. 2004;

Olascoaga et al. 2006; Lehahn et al. 2007; Berloff et al.

2002). For the atmosphere, it was demonstrated even

earlier (Pierrehumbert 1991 and references therein).

However, it was generally assumed that on scales smaller

than the internal Rossby radius, the relative dispersion is

isotropic (LaCasce 2008).

Here we analyzed submesoscale ocean mixing using

high-resolution measurements of surface currents. The

flow field in the observed area is quite energetic, com-

plex, and variable, and one would expect that over a

time scale of a day, this small region would be well

mixed. The autocorrelation of the flow field is less than

12 h. Yet, our results suggest that mixing is far from

uniform even on such a relatively small spatial scale of a

few kilometers. Rather, our results show many clear

instances of barriers to mixing and transport (see also

Lekien et al. 2005), based on calculations of the relative

dispersion derived from observed current data and also

observed in aerial photographs. Such barriers, when

present, could act to trap passive scalars such as larvae

or pollutants. Interestingly, a recent study on fish re-

cruitment in this region reports a clear distinction in

both the age of recruitment and the chemical signature

of the otolith between fish that settle on the northern

and eastern boundaries of this region and those settled

on the western side (Ben-Tzvi et al. 2008). It seems quite

possible that the complex mixing behavior observed

here may be a common feature of submesoscale surface

currents in the ocean. Therefore, these results challenge

the common usage of eddy diffusivity to represent

subgrid processes in ocean models, even when the grid

size is as small as a few kilometers.

A primary limitation of our analysis is the negligence

of vertical velocity, which is known to be important in

submesoscale dynamics (Mahadevan and Tandon 2006;

Thomas et al. 2008). Yet, even in the presence of ver-

tical motion, these barriers are relevant for floating bi-

ological material and pollutants (e.g., oil), which tend to

stay near the sea surface.

The barriers and mixing characteristics presented in

this study have been identified from the measured cur-

rents and in one case have been verified by aerial pho-

tographs. The mechanism behind the barriers is still

unknown and remains an open research question.

Unfortunately, we lack information of the spatial vari-

ability of surface forcing such as wind stress and buoy-

ancy fluxes. We note, though, that such barriers have

been identified during different seasons.

Because our analysis shows that barriers can persist

for more than a day, they can be taken into account in

short-term prediction in cases of oil spills or search-and-

rescue missions (e.g., Lekien et al. 2005). By analyzing

the observed currents measured by HF radar in real

FIG. 5. The locations of particles originating from both sides of

the barrier after 36 h for the simulation starting at 1400 UTC 3 Feb

2006. Particles marked by yellow dots were released within the

black trapezoid in the upper-right side (northeast) of the barrier

while the particles marked by brown dots were released in the

lower-left side (southwest side of the barrier). Particles originating

on one side of the barrier tend to stay on that side, and there is

almost no mixing between the two sides of the barrier.

FIG. 6. Average absolute dispersion as a function of time for the

particles shown in Fig. 3 (the results are not sensitive to specific

location of the trapezoid in Fig. 6). (brown) For the particles

originating on the southwest side of the barrier. (yellow) For the

particles originating northeast of the barrier. The time dependence

of the absolute dispersion is different on the two sides of the

barrier. Unlike diffusion-like mixing, the absolute dispersion does

not grow as the square root of the time.
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time, it is possible to identify the barriers and regions

with different mixing characteristics soon after these

barriers start to emerge, and consider their existence

when trying to predict trajectories of passive scalars on

time scales of tens of hours.
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