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Abstract Surface drifter observations from the LAgrangian Submesoscale ExpeRiment (LASER)
campaign in the Gulf of Mexico are paired with Eulerian (ship-borne X-band radar) data to demonstrate
that velocity structure functions from drifters differ systematically from Eulerian structure functions over
scales from 0.4 to 7 km. These differences result from drifters oversampling surface convergences and
regions of intense vorticity. The first-, second-, and third-order structure functions are calculated using
quasi-Lagrangian (drifter) and Eulerian data from approximately the same location and time. Differences
between quasi-Lagrangian and Eulerian structure functions are attributed to two forms of bias. The first
bias results from the mean divergence or vorticity of the background flow creating nonzero first-order
structure functions. This background bias affects both quasi-Lagrangian and Eulerian data when
insufficiently time-averaged. It severely biases the drifter third-order structure functions but is smaller in
Eulerian structure functions at both second and third order. This bias can be corrected for using
lower-order structure functions. The second form of bias results from drifters accumulating in regions with
flow statistics that differ from undersampled regions. This accumulation bias is diagnosed by identifying
the dependence of the Eulerian structure functions on divergence and vorticity as well as scale. Together,
both biases suggest that caution is needed when interpreting second-order drifter statistics and that linking
raw third-order drifter statistics to energy fluxes is often erroneous in ocean data: Even with background
correction and sufficient time-averaging, drifters overestimate the Eulerian estimate of the third-order
structure function by up to a factor of 5 when signs are consistent.
Plain Language Summary Structure functions are a statistic used to measure the spreading of
material floating in the ocean, such as plastics or spilled oil, as well as the transfer of properties like energy
across scales. Their calculation requires knowledge of velocities of nearby particles. These can be measured
either by (nearly) stationary instruments, such as a radar, or by tracking drifters. Offshore drifter tracking
is generally easier, but they are known to be attracted to specific flow features, such as fronts, windrows,
and vortices, leading to less sampling of other areas. By considering a unique data set of nearly simultaneous velocity measurements from both radar and drifters, this paper investigates how the uneven sampling
by drifters, as well as the limited area coverage of radar measurements, impacts the structure function
statistics and their interpretation.

1. Introduction
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Surface dispersion of plankton, contaminants, and plastics is largely controlled by the variability of surface currents over a rich array of scales. While absolute dispersion is dominated by mesoscale and larger
(≥ (100 km)) motion, for relative dispersion, the submesoscales—characterized by horizontal scales of
(0.1 – 10 km), timescales of hours to days, and (1) Rossby and Richardson numbers—are of particular
importance. The equal competition of planetary vorticity with horizontal shear at submesoscales leads to a
transition from large quasi-geostrophically balanced motions to smaller forward-cascading turbulence, providing a pathway for dissipation of both energy and tracer variance (McWilliams, 2016; McWilliams et al.,
2001). Submesoscale phenomena are pervasive in the mixed layer as seen in observations (Buckingham
et al., 2016; Callies et al., 2015; Du Plessis et al., 2019; Johnson et al., 2016; Ohlmann et al., 2017; Omand
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et al., 2015; Poje et al., 2014) and suggested by numerical models and theory (Capet et al., 2008, 2008a, 2008b;
Fox-Kemper et al., 2008a; Luo et al., 2016; Thomas et al., 2008; Zhong et al., 2012). They are strong contributors to the transfer of energy between scales and energy dissipation (D'Asaro et al., 2011; McWilliams, 2008;
Molemaker et al., 2005; Poje et al., 2017) and affect the distribution of biogeochemical variables throughout
the near-surface ocean (Klein & Lapeyre, 2009; Li et al., 2012; Mahadevan & Tandon, 2006; Zhong et al.,
2012; Omand et al., 2015). Although ubiquitous, submesoscale turbulence is difficult to detect with most
observational platforms due to limited resources, remoteness, and the ephemeral nature of submesoscale
currents (D'Asaro et al., 2011, 2018; McWilliams, 2016). Lagrangian instruments are well suited for this
purpose because they approximately follow currents at depth (Davis, 1991; Riser, 1982) and at the surface
(Novelli et al., 2017) on submesoscale timescales, and thus targeted deployments of Lagrangian instruments
are capable of capturing the spatiotemporal evolution of the fronts, eddies, and filaments associated with
the submesoscale.
Drifters provide a low-cost measurement platform with the potential for high resolution in both space and
time, but they have a tendency to cluster in regions of convergence associated with horizontal density gradients and cyclonic vorticity (Chang et al., 2019; Choi et al., 2017; D'Asaro et al., 2018; Pearson et al., 2019).
Numerical simulations of the Northern Gulf of Mexico by Choi et al. (2017) and Pearson et al. (2019) show
that impacts of this biased sampling on turbulence statistics are strongest in the submesoscale. At scales less
than 30 km, large releases of ∼30,000 synthetic drifters produced shallower second-order structure functions and larger third-order structure functions than Eulerian structure functions calculated using the model
grid. Individual releases of clusters of synthetic drifters (∼300–1000) to emulate previous drifter launches in
the Gulf of Mexico were also analyzed. The structure functions from cluster releases were similarly shallow
and large for second- and third-order structure functions respectively but much more variable across scales.
Divergence and vorticity structure functions suggest that coherent and correlated submesoscale features are
responsible for different Eulerian and drifter statistics, findings that can now be verified with observations
from the LAgrangian Submesoscale ExpeRiment (LASER) in winter of 2016.
LASER generated both Eulerian and quasi-Lagrangian surface velocity observations, in the form of shipboard X-band radar measurements (Lund et al., 2018) and GPS-tracked drifters drogued at 60 cm(D'Asaro
et al., 2018; Novelli et al., 2017). The drifters are only “quasi-Lagrangian” as they are confined to the surface and therefore do not capture the full 3-D velocity field in the true Lagrangian sense. Thus, throughout
this paper, “convergences” in the drifter trajectories do not imply 3-D convergence, only surface convergence. Simultaneous and colocated Eulerian and quasi-Lagrangian measurements are rare, and this is the
first experiment we know of where the measurements are close enough and dense enough in space and time
to provide comparable statistics. See section 2 for more details.
Structure functions are a common tool for quantifying dispersion properties of fluid flows and placing the
statistics into the context of turbulence theory. Following Pearson et al. (2019), differences between Eulerian and Lagrangian structure functions are investigated through an analysis of the impact of specific flow
conditions on the statistics. These methods are described in section 3. Section 4 describes the results, and
discussion and conclusions follow in section 5.

2. Data
2.1. LASER Drifters
Roughly 1,000 GPS-tracked CARTHE-type surface drifters (Novelli et al., 2017) were released in the Northern Gulf of Mexico as a part of the LASER between 18 January and 13 February 2016 (see Figure 1a). These
drifters were specifically engineered to be cheap, easy to assemble, and biodegradable to reduce pollution.
They reported position data nominally every 5 min for several months and were drogued to follow the integrated flow of the top 60 cm of the water column (Novelli et al., 2017). Tank experiments show the drifters
are subject to less than 0.5% windage at 10-m wind speeds of 8–23 m/s (Novelli et al., 2017). The drifter
trajectories were processed by removing outliers, low-pass filtering (Yaremchuk & Coelho, 2015), and interpolating positions to uniform 15-min intervals. Some of the drifters lost their drogues during or following
deployment, and the data following drogue-loss were discarded, based on the drogue-loss detection method
of Haza et al. (2018).
To examine sampling bias caused by different local flow regimes, we consider separately three groups of
observations across four deployments (one group combines two deployments). The three groups are denoted
PEARSON ET AL.
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Figure 1. (a) Trajectories for the P1 (green), P2 & P3 (pink), and LDA (orange) drifter deployments. The shiptrack
X-band radar footprint is shown in black. To ensure the best overlap between the two data sets, the drifters and X-band
measurements were analyzed only in the indicated domains and the time-frames shown in Table 1. (b–d) Scaled
divergence Δ∕f from X-band radar for the time frames and domains for (b) P1, (c) P2 & P3, and (d) LDA.

“P1,” “P2 & P3,” and “LDA.” P1 was a deployment of 300 drifters in a cloverleaf pattern over an 8km × 8km
region with submesoscale activity and a modest horizontal density gradient, east of the freshwater front
from the Mississippi River, on 21 January 2016. LDA was a deployment of 326 drifters on an approximately
uniform grid over a 20km × 20km region targeting a vortex identified in satellite images and aerial sea
surface temperature maps on 7 February 2016 (D'Asaro et al., 2018). This launch overlapped more substantially with the ship-track data than other available launches (see Figure 1). Lastly, P2 & P3 were distributed
drifter releases from 25 January through 31 January 2016 (265 drifters in all) targeting submesoscale fronts,
filaments, and Langmuir circulation. This group samples conditions when frontogenesis is the primary
feature.
2.2. X-Band Radar
A Doppler (coherent-on-receive) marine X-band radar developed by Helmholtz Zentrum Geesthacht (HZG),
Geesthacht, Germany, was installed on the R/V Walton Smith in support of LASER. It consisted of a commercial GEM elettronica marine X-band (9.4 GHz) radar with a 2.3 m long HH-polarized antenna and a scanning
period of 2 s. The antenna was situated at a height of ∼12.5 m above the sea surface with an unobstructed
view in all directions. The radar transceiver operates with 12 kW output power and a pulse repetition frequency of 2 kHz in short pulse mode (i.e., a pulse length of 50 ns). The corresponding range and azimuthal
resolutions are 7.5 m and 0.8◦ , respectively. The radar was modified by HZG to measure both intensity and
phase of the radar backscatter signal from the sea surface (Braun et al., 2008). The raw, uncalibrated radar
measurements are linearly amplified and digitized at 20 MHz with 13-bit precision per channel. The A/D
converter and amplifier are located inside the radar transceiver. The system samples the radar backscatter
signal up to a maximum range of ∼3.1 km.
The X-band radar backscatter from the sea surface is due to a combination of Bragg scattering (Barrick &
Peake, 1968; Wright, 1968) and sea spikes associated with wave breaking (Trizna et al., 1991; Wetzel, 1990).
PEARSON ET AL.
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Table 1
Data Windows
Launch
P1

Time frame

No. of drifters

21 January 2016, 13:51:04 to

300

21 January 2016, 19:08:39
P2 & P3

26 January 2016, 00:16:44 to

modest density front
197

01 February 2016, 19:40:23
LDA

07 February 2016, 02:47:41 to

Features sampled
Submesoscale activity,
Submesoscale fronts, filaments,
and Langmuir circulation

326

Vortex

12 February 2016, 19:40:50

This study uses near-surface current vectors derived from the long (>15 m) surface wave signal within
the X-band radar backscatter intensity imagery. Surface waves appear as bands of enhanced and weakened
backscatter primarily due to tilt modulation, that is, wave-induced changes to the local incidence angle
(Lyzenga & Walker, 2015; Støle-Hentschel et al., 2018). Additional wave imaging mechanisms are partial
shadowing and hydrodynamic modulation (Nieto Borge et al., 2004). The ship-motion-corrected and georeferenced radar backscatter intensity measurements were partitioned into evenly distributed and partially
overlapping circular analysis windows with a radius of 480 m and 30 min periods, with the actual number
of data points per analysis window and period depending on the ship track. We note that smoothing from
overlapping analysis windows lowers the total variability and may affect scales below 1 km. While comparison with tests from synthetic data suggests this contribution is likely small, a more detailed analysis of the
effects of overlap size is necessary to account for the full effects and will be investigated in future studies.
Simultaneous georeferenced measurements in a field of view surrounding the ship allow the radar data
to be interpreted as an Eulerian field of near-continuous observations. The methodology employed here
is based on the well-established 3-D Fourier transform technique, which identifies the wave-related
wavenumber-frequency coordinates within a radar image power spectrum, and then solves for the current
vector by minimizing the wave coordinates' distance from the linear wave dispersion relationship (Senet
et al., 2001; Young et al., 1985). The effective depth of the resulting current vector depends on the lengths
of the underlying surface waves (Campana et al., 2017; Lund et al., 2015). Here, the currents are based on
ocean wavenumbers ranging from 0.1–0.3 rad m−1 , which corresponds to an approximate effective depth of
1–5 m(Stewart & Joy, 1974). Based on a comparison between the X-band radar and CARTHE drifter measurements analyzed here, the X-band radar currents have an accuracy better than 0.04 m s−1 in terms of
speed and 12◦ in terms of direction. For additional details on the X-band radar processing and validation,
the reader is referred to Lund et al. (2018).
2.3. Data Windows
To ensure robustness of the statistics, windows in space and time were chosen that were densely sampled by drifters and the X-band radar. These are summarized in Table 1. The geographic domains for each
launch group are shown in Figure 1. The drifter times were also constrained to match the time step of the
Eulerian data by taking the nearest available drifter measurement for each Eulerian time step. These data
subsets were used for the structure function analysis presented in sections 4.1 and 4.2.1. For the joint probability density function and structure function dependent on scale and divergence or vorticity presented in
section 4.2.2, all available X-band radar data were used covering the domain (lat ∈ [27.9049, 29.2305], lon
∈ [−88.7640, −87.3916], time ∈ [20 January 2016, 15:56:10, 12 February 2016, 19:40:50]). Additionally, the
structure functions of both drifters and X-band radar were compared for two individual snapshots of a front
on 31 January 2016, 12:16:19, and a vortex on 12 February 2016, 6:00:59.

3. Methods
3.1. Structure Functions
Velocity structure functions are the moments of velocity increments between two points and provide
information about the properties of turbulent dynamics at different scales. Given two drifters, the velocity components of interest are those projected onto the longitudinal (along-separation) and transverse
(cross-separation) directions. If the positions of a pair of drifters are (x1 , y1 ) and (x2 , y2 ), then the horizontal separation vector between them is given as r = Δxî + Δ𝑦̂j, where Δx = x2 − x1 , Δy = y2 − y1 . The
PEARSON ET AL.
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drifter positions can be rewritten in terms of the separation vector, r, by letting (x1 , y1 ) correspond to x and
(x2 , y2 ) correspond to x + r. The longitudinal velocity increment is the projection of Δu = u(x + r) − u(x)
in the direction of r and given by ΔuL = (u(x + r) − u(x)) · r̂ . The transverse velocity increment is perpendicular to both r and the local vertical k̂ and is given by ΔuT = k̂ · ([u(x + r) − u(x)] × r̂ ) or equivalently
̂ · (u(x + r) − u(x)). These increments are used to construct the isotropic and homogeneous
ΔuT = (̂r × k)
nth-order structure function, defined as
⟩
⟨
S𝛾n (r) = (Δu𝛾 )n ,

(1)

where ⟨·⟩ is an ensemble or spatiotemporal average, n is the order of the structure function (or equivalently
the nth raw statistical moment of the velocity increment field), and 𝛾 refers to the velocity components
(either longitudinal [L] or transverse [T]).
While equation (1) can be constructed with any value of n, it is the second- and third-order (n = 2, 3)
structure functions that are most commonly analyzed and relevant in turbulence studies. Note that the
higher the moment, the more sensitive it is to the tails of the distribution. Thus, with limited sampling, the
higher-order statistics are noisier and harder to estimate than the lower-order statistics. The second-order
structure function, which is the variance of the velocity increments, is related to the kinetic energy spectrum
through a Fourier cosine transform (Webb, 1964). This results in a linear relation between the respective
slopes of structure functions and spectra (McCaffrey, Fox-Kemper, & Forget, 2015), provided the spectral
slopes fall between -1 and -3 (Babiano et al., 1985). Spectral power law predictions for different turbulent
regimes can therefore be transcribed to make structure function predictions for these regimes (Babiano et al.,
1985; Bennett, 1984; Callies & Ferrari, 2013; LaCasce, 2008), even when multiple power laws are present
at different scales as is sometimes the case for geophysical flows (Frehlich & Sharman, 2010; McCaffrey,
Fox-Kemper, Hamlington, & Thomson, 2015; Pearson et al., 2019). In this paper, guidelines comparing theoretical structure function slopes for particular classical cascade theories will be provided by dashed gray lines
alongside observed structure functions, but these are provided only for reference: Power spectra are poorly
constrained by drifters (LaCasce, 2016). We evaluate the biases of structure functions regardless of whether
conversions between spectra and structure functions are possible (per Babiano et al., 1985). Third-order
structure functions may offer information about energy transfer between scales and, when paired with firstand second-order structure functions, provide a more complete classification of turbulence statistics. The
details of relevant third-order structure function theories can be found in Lindborg (1999,2007), Pearson
et al. (2019), and Poje et al. (2017).
In homogeneous flows, statistics do not vary from location to location. This implies the mean velocity
must be constant and there are no mean gradients of scalars or vectors in the flow. Consequently, the
first-order structure function is zero. As a result, there is no distinction between the central moments and
the raw moments of the velocity increments as calculated using equation (1) for homogenous turbulence. In
isotropic turbulence, the statistics have no preferred directionality, implying there can be no mean vectors.
With this restriction, even a constant mean velocity is disallowed.
However, heterogeneous flows with a stationary “mean” current that varies in space can be decomposed as
u(x, t) = u(x)+u′ (x, t), where the overline denotes a temporal average. The structure functions then depend
on both the mean and fluctuating velocity components [S𝛾n (r) =< (Δu𝛾 )n >=< (Δū 𝛾 + Δu′𝛾 )n >], where <>
denotes a spatiotemporal or ensemble average (without this average the velocity increments depend on both
̄
position and separation distance). The presence of a mean current u(x)
can result in a nonzero first-order
structure function (S𝛾1 ) ≠ 0, even when the fluctuating flow satisfies < Δu′ >= 0.
For example, when the longitudinal first-order structure function is positive, the background flow has mean
divergence. Similarly, a positive transverse first-order structure function implies a counterclockwise background flow. If the first-order longitudinal and transverse structure functions are negative, it indicates a
background flow with average convergence and clockwise rotation, respectively. Figure 2 illustrates these
kinematic effects. Note that in the general definition, Δu𝛾1 = u𝛾2 − u𝛾1 , where 𝛾 is any velocity component,
and we wish to evaluate the effect on the longitudinal (uL ) and transverse (uT ) components through projection of the Cartesian meridional (uy ) and zonal (ux ) velocities given as ΔuL = (Δux Δx + Δuy Δy)∕r and
ΔuT = (−Δux Δy + Δuy Δx)∕r.
PEARSON ET AL.
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Figure 2. Demonstration of the relationship between the first-order structure function and drifters subject to
(a) convergent flow, (b) divergent flow, (c) counterclockwise rotation, and (d) clockwise rotation. When subtracting the
variables of the second drifter from the first (an arbitrary choice), the sign of the first-order structure function is
determined. The signs of the differences that go into forming the SL1 = ⟨Δux Δx + Δu𝑦 Δ𝑦⟩ and ST1 = −Δux Δ𝑦 + Δu𝑦 Δx
are provided.

Under the above heterogenous flow decomposition, the first-order structure function calculated by
equation (1) is related algebraically to the second- and third-order statistics by
⟩
⟨
⟩ ⟨
(Δu𝛾 )2 = (Δū 𝛾 )2 + 2Δū 𝛾 Δu′𝛾 + (Δu′𝛾 )2
⟩
⟨
⟩2 ⟨
≈ Δū 𝛾 + (Δu′𝛾 )2 ,
⟩
⟨
⟩ ⟨
(Δu𝛾 )3 = (Δū 𝛾 )3 + 3(Δū 𝛾 )2 Δu′𝛾 + 3Δū 𝛾 (Δu′𝛾 )2 + (Δu′𝛾 )3
⟩ ⟨
⟩
⟨
⟩3
⟩⟨
⟨
≈ Δū 𝛾 + 3 Δū 𝛾 (Δu′𝛾 )2 + (Δu′𝛾 )3
⟩
⟨
⟩3
⟩ [⟨
⟩ ⟨
⟩2 ] ⟨
⟨
+ (Δu′𝛾 )3
≈ Δū 𝛾 + 3 Δū 𝛾
(Δu𝛾 )2 − Δū 𝛾
⟩
⟨
⟩⟨
⟩
⟨
⟩3 ⟨
≈ 3 Δū 𝛾 (Δu𝛾 )2 − 2 Δū 𝛾 + (Δu′𝛾 )3 .

These corrections are exact when the mean flow varies linearly in space. Under more general flow conditions, the corrections negate the leading-order effect of mean flow on the total structure functions provided
̄ + r) is dominated by the lowest order derivative terms.
the Taylor series of u(x
Thus, when the perturbation statistics are subdominant, the nonzero first-order structure function can determine the sign and magnitude of the third-order structure function (if the first terms on the right side are
much larger than the second) and can determine the magnitude of the second-order structure function. In
this paper, these effects are termed background biases, to indicate that the background flow biases the uncorrected structure function statistics. To isolate the central (i.e., with the mean removed) moments
⟨ when⟩the
′
mean increment is nonzero due to background flow, the corrected structure function, S𝛾n (r) = (Δu′𝛾 )n , is
defined by the following equations to find the centralized distributions for the perturbation field statistics,
which may then be potentially homogeneous and isotropic even if the background flow is not,

PEARSON ET AL.

[
]2
⟩ ⟨
⟩2
⟨
′
S𝛾2 (r) = (Δu𝛾 )2 − Δū 𝛾 = S𝛾2 (r) − S𝛾1 (r) ,

(2)

[
]3
⟩
⟨
⟩⟨
⟩
⟨
⟩3
⟨
′
S𝛾3 (r) = (Δu𝛾 )3 − 3 Δū 𝛾 (Δu𝛾 )2 + 2 Δū 𝛾 = S𝛾3 (r) − 3S𝛾1 (r)S𝛾2 (r) + 2 S𝛾1 (r) .

(3)
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The use of a flow decomposition implies that there is a meaningful dynamical distinction between the
background and perturbation fields. The further assumption that the energy transfer across scales is dominated by the perturbations, justifying the focus on the second- and third-order statistics of the perturbation
fields (without the mixed background-perturbation and background-background nonlinear interaction
terms), also implicitly assumes a scale, organizational, or amplitude separation between the mean and
the perturbation fields. The idealization in this approach, then, is similar to that used in boundary layer
turbulence, where mean shear leads to shear production energizing the perturbation fields which then
transfer energy across scales, but that the transfer across scales of the mean field by the mean field is
negligible. If this assumption holds, then the standard derivations of the energy transfer terms via the
Karman-Howarth equation (e.g., Frisch, 1995; Kolmogorov, 1941) are readily constructed from the perturbation equations instead of the total equations, retaining the background-perturbation shear production
terms as a source in the perturbation equations (and a sink in the background equations) and assuming
the background-background interactions are negligible in transfers across scales. Alternatively, one might
choose not to distinguish between background and perturbation fields and using the total flow structure
function. However, as the background field is neither homogeneous nor isotropic, this limits the applications of this approach. For example, the Karman-Howarth equation that relates the structure functions to
the energy transfer across scales fails at the outset when considering heterogeneous, isotropic structure functions. The total flow structure function may be useful as a statistical descriptor of the flow (albeit a very
high dimensional one), but most existing theory cannot be reconciled with this statistic. Frisch (1995) notes
that there is an anisotropic generalization of the Karman-Howarth equation in earlier works by Monin and
Yaglom, but pursuing this approach is not feasible with the limited set of observations here.
3.2. Computational Details
At each time, a structure function is found across all available scales. This is accomplished by binning the
velocity increments from individual pairs at the given time-step into logarithmically defined separation
scale bins with width 0.2 and averaging over all pairs in each bin. For data windows with multiple time
steps, these structure functions were then averaged over time, excluding any bin with less than 10 measurements to ensure the robustness of the statistics. The 95% bias corrected and accelerated confidence interval
of the time-mean is found by bootstrapping with 10,000 resamples. For the specific snapshots of a front
(sections 4.2.3 and 4.3.3) and vortex (sections 4.2.4 and 4.3.4), the structure function at the single time-step
is calculated across all scales and binned in the same fashion, except that no time-averaging is done and the
bootstrapped bias corrected and accelerated confidence intervals are found using all the data at each scale
from the single time step with 10,000 resamples. For the joint probability distributions and the structure
function dependent on divergence and vorticity (sections 4.2.2 and 4.3.2), the divergence and vorticity are
averaged over each pair that enters the structure function calculation.

4. Results
4.1. First-Order Structure Functions
The first-order velocity structure functions (denoted S𝛾1 ) are plotted in the upper panels of Figure 3. A
detectable background flow is indicated by nonzero values in either the longitudinal or transverse components for all samples, except the P1 drifters. Unlike the other deployments, these were not targeted at a
strong flow feature, and because of the relatively short sample window for P1 (see Table 1), the drifters did
not converge on an individual flow feature, resulting in more homogeneous sampling.
The only drifter deployment that shows a statistically significant nonzero longitudinal first-order structure
function is P2 & P3, which was intentionally launched to sample frontal regions: SL1 is generally negative,
though small, suggesting convergence. For 6.4 km and above, however, it is positive, indicating divergence.
The change in sign identifies a scale at which drifters no longer cluster but are drawn into neighboring
convergence zones. See also the related discussion in section 4.2.3, which presents results on a single front
with no accompanying sign-change in SL1 .
Both P2 & P3 and LDA drifters show a positive ST1 across all scales, indicative of counterclockwise rotation.
For P2 & P3, ST1 is small compared to LDA. The larger values for the LDA drifters reflect the targeted vortex
structure. Individual drifter tracks also trace out the counterclockwise vortex of LDA repeatedly, resulting
in loops (cf. Griffa et al., 2008).
PEARSON ET AL.
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Figure 3. The (top row) first-order and (middle row) second-order longitudinal (solid) and transverse (dashed) velocity
structure functions, and (bottom row) the absolute values of negative (circle) and positive (plus) third-order
longitudinal velocity structure function values for the P1 (left), P2 & P3 (middle), and LDA (right) launches. The drifter
deployments are given by the colored lines and symbols and the corresponding Eulerian X-band radar data by the
black lines and symbols. Bootstrapped 95% bias corrected and accelerated confidence intervals for the time mean of the
first- and second-order structure functions are provided as shading around each line. Dashed gray guidelines through
zero are shown in the upper panels. Dashed gray guidelines for the middle panels correspond to theoretical
second-order structure function slopes in 3-D (2∕3) and frontogenesis or an internal gravity wave field (1). A guideline
of slope 1 is also shown for the lower panels for the linear slope of the third-order structure function predicted in the
energy cascade region of 3-D, 2-D, or QG turbulence. Notice the difference in the y axes for the first- and third-order
structure functions.

In the first-order velocity structure function, quasi-Lagrangian and Eulerian statistics are overall consistent,
with a few exceptions in the P1 domain. The X-band radar yields positive SL1 for scales above 4 km, consistent with the strong divergence seen in the domain given in Figure 1b. Eulerian ST1 for scales between 1
and 6 km is negative, making this the only data set where clockwise rotation dominates on average. These
discrepancies within the smallest domain, where sampling by both drifters and X-band radar appears to be
spatially most uniform (Figure 1), points to the challenges with obtaining unbiased samples.
4.2. Second-Order Structure Functions
The second-order velocity structure functions are plotted in the middle row of Figure 3. Pearson et al. (2019)
found that the second-order structure function slopes derived from a large gridded synthetic drifter release
in a model were on average shallower than the Eulerian structure functions computed on the model grid
on scales below 10 km. The authors attribute this shallowness to oversampling of convergence regions, consistent with previous studies (Choi et al., 2017; D'Asaro et al., 2018). The results in Figure 3 (middle row)
compound the accumulation bias from drifters oversampling convergent regions with the background bias
from nonzero first-order structure functions, shown in both Eulerian and quasi-Lagrangian structure functions, particularly in the transverse component. Here the compounded effects of both biases are discussed,
and in sections 4.2.1 and 4.2.2, the effects of the background and accumulation biases respectively will be
isolated and discussed.
The Eulerian second-order structure functions, both transverse and longitudinal, are similar across all three
sampling windows, with slopes around 1 or somewhat steeper. Only in the LDA sampling period is the
transverse component noticeably steeper than the longitudinal component. Such steep slopes are consistent
with the model results for Eulerian statistics of Pearson et al. (2019). The results for the quasi-Lagrangian
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Figure 4. The quasi-Lagrangian second-order (upper row) and third-order (lower row) structure functions (green,
pink, and orange) and corrected structure functions (blue) from P1 (left), P2 & P3 (middle), and LDA (right) drifter
data. Confidence intervals and guidelines are the same as in Figure 3.

calculations are not as consistent. P2 & P3 and LDA drifters exhibit slopes in both transverse and longitudinal second-order structure functions around 2/3, thus somewhat shallower than the Eulerian estimates
and consistent with the preferential sampling of convergence zones by these drifters. However, P1 drifters
show very little scale dependence at all, much different than the slope of 2/3 found in Pearson et al. (2019),
and likely due to the small window of time and spatial domain considered here. The disconnect between
drifter-derived and radar-derived second-order structure functions for P1 demonstrates that the more uniform sampling in space by the drifters does not suffice to emulate Eulerian sampling, nor does a short time
window.
4.2.1. Corrected Second-Order Structure Functions
The second-order structure functions corrected for background bias, S𝛾2′ , (cf. equations (2) and (3)) are
plotted in blue in the upper panels of Figures 4 and 5 alongside the uncorrected structure functions with
matching line styles. Most of the second-order corrected and uncorrected structure functions agree within
uncertainty intervals, indicating a negligible background flow effect within the limits of detection of our
method. The exceptions are the LDA launch, where the quasi-Lagrangian transverse second-order structure
function is reduced in magnitude well outside the confidence intervals of ST2 and the Eulerian one lies at the
outer limit of the confidence interval. Thus, ignoring the background flow for the longitudinal second-order
structure functions may be appropriate in ocean surface submesoscale flows, but the transverse structure
functions are more prone to bias from background flow effects.
4.2.2. S𝜸2 as a Function of Divergence and Vorticity
The differences between the quasi-Lagrangian and Eulerian structure functions are not predominantly due
to the background bias, an effect of mean divergence or vorticity, as established above. The features oversampled by the drifters (e.g., fronts and vortices) must have fundamentally different structure functions than
the domain as a whole, amounting to an accumulation bias. To further diagnose this accumulation bias,
we investigate how S𝛾2 varies with divergence and vorticity. For this purpose, the complete time series of
Eulerian radar data (see section 2.3) is analyzed. The (uncorrected) second-order structure function is computed as a function of both separation distance r and divergence (S𝛾2 (r, Δ)), then of r and vorticity (S𝛾2 (r, 𝜁)).
The uncorrected structure function values were chosen in lieu of the corrected values for direct comparison with other uncorrected structure functions in the literature (including the results of Pearson et al.,
2019), as well as the relatively small first-order structure function dependent on separation from all available
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Figure 5. The X-band second-order (upper row) and third-order (lower row) structure functions (black) and corrected
structure functions (blue) in the P1 (left), P2 & P3 (middle), and LDA (right) domains. Confidence intervals and
guidelines are the same as in Figure 3.

X-band measurements (not shown). This is complimentary to the results of Figure 5, where the correction
for X-band measurements is generally within confidence intervals of the uncorrected structure functions
even for subsetted data.
Figure 6 shows the results in the yellow-blue colored field. Overlaid with black-white contours are the joint
probability density functions (JPDFs) of divergence and separation distance (top) and of vorticity and separation distance (bottom) to show the sampling distribution. Similar to the structure functions of specific
launches (Figure 3), both S𝛾2 (r, Δ) of the upper panels and S𝛾2 (r, 𝜁) of the lower panels show strong dependence on separation distance r. This is especially true at the most frequently sampled Eulerian divergence
and vorticity levels, highlighted by the maxima in the JPDF. Based on the overlaps between the JPDF and
the structure function values across scales, the Eulerian structure functions S𝛾2 (r) are expected to be steeply
sloped. The panels also show that lower divergence and higher vorticity levels (from oversampling regions of
strong convergence and counterclockwise rotation) could lead to larger or shallower second-order structure
functions.
Below, two specific events are isolated that are characterized by significant convergence and vorticity, respectively. Such strong events are hypothesized to be the primary causes of the different slopes between Eulerian
and quasi-Lagrangian structure functions, consistent with the findings of Pearson et al. (2019).
4.2.3. Biases in Second-Order Structure Functions at a Front
The statistics at a front, as observed concurrently on 31 January 2016 with X-band radar and some of the
drifters launched during the P2 & P3 deployments, are presented in Figure 7. The front itself is characterized
by a strong convergence region near the center of the domain (Figure 7a), as indicated by the blues in the
Eulerian divergence field, which reaches values around -2f. This convergence can also be detected in the
drifter velocity field (pink arrows) and in the drifter distribution itself, with many drifters drawn into the
frontal region. The western side of the front shows positive vorticity (Figure 7b), with values up to 2f, while
weaker negative vorticity dominates the eastern side. The quasi-Lagrangian first-order structure functions
are both significantly different from zero and larger than for the full P2 & P3 data set (cf. Figure 3). The signs
reflect the drifters' preferential sampling of negative divergence and positive vorticity nearly equally across
all scales, consistent with Figures 7a and 7b. The Eulerian field extends farther away from the front than the
drifter samples and thus incorporates regions of quite weak divergence and vorticity (Figures 7a and 7b).
This leads to the Eulerian ST1 being indistinguishable from zero, except at the largest scale. The Eulerian SL1 ,
on the other hand, is only near zero for small scales and significantly negative at large scales (Figure 7c).
This is a result of the presence of relatively strong negative divergence in the domain, east of the front, while
any positive divergence in the domain is weak (Figures 7a and 7b).
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Figure 6. Eulerian longitudinal (a, c) and transverse (b, d) uncorrected second-order structure functions as a function
of divergence and scale (a, b) and of vorticity and scale (c, d), denoted by the blue to yellow logarithmic colormap. The
joint probability density function of divergence and separation distance (a, b) and vorticity and separation distance
(c, d) is shown by contours colored using the black to white colormap. Both divergence and vorticity are scaled by the
mean Coriolis parameter in the domain.

As previously seen in section 4.2.1 for the larger sample domains, the background bias correction does
not significantly alter the second-order structure functions, except at the largest scales, which may not be
sampled sufficiently. Both longitudinal and transverse S𝛾2 are nearly flat for the drifter data (Figure 7e)—in
contrast to the statistics for the full P2 & P3 domain (Figure 4). The Eulerian S𝛾2 , on the other hand, exhibit
slopes comparable to those from the full P2 & P3 domain (Figure 5) and are therefore much steeper than
the quasi-Lagrangian statistics observed directly at the front.
These results are consistent with the discussion in section 4.2.2, considering the divergence and vorticity
values being sampled. Figures 6a and 6b show that S𝛾2 at an average divergence around -2f should be relatively
flat, although Figures 6c and 6d suggest that for vorticity values near 2f, lower values are expected at the
small scales for SL2 and to a lesser degree also for of ST2 . The lack of a slope at small scales in the frontal
data indicates that the presence of strong divergence dominates the vorticity in the second-order structure
function. Since the small scales of the X-band radar data are less biased toward strong convergence and
not biased toward positive vorticity (as is seen both in Figure 7a and 7b and in the Eulerian S𝛾1 ), the same
flattening of the S𝛾2 slopes is not observed in the Eulerian statistics. This is an illustration of the strong impact
the accumulation bias in the drifter data can have on the statistics.
4.2.4. Biases in Second-Order Structure Functions in a Vortex
Figure 8 illustrates a different event: a vortex sampled with X-band radar and some of the drifters from the
LDA deployment on 12 February 2016. The vortex is characterized by strong positive vorticity everywhere,
reaching values up to 4f (Figure 8b). While the domain is generally marked by weak divergence (less than
1f), it contains small pockets of stronger positive divergence (up to 3f); see Figure 8b. The sampling by the
drifters is strongly nonuniform and takes the shape of a counterclockwise spiral into the vortex.
Figures 8c and 8d, showing the first-order structure functions, suggest that both the X-band radar and
drifters tend to sample larger divergence and vorticity at larger scales. Unlike in the frontal example, the
corrections for nonzero S𝛾1 to S𝛾2 are significant for the transverse components. Note that ST1 is 2 to 3 times
larger here than either ST1 or SL1 near the front. The impact of background bias on the slope is not clear for
the drifters but appears to be flattening for the Eulerian data.
As before, the variability of S𝛾2 as a function of vorticity and divergence examined in section 4.2.2 can link
the observed slopes to an accumulation bias. The increasing vorticity sampling with increasing scale suggests a diagonal cross section through the fields in Figures 6c and 6d is appropriate, from the left just above
zero to the top right, or from low to high S𝛾2 values. The increasing divergence sampling with increasing
scale reinforces this pattern. Note that the drifters are not in an obvious convergence region in this sample.
Nonetheless, the nonuniform sampling of vorticity produces an accumulation bias effect. It is, therefore,
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Figure 7. (a) The velocity and divergence fields at a front on 31 January 2016 at 12:16:19 UTC. Eulerian velocities are
given by black arrows and the P2 & P3 velocities by the pink arrows. Underlain is the Eulerian divergence field scaled
by f . (b) Same as panel (a) but with the scaled vorticity field instead of divergence. P2 & P3 drifter (left) and
corresponding X-band (right) (c, d) first-order, (e, f) second-order, and (g, h) third-order structure functions. The
corrected second- and third-order structure functions are given by the blue markers in panels (e)–(h). Negative and
positive values for the third-order structure functions are plotted with dots and pluses, respectively. The 95% bias
corrected and accelerated confidence intervals are shown with shading. Note that these confidence intervals are formed
from the mean value at a given scale for this particular snapshot. Guidelines are the same as in Figure 3.

important to keep in mind over what variety of flow fields the structure functions are computed when
interpreting them.
4.3. Third-Order Structure Functions
The third-order longitudinal structure function, SL3 , is plotted in the lower panels of Figure 3 for the drifters
and the X-band radar data available during each launch. In contrast to the second-order structure function, the third-order structure function is not positive definite, so the absolute value is plotted with symbols
denoting negative (•) or positive (+) values. Confidence intervals are not plotted, but the quasi-Lagrangian
estimates fall mostly outside the 95% confidence window for Eulerian data below 2 km for P1 and P2 & P3.
The exception is the LDA deployment, for which only the largest scale falls outside Eulerian confidence
intervals. Even so, the LDA drifter SL3 exceeds the X-band radar SL3 by a factor of 3 to 5, especially over the
middle range of scales where the structure functions tend to be most reliable due to adequate sampling. In
terms of sign, both the quasi-Lagrangian and the Eulerian structure functions are consistently negative in
the LDA domain. The same is true of the Eulerian SL3 in the P2 & P3 domain, but here the quasi-Lagrangian
SL3 changes sign above 5 km. For P1, the Eulerian third-order structure function changes sign at about 1.5 km,
but the drifter-based statistics do not have a single clear transition from negative to positive SL3 . The slopes
for the Eulerian estimates for P2 & P3 and for LDA are somewhat steeper than 1. SL3 of the corresponding
drifter launches are more variable across scales, but the slope for the LDA launch is comparable, while that
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Figure 8. Same as Figure 6 but for data from a vortex on 12 February 2016 at 6:00:59 UTC, using LDA drifters instead
of P2 & P3 drifters.

for P2 & P3 is shallower. These less than conclusive results limit the utility of using this statistic to diagnose
energy flux across scales.
4.3.1. Corrected Third-Order Structure Functions
The corrections to the third-order structure function for the background bias proposed in equation (3) tends
to be more substantial than that to the second-order structure function from equation (2), especially at
larger scales, because it contains a term proportional to S𝛾1 S𝛾2 . Consequently, the sign and magnitude of the
third-order uncorrected structure function is potentially dependent through background bias on the sign and
magnitude of the first-order structure function. The corrected quasi-Lagrangian and Eulerian third-order
structure functions, SL3′ , are presented in Figures 4 and 5, respectively. While the Eulerian SL3′ does not deviate much from the Eulerian SL3 for the P2 & P3 sample, its sign changes for scales above 1.5 km in both the
P1 and LDA samples. The quasi-Lagrangian SL3′ agrees in sign with the uncorrected SL3 for all estimates, but
the magnitudes are lower for LDA and P2 & P3 (though not for P1) across almost all scales. Nonetheless, the
corrected third-order structure functions fall inside the confidence intervals of the uncorrected third-order
structure functions for both drifter and X-band data, with the exception of the P2 & P3 drifters, which fall
outside across most scales, and P1 which does above 2 km. This is a consequence of the inherent noisiness
of higher-order statistics and illustrates the challenges of drawing reliable conclusions from the third-order
structure function estimates from noisy observations.
4.3.2. S𝜸3 as a Function of Divergence and Vorticity
Mirroring the analysis in section 4.2.2, the potential effect of accumulation bias on the third-order structure
function is investigated by considering the absolute value of the uncorrected SL3 as a function of both scale
and divergence (SL3 (r, Δ)) and then of both scale and vorticity (SL3 (r, 𝜁)). See the yellow-blue colored fields in
Figures 9a and 9b, respectively. Negative values are marked with black bullets. Overlaid with black-white
contours are again the JPDF of scale and divergence (left) and of scale and vorticity (right). The distributions
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Figure 9. The absolute value of the Eulerian longitudinal uncorrected third-order structure function dependent on
divergence and scale (a) and vorticity and scale (b), denoted by the blue to yellow logarithmic colorbar. Negative values
are stippled with a '•' and positive values are left unstippled. The joint probability density function of divergence and
separation distance (a) and vorticity and separation distance (b) is shown by contours and the black to white linear
colorbar.

are, as expected, noisier than the corresponding results for SL2 . Nonetheless, some broad patterns can be
discerned. A gradient with respect to r exists for small values of divergence and vorticity where the bulk of the
samples lie. Gradients with respect to Δ and 𝜁 also exist. Negative values of SL3 are associated with negative
values of divergence and increase with increasing divergence, becoming positive except for a handful of
bins with very high divergence, which are likely not sampled well. The transition point to positive values is
scale dependent. With respect to vorticity, negative values of SL3 are associated with positive vorticity and SL3
increasing as vorticity decreases. The transition to positive values is not as clear. The figure suggests that a
disproportionate sampling of large convergence and/or positive vorticity is expected to flatten the slope and
increase the magnitude of SL3 (r).
4.3.3. Biases in Third-Order Structure Functions at a Front
The third-order uncorrected and corrected structure functions at a front are plotted in Figures 7g and 7h.
Note first that here the drifters and the X-band radar SL3 are significantly affected by nonzero SL1 , which
changes both the sign and magnitude of the third-order structure function across all separation scales.
Unlike SL3 for the full P2 & P3 data set (cf. Figures 4 and 5), the corrected third-order statistics for this frontal
snapshot lie well outside the confidence intervals of the uncorrected SL3 across all separations except 1.5 km
for the P2 & P3 drifters and at all scales above 1 km for the X-band radar data (not shown). As observed in
section 4.3.2, the strong convergence (-2f) and the high vorticity (2f) sampled by the drifters are both associated with a flatter, negative SL3 , which is seen in Figure 7g. As with the Eulerian SL2 , sampling that is less
biased toward high convergence and vorticity results in an SL3 that is comparable to that from the full P2 &
P3 data set (Figure 5) in slope, although with lower values across all scales.
4.3.4. Biases in Third-Order Structure Functions at a Vortex
The third-order uncorrected and corrected structure functions at a vortex are plotted in Figures 8g and 8h.
As with the frontal case, sign and magnitude of both the drifters and the X-band radar SL3 are impacted
across all separation scales by the correction for nonzero SL1 . Additionally, the corrected SL3 are outside of the
confidence intervals of the uncorrected SL3 above 1 km (not shown). As noted in section 4.2.4, the first-order
structure functions indicate stronger vorticity and divergence being sampled at larger scales. Unlike for
SL2 , however, this sampling bias results in contradictory trends in SL3 , as shown in Figure 9. The variability,
particularly in sign, seen in Figures 8g and 8h may therefore be a consequence of the sampling biases.

5. Conclusions
Surface drifters are a powerful observational platform providing high spatial and temporal resolution hard
to come by via other instrumentation to assess dispersion of floating material in the ocean. Previous studies suggest a key characteristic is that their sampling pattern is not agnostic to the flow properties, making
such a quasi-Lagrangian velocity data set fundamentally different from an Eulerian one. In particular,
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Pearson et al. (2019) demonstrate that correlated divergence and vorticity lead to shallower second-order
and larger third-order structure functions at scales below 30 km. The second- and third-order structure
functions presented here are shallower and larger, respectively, than the corresponding Eulerian statistics,
consistent with the results of Pearson et al. (2019). Alongside validating the prevalence of the drifter biases
in observations, this study builds upon the work of Pearson et al. (2019) by refining the impacts of convergence and vorticity on the second- and third-order structure functions. The observational analysis highlights
that the preferential sampling of convergence regions and areas with strong vorticity results in an accumulation bias. Its potential impact on structure function statistics can be determined by considering the statistics
computed from an Eulerian velocity field as a function not just of separation scale but also of divergence
or vorticity. We found that the steepest gradient as a function of r is associated with near-zero values of
divergence and vorticity, which are also most commonly sampled by the Eulerian X-band radar along the
shiptrack in our data. At stronger convergence, the S𝛾2 and SL3 show shallower slopes, as they increase more at
smaller scales. Evidence of this effect is seen in the statistics of data subsampled specifically to coincide with
a strong front. Similarly, high positive vorticity tends to increase the magnitudes of the structure functions
and flatten them. This tendency can be identified in data subsampled in a strong vortex.
In classic turbulence theory, the flow is assumed to be statistically isotropic and homogeneous, so that
the first-order structure function is zero for all scales. However, this assumption does not hold in either
the quasi-Lagrangian or the Eulerian observational data. This raises the question whether second- and
third-order structure functions should be computed after the mean flow has been removed. Such a correction for background bias can have a great impact on the statistics. In particular, the sign and magnitude of the
third-order structure function can be driven by the sign and magnitude of the first-order structure function,
not the perturbations that are related to energy transfer across scales. The effect is smaller in the Eulerian
data when sampled over a sufficiently large domain.
The sizable influence of these biases on the structure function statistics demonstrates that any interpretation
or comparison must take the sampling schemes into account. In particular, it may not be appropriate to
attempt to link third-order structure functions to energy fluxes, especially when based on drifter data that is
almost invariably subject to both background and accumulation biases. While Eulerian measurements can
be flow independent by design, they, too, may be subject to background and sampling representativeness
biases akin to accumulation biases, requiring caution even when deriving statistics from them.

Data Availability Statement
Data are publicly available through the Gulf of Mexico Research Initiative Information & Data Cooperative (GRIIDC) at https://data.gulfresearchinitiative.org under DOIs 10.7266/N7N01550 (X-band radar) and
10.7266/N7W0940J (drifters).
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