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Abstract We investigate mesoscale turbulence (10–1000 km) in the ocean winds over the Kuroshio
Extension (28�N–40�N, 140�E–180�E) using the QuikSCAT data set (November 1999 to October 2009). We
calculate the second (Djj) and third-order structure functions (Djjj) and the spatial variance (Vj) as a function
of scale r (j5L; T denotes, respectively, the longitudinal (divergent) and transverse (vortical) component).
The most interesting results of the analysis follow. Although both VjðrÞ and DjjðrÞ measure the turbulent
kinetic energy (TKE), we find that VjðrÞ is the more robust measure. The spatial variance density (dVj/dr) has
a broad peak near 450 km (close to the midlatitude Rossby radius of deformation). On interannual time
scales, TKE correlates well with the El Ni~no 3.4 index. According to turbulence theory, the kinetic energy cas-
cades downscale (upscale) if DLLLðrÞ (also skewness SL5DLLL=D

3=2
LL ) is negative (positive). Our results for the

Kuroshio Extension are consistent with a downscale cascade (indicating convergence dominates).
Furthermore, classical turbulence theory predicts that SL520:3 and independent of r; however, we find SL
varies strongly with r, from24 at small scales to20.3 at large scales. This nonclassical behavior implies
strong-scale interaction, which we attribute to the rapid, and sometimes explosive, growth of storms in the
region through baroclinic instability. Finally, we find that ST (a measure of cyclonic/anticyclonic asymmetry) is
positive (cyclonic) and also varies strongly with r, from 4 at small scales to 0.5 at large scales. New turbulence
models are needed to explain these results, and that will benefit Weather Prediction and climate modeling.

Plain Language Summary The turbulent winds near the ocean surface give rise to air-sea heat
and momentum exchange. The turbulence is caused by convective processes -- processes generated at
weather fronts, in squalls, tropical disturbances and extra-tropical cyclones. In order to improve forecasts
and climate models of such weather systems, it is necessary to improve physical models of the turbulence,
for which satellite observations are crucial. In this paper we analyze ten years of satellite observed winds
over the Kuroshio Extension, a region well-known for its vigorous air-sea heat and momentum exchange
and storm generation. We document the seasonal and interannual variations in the turbulent kinetic energy
amplitude and its scaling. Our results also reveal strong and intermittent turbulent features that are not
found in current theories and models of the surface winds, thus indicating directions for new modelling
strategies.

1. Introduction

The Kuroshio Current, carries warm ocean waters northward from the tropics along the western boundary of the
Pacific Ocean and, on reaching Japan, is deflected eastward deep into the Central Pacific. The contrast between the
warm core of the Kuroshio and adjacent waters gives rise to a strong ocean front with a sea surface temperature
(SST) gradient of approximately 10�C over just 200 km [see the review by Kelly et al., 2010, and references therein].
Furthermore, instabilities in the fast moving, meandering Kuroshio creates ocean eddies with steep SST gradients,
generating low-level baroclinicity. The atmospheric instability caused by high Kuroshio SST combines with low-level
baroclinicity to bring high momentum wind from the free-troposphere down to the ocean surface. These processes
generate strong ocean winds and turbulence and increase synoptic storm activity, making the Kuroshio Extension a

Key Points:
� Spatial variance characterizes TKE
better than the second-order
structure function

� TKE over the Kuroshio Extension has
a strong seasonal cycle and
correlates with El Ni~no 3.4 index

� Results imply downscale energy
cascade with nonclassical features
and strong monthly fluctuations
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site of vigorous air-sea heat and momentum exchange [Wyrtki et al., 1976; Tai and White, 1990; Qiu, 1995; Yu and
Weller, 2007; Booth et al., 2010; Kelly et al., 2010].

Global forecast models, both weather and climate, do not resolve convective processes; instead they rely
on parameterizating them to make useful forecasts. On the other hand, satellite scatterometers reveal
small-scale (i.e., mesoscales: 2–2000 km) information in the ocean winds missed by global forecast models
[Vogelzang et al., 2011]. Characterizing turbulence in the mesoscales is important, for it is the range of scales
where weather fronts, mesoscale convective systems, tropical disturbances, and extratropical cyclones are
found. Hence it is critically important for weather and climate modeling to understand the characteristics of
the turbulence statistics in this range of scales and how they vary regionally and over time. Such informa-
tion is necessary for building improved parameterizations for use in Numerical Weather Prediction (NWP)
and climate models.

Statistical methods developed in the theory of turbulence provide a critical link between the forecast
models and observations. These are the energy spectrum and the structure functions (the moments of
the probability distribution of velocity increments). The energy spectrum and the second-order structure
function are related by the Fourier transform (for conditions satisfied by atmospheric turbulence), with
the emphasis normally being on the scaling exponent of the turbulence. However, emphasis on scaling
overlooks the importance of the amplitude of the kinetic energy fluctuations (hereafter turbulent kinetic
energy TKE). This may partly be explained as due to the lack of a direct correspondence between the TKE
estimated from the spectrum with the TKE estimated from the second-order structure function [cf., David-
son and Pearson, 2005]. In a recent paper, Vogelzang et al. [2015] reintroduced the spatial variance, a sta-
tistical quantity that provides an exact relation between the sample variance and second-order structure
function. The spatial variance provides a different link to the energy spectrum, as well as solving another
difficulty—how to represent the distribution of TKE in real space as the spectrum is purported to do in
wavenumber space.

The principle objective of this paper then is to build a regional history of the statistics of low-level turbulent
activity, including statistics that characterize the energy transfer between small and large-scales, using the
database of QuikSCAT winds. The SST fronts, free-tropospheric storm tracks, low-level winds, and their inter-
action over the Kuroshio Extension exhibit prominent seasonal and interannual variability [Qiu, 2000; Zhu
and Sun, 1999; Tokinaga et al., 2006; Tanimoto et al., 2009]. It can be expected that this variability will be
reflected in the turbulence statistics, which will be useful in modeling (parameterizations) that represent
subgrid processes in weather and climate models.

The remainder of this paper is organized as follows. Section 2 introduces the notation and theoretical rela-
tionships for structure functions and spatial variance used in this paper. Section 3 describes the data and
methodology. In section 4, we present our results for the mean state and the seasonal and interannual vari-
ability of the turbulence in the ocean winds over the Kuroshio Extension. In section 5, we discuss our results
and give our conclusions.

2. Structure Functions and Spatial Variance

We follow the notation and definitions used in King et al. [2015a,2015b] and Vogelzang et al. [2015].

2.1. Velocity Increments and Structure Functions
The Kolmogorov theory of turbulence is developed in terms of velocity increments [cf., Frisch, 1995]. Let d
~u5~uð~x ;~rÞ2~uð~xÞ be the velocity increment between the pair of points~x1~r and~x . If the probability distribution
of d~u is invariant under translations, reflections, and rotations of such pairs of points, it follows that d~uð~x ;~rÞ is a
homogeneous and isotropic field (i.e., the field~uð~xÞ is locally homogeneous and locally isotropic).

In a coordinate system based on the configuration of measured points, the axis parallel to~r is denoted
by L (the longitudinal direction, but not the longitude), and the two statistically equivalent directions
normal to ~r by T (transverse direction). The distance between points along the L axis is denoted by r.
Note that the L, T notation is standard in the turbulence literature. For the conditions holding in ideal
turbulence, the first three moments of the probability distribution of velocity increments Pðduj; rÞ; j5L; T ,
are
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dUj5hduji50; (1)

Djj5hdujduji; (2)

Djjj5hdujdujduji (3)

where the angle brackets denote ensemble averages.

The second-order longitudinal structure function follows an r2=3 scaling law for both ideal 2-D turbulence
(forced at both small and large-scales) [Lindborg, 1999] and ideal 3-D turbulence:

DLLðrÞ5CLd jedj2=3r2=3 (4)

where CLd is a universal constant (CL3 � 2 and CL2 � 12) and ed is the rate of energy dissipation.

For ideal incompressible turbulence, the divergence equation yields a relation between DTT ðrÞ and DLLðrÞ,
which can be written for d-dimensional turbulence as [cf., Lindborg, 1999],

DTT ðrÞ5DLLðrÞ1
r

d21
DLLðrÞ: (5)

From equation (5), it follows that DTT has the same scaling law as DLL when the turbulence is homogeneous
and isotropic.

When DLL and DTT follow power laws, the ratio of vorticity-to-divergence varies according to whether turbu-
lence is 2-D or 3-D:

DTT

DLL
5

5
3

ð2DÞ;

4
3

ð3DÞ:

8
>><
>>:

(6)

Note also that in the case of turbulence generated by gravity waves, Lindborg [2007] shows that DTT=DLL53=5.

Kolmogorov showed that in the small-scales of ideal 3-D turbulence the cascade of energy from large to
small-scales leads to the third-order longitudinal structure function relation

DLLLðrÞ52
4
5
e3r ð3DÞ; (7)

where e3 > 0. Lindborg [1999] extended the analysis to 2-D turbulence and showed that

DLLLðrÞ5
3
2
e2r ð2DÞ (8)

with the sign of e2 indeterminate so that if e2 > 0, then DLLLðrÞ > 0 and energy transfer is upscale, but if
e2 < 0, then DLLLðrÞ < 0 and energy transfer is downscale.

The skewness of Pðduj; rÞ is defined by

SjðrÞ5
DjjjðrÞ

½DjjðrÞ�3=2
(9)

For the longitudinal component, turbulence theory predicts that

SLðrÞ5
20:3 if 3D ðdownscale energy transferÞ;
10:03 if 2D ðupscale energy transferÞ:

(
(10)

In geophysical terms, because the third-order moments measure the asymmetry in the distribution of veloc-
ity increments, the Kolmogorov-Lindborg theories make predictions about the asymmetry between conver-
gence and divergence. Regarding the third-order transverse structure function, it describes the asymmetry
between cyclonic and anticyclonic vorticity. However, at present there are no theoretical predictions for it.

2.2. Spatial Variance
Vogelzang et al. [2015] rediscovered the spatial variance—a relationship between the ensemble averaged
sample variance VjðrÞ and the second-order structure function DjjðrÞ. They derived the following
relationships:
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VjðrÞ5
1
r2

ðr

0
ðr2sÞDjjðsÞ ds (11)

DjjðrÞ5 r2
d2

dr2
14r

d
dr

12

� �
VjðrÞ (12)

VjðrÞ measures the cumulative TKE over a scale r. The energy contained in a range of scales (r1, r2) is
therefore

DVjðr1; r2Þ5Vjðr2Þ2Vjðr1Þ; (13)

which can be written as an integral from r1 to r2 of the derivative of VjðrÞ. From equation (11) it is straight-
forward to show that

d
dr

VjðrÞ5
1
r3

ðr

0
ð2s2rÞDjjðsÞ ds: (14)

This shows that dVjðrÞ=dr can be interpreted as a variance density in position space, which implies that a
peak appearing in a plot of dVjðrÞ=dr versus r can be interpreted as a preferred scale for turbulent eddies.
[see Vogelzang et al., 2016 for an illustration of the use of the variance density to diagnose and model a
noise peak in the ASCAT 6.25 km wind product.]

2.3. Relations Between Spectra, Structure Functions, and Spatial Variance
The second-order structure function DjjðrÞ and the energy spectrum EjðkÞ are related through the extended
Wiener-Khinchin formula [Frisch, 1995]:

DjjðrÞ52
ð1

0
ð12cos krÞEjðkÞ dk: (15)

Clearly, substituting the right-hand side of equation (15) for Djj in equation (12) yields a relation between
VjðrÞ and EjðkÞ.
It follows from equation (15) and the finiteness of energy, that if DjjðrÞ � rb with 0 < b < 2, then the spec-
trum follows the scaling EjðkÞ � k2b21. Thus if DjjðrÞ � r2=3 then EjðkÞ � k25=3 and if DjjðrÞ � r2 then
EjðkÞ � k23.

When Djj follows a simple power law, DjjðrÞ5Cr2p, with C a constant, substitution into equation (11) or (12)
yields

VjðrÞ5
Crp

ðp11Þðp12Þ (16)

which leads to

VjðrÞ
DjjðrÞ

5
1

ðp11Þðp12Þ (17)

so that if the exponent p5 2/3,1 or 2, then, respectively, Vj=Djj50:225, 1/6, or 1/12.

The relationship expressed in equation (17) is validated using data produced by an algorithm simulating
fractional Brownian motion in Appendix A.

3. Data and Methodology

The QuikSCAT satellite was launched by the National Aeronautics and Space Administration (NASA) into a
quasi-sun-synchronous orbit with an inclination angle of 98:62�, a period of 101 min (14.5 orbits/d), a
recurrent period of 4 days, and local equatorial crossing times at about 06:00 for the ascending pass
(South to North) and 18:00 for the descending pass (North to South). The SeaWinds scatterometer is a
rotating pencil-beam design with an 1800 km swath and operates at Ku-band at 13.4 GHz [Tsai et al.,
2000].
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3.1. Data
The QuikSCAT winds used in this study are the rain-corrected winds selected by the Direction Interval Retrieval
with Threshold Nudging algorithm provided in the QSCAT-12.5 (version 3) Level 2B product from the NASA
Jet Propulsion Laboratory (JPL). The DIRTH rain-correction algorithm estimates a rain impact for each wind
vector cell, and whenever this quantity exceeds a threshold, a rain speed correction is applied [Fore et al.,
2014]. We also use the National Center for Environmental Prediction (NCEP) global forecast winds included in
this data product. The NCEP winds are interpolated to the same latitude, longitude, and time as the QuikSCAT
wind. The data set begins in late October 1999 and ends mid-November 2009; however, we only use winds
during the ten year period 1 November 1999 through 31 October 2009. Wind vectors are presented in an
along-track/cross-track swath grid of wind vector cells (WVCs), which are square 12.5 km-by-12.5 km pixels.

We also use a gridded product from Remote Sensing Systems (RSS) to investigate the climatological mean
wind and its seasonal variability: The RSS QuikSCAT Ku-2011 Monthly Ocean Vector Winds on 0.258 grid, Ver-
sion 4 [Ricciardulli et al., 2011].

3.2. Methodology
3.2.1. Kuroshio Extension Study Area
Figure 1 shows the Kuroshio Extension and adjacent areas. The study area is defined as the area between
the two horizontal black lines drawn at 28�N and 40�N, and between longitudes 140�E and 180�E. Superim-

posed on both Figures 1a and 1b are the
climatological mean wind vectors. These
show that the study region lies between a
zone of westerly winds to its north and
easterly trade winds to its south. Between
these is a jet-like feature of convergent
wind that angles slightly northward
(Figure 1a). There is strong wind shear
(@u=@y) at the edge of both boundaries of
this jet-like feature, producing cyclonic
vorticity to the north and anticyclonic vor-
ticity to the south (Figure 1b).
3.2.2. Grid Description
The QuikSCAT data are organized into
files, where a single data file with no mea-
surement gaps gives full coverage of the
earth’s circumference (one complete
orbit). In each file, the WVCs and their
data are organized into a matrix with
3248 rows and 152 columns. Each WVC
row corresponds to a single cross-track
cut of the QuikSCAT measurement swath.
Thus the row number gives the along-
track position and the column number
gives the cross-track position.

The nominal instrument measurement
swath extends 900 km to either side of
the nadir track with no nadir gap. As an
artifact of the orbital inclination and
instrument swath width, consecutive
orbits will usually start to overlap pole-
ward of �47� latitude. Further details
can be found in the QuikSCAT documen-
tation directory at ftp://podaac.jpl.nasa.
gov/allData/quikscat/L2B12/docs.

Figure 1. The Kuroshio Extension, showing the climatological mean wind
superimposed on (top) the divergence field and (bottom) vorticity field (units:
s21) derived from the gridded RSS QuikSCAT product. Along-track samples
are selected between latitudes 28�N and 40�N (indicated by the black
horizontal lines) and between longitudes 140�E and 180�E.
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3.2.3. Wind Components
The QuikSCAT ocean wind vectors are sup-
plied as wind speed and wind direction.
These were transformed into wind compo-
nents parallel (uLa) and perpendicular (uTa) to
the satellite ground track. Note that the sub-
script a indicates that the L-axis is aligned
with the satellite ground track, where posi-
tive L̂ is in the direction of satellite motion—
see Figure 2. The L and T axes are oriented
so that the local vertical direction points
upward: ẑ5L̂3T̂ .

The transformation to components uLa and
uTa was carried out as follows: first, wind
speed (W) and wind direction (in the ocean-
ographic convention, /o) were transformed
to zonal and meridional components (u, v):

/u5p=22/o (18)

u5Wcos/u (19)

v5Wsin/u (20)

In order to transform (u, v) to cross-track and along-track components (uc, ua), the angle at which WVC rows
are inclined relative to the equatorial plane must be calculated. Using spherical trigonometry, it can be
shown that this angle is given by

a5

����arctan
1

cos/tanH

� �����; (21)

where / is the latitude and H598:62� is the QuikSCAT satellite inclination angle. (For a more accurate
method to calculate a, see Vogelzang and Verhoef [2014].) a is always positive so that the ascending pass
(satellite moving South-to-North) is inclined at angle a and the descending pass (satellite moving North-to-
South) at angle 2a. Having calculated a, a coordinate rotation yields

uc5ucos hp1vsin hp (22)

ua52usin hp1vcos hp (23)

where

hp5
a ðascending passÞ
p2a ðdescending passÞ

(
(24)

Finally, requiring ẑ to point vertically upward, the components ðuLa; uTaÞ are:

uLa5ua (25)

uTa52uc (26)

3.2.4. Sample Selection
Wind vectors with latitudes and longitudes within the study area were extracted from the
QuikSCAT data set. Only along-swath samples were used: i.e., each member of a sample had the
same cross-track WVC index. Each sample was checked to ensure wind vectors falling outside
the study area were flagged missing. Samples from both the ascending and descending passes
and from the whole swath (including the outer and nadir parts) were used to calculate structure
functions and spatial variance.

Figure 2. Definition sketch showing the along-track, cross-track coordinate
system ðâ; ĉÞ, and the coordinate system defined by the structure function
analysis: ðL̂; T̂ Þ. The (L, T) coordinate system is defined so that the local verti-
cal is positive upward: ẑ5L̂3T̂ . Velocity components in the ðL̂; T̂ Þ coordinate
system with L̂ and â aligned are denoted by uja and their increments by
duja5ujaðxL1r; xT Þ2ujaðxL; xT Þ, where j5L; T and (xL, xT) are coordinates in
this frame of reference. Positive longitudinal increments indicate divergence,
and positive transverse increments indicate cyclonic shear.
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Ku-band radar is sensitive to rain [Weissman et al., 2012]. In the tropics where winds are light and rain heavy,
the backscatter signal is heavily corrupted and hence often rejected. In midlatitudes, however, rain does
not have as strong an effect on wind quality [Booth et al., 2010]. Therefore, calculations were carried out
using both rain-free winds (rain-flagged WVCs rejected) and all-weather winds (rain-flag ignored).
3.2.5. Calculation Framework
Here we introduce a common framework for the calculation of both structure functions and spatial variances.

Consider a column of WVCs from a given data file. Denote the length of the set of contiguous WVCs with
the same WVC index and that lie within the boundaries of the study area by L5‘Dr (Dr512:5 km). Note
that L varies across the swath due to the satellite orbit inclination and shape of the study area. Further note
that possibly there will be segments from both the ascending and descending portions of the swath. The
number of samples of length r5nDr � L that can be constructed from this set equals ‘2n11. Repeat this
for every data file in the range of dates considered for an ensemble average. Denote the total number of
such samples by m and each sample by ziðrÞ; i51 . . .m. These are collected and copied into a data matrix
ZðrÞ, which has size m3ðn11Þ (a sample of length r contains n1 1 points):

ZðrÞ5

z10 z11 � � � z1j � � � z1n

� � . .
.

� . .
.

�

zi0 zi1 � � � zij � � � zin

� � . .
.

� . .
.

�

zm0 zm1 � � � zmj � � � zmn

2
66666666664

3
77777777775

(27)

Note that in calculations, sample members whose WVCs did not pass quality control or lay outside the study
region are flagged as missing.

The set of velocity increments for the ensemble are obtained by taking the difference between the first and
last columns of ZðrÞ:

fdziðrÞg5fzin2zi0g; i51; . . . ;m: (28)

Empirical probability distributions Pðdz; rÞ are then constructed from the increments, whose first moment
(mean increment at scale r) is easily calculated:

dZðrÞ5 1
m

Xm

i51

dziðrÞ: (29)

The qth-order centered structure functions are calculated using

DqðrÞ5
1
m

Xm

i51

ðdziðrÞ2dZðrÞÞq; q52; 3; . . . (30)

Next, the spatial variance at scale r is calculated as follows:

1. first, the sample mean:

�z iðrÞ5
1

n11

Xn

j50

zij; (31)

2. then the sample variance:

r2kðrÞ5
1

n11

Xn

j50

ðzij2�z iðrÞÞ2; (32)

3. and finally, the spatial variance:

VðrÞ5 1
m

Xm

i51

r2i ðrÞ: (33)

The calculation framework was applied separately to each wind component uja, j5L; T to produce the
empirical pdfs Pðduja; rÞ, the mean velocity increments dUjaðrÞ, the centered structure functions DjjaðrÞ and
DjjjaðrÞ, and the spatial variances VjaðrÞ.
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While the statistical relationships
between Djj and Vj given in section 2
are exact, due to sampling differences
and missing data they only approxi-
mately hold for the scatterometer
data: Samples with missing data have
larger uncertainty, and samples
whose initial or final component is
missing contributes to the spatial vari-
ance but not to the structure function.
Vogelzang et al. [2015] compared dif-
ferent sampling strategies and found
that rejecting samples whose initial or
final component was missing had a
minor effect on the final results. Fol-
lowing these authors, we use all sam-
ples that contain at least two points
and weight each sample by
w5ðn2MÞ=n, where n1 1 is the
number of points and M the number
of missing points in the sample.

4. Results

4.1. Velocity Increment pdfs
Figure 3 shows velocity incre-
ment probability distributions
(pdfs) Pðduja; rÞ constructed from
the entire 10 years of QuikSCAT data

for rain-free and all-weather conditions at three scales: 100 km (top), 500 km (middle) and 900 km (bottom). In
contrast to the heavy rain areas in the tropical Pacific [King et al., 2015a,2015b], rain has only a small effect on the
midlatitude pdfs. Therefore, in the remainder of this paper only the results for all-weather winds will be shown.

Figure 3 shows that the pdfs are skewed and have tails that are close to exponential (with positive and neg-
ative duja having different slopes). The skewness will be described in more detail below, but a study of the
tails, whose character and behavior yield important information about extreme events in the Kuroshio
extension ocean winds, is outside the scope of the present paper and deferred to a future work.

Figure 3 also shows velocity increment pdfs for the NCEP winds. NCEP pdfs are much narrower than the
QuikSCAT pdfs at the smallest scales, only a little narrower by 500 km, and almost the same by 900 km. The
pdfs provide a vivid demonstration of how much the NCEP forecast winds miss small-scale extreme events.

The velocity increment pdfs are not always centered at zero. That is, the first-order structure functions, dULaðrÞ
and dUTaðrÞ, slowly vary with r, as shown in Figure 4. Both dULaðrÞ and dUTaðrÞ are negative (i.e., convergent

and anticyclonic), reflecting the atmo-
spheric dynamics as well as the geo-
graphical limits of the study area (see
Figure 1).

4.2. Second-Order Statistics:
Structure Functions and Spatial
Variances
4.2.1. Mean State
In section 2, it was shown that it
should make no difference whether
the second-order structure function or
the spatial variance is used to study

Figure 3. Empirical probability distributions (left) PðduLa; rÞ and (right) PðduTa; rÞ con-
structed using all samples selected from the Kuroshio Extension study area during the
10 year period November 1999 to October 2009: rain-free winds (solid), all-weather
(dashed), and NCEP (red) at r5 (top) 100 km, (middle) 500 km, and (bottom) 900 km.

Figure 4. First-order structure functions averaged over all 10 years of the all-
weather QuikSCAT winds (units: m/s): dULa (dashed line) and dUTa (solid line).
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the distribution and scaling of TKE. But in practice, are there advantages to using one rather than the
other?

Figure 5 compares (centered) structure functions DLLa and DTTa with spatial variances VLa and VTa calculated
using all 10 years of the QuikSCAT data set. Recall that centered structure functions are calculated using adjust-
ed velocity increments: d~ujaðrÞ5dujaðrÞ2dUjaðrÞ, where dUjaðrÞ is the ensemble mean velocity increment. In
principle, the Djja and Vja power law slopes should all be the same. Figure 5a shows that while this is a good
approximation, there is a weak r-dependence. A least squares fit yields structure function slopes ð�bLa;

�bTaÞ5ð0:9;
0:8Þ6ð0:2; 0:2Þ and spatial variance slopes ð�pLa; �pTaÞ5ð0:99; 1:00Þ6ð0:08; 0:09Þ. The weak r-dependence is

identified using a three-point
sliding fit (Figure 5b). As can
be seen in Figures 5a and 5b,
a flatter slope turns to a steep-
er slope at about 50 km. The
flatter slope at scales less than
50 km is due to the noise that
remains in the wind vectors
after processing [see Fore
et al., 2014, section 3C]. From
about 100 km, the structure
function exponents decrease
monotonically from about 1.1
to about 0.5. In contrast, spa-
tial variance exponents rise to
a broad maximum (�1:1)
between 400 and 500 km,
and then slowly decrease to
about 0.8. Clearly the spatial
variance follows a power law
better than the structure func-
tion. This must be due to the

Figure 5. Second-order statistics for the 10 year ensemble of all-weather winds: (a) centered second-order structure functions DLLaðrÞ and
DTTaðrÞ and spatial variances VLaðrÞ and VTaðrÞ. (b) Scale-dependent slopes bjaðrÞ and pjaðrÞ calculated using a sliding three-point fit. The
mean slopes are ð�bLa;

�bTaÞ5ð0:9; 0:8Þ6ð0:2; 0:2Þ and (�pLa; �pTaÞ5ð0:99; 1:00Þ6ð0:08; 0:9Þ. (c) Vorticity-to-divergence ratios DTTaðrÞ=DLLaðrÞ
and VTaðrÞ=VLaðrÞ. (d) Ratio of spatial variance and second-order structure function VLaðrÞ=DLLaðrÞ and VTaðrÞ=DTTaðrÞ.

Figure 6. The mean kinetic energy density averaged over all 10 years of the QuikSCAT
all-weather winds (units: m/s2): dVLa=dr (dashed line) and dVTa=dr (solid line).
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fact that for a sample of length r consisting of n1 1 points, the spatial variance uses n data while the structure
function uses 2 (i.e., only the sample end points). Hence, as r increases, the amount of information used to calcu-
late the spatial variance as compared to the structure function grows as n=2.

The vorticity-to-divergence ratios DTTa=DLLa and VTa=VLa are compared in Figure 5c. The two ratios stay rea-
sonably close at all scales, and for r> 100 km stay between 1.45 to 1.55—midway between the values pre-
dicted by 2-D and 3-D turbulence theories (respectively, 4/3 and 5/3).

Equation (17) predicts that at sufficiently large r, the ratio V/D equals 1=ðp11Þðp12Þ. Figure 5d shows the
V/D ratios for both the longitudinal and transverse components. Since the slopes vary with r, we compare
the ratios at two scales. From Figure 5b, p � 1 at 400 km and p � 0:7 at 1000 km. This yields V/D ratios of
about 0.17 and 0.22, respectively. This is in good agreement with the V/D ratios shown in Figure 5d.

In summary, we have found that the spatial variance provides the same information as the second-order
structure function and in fact is statistically more robust. Therefore, in the remainder of this paper the spatial
variance is used to represent TKE. Furthermore, recall that Vogelzang et al. [2015] showed that the energy
contained between scales r and r1 dr is dV/dr. In other words, just as the energy spectrum is the energy den-
sity in wavenumber space, dV/dr is the energy density in position space. This means that a peak occurring in
a plot of dV/dr vs r has the same interpretation as a peak in the energy spectrum: a preferred length-scale.

The graphs of dVLa=dr and dVTa=dr
in Figure 6 show two peaks—one
near r5 0, which we attribute to the
noise discussed above [see also
Vogelzang et al., 2016], and a broad
peak between 400 and 500 km.
Interestingly, the scale at which this
peak occurs is of the same order as
expected for the Rossby deforma-
tion radius; this requires further
study.
4.2.2. Seasonal Variability
Figure 7 shows the seasonal cycles
of spatial variance V at 500 km (top)
and the spatial variance density dV/
dr (middle and bottom). V has the
same seasonal cycle as the wind
kinetic energy (Figure 8a): larger in
winter due to the stronger atmo-
spheric activity in that season [see
also Patoux and Brown, 2001].
Besides, a local minimum in mid-
winter can be clearly seen in dVLa=dr
(Figure 7b) and less so in dVTa=dr
(Figure 7c). However, the mid-winter
minimum does not appear in the
seasonal cycle of wind kinetic ener-
gy (Figure 8a). That may be due to
the seasonal variability of the wind
shear, which is considered to be the
important factor in the conversion
between kinetic energy and TKE. Fig-
ure 8b, which shows that the zonal
wind shear is larger in winter, but
moves south across 28�N and out of
the study area in November, causes
a drop in the TKE. Then in late winter

Figure 7. Seasonal variability of the spatial variance (V) and spatial variance density
(dV/dr density) over the Kuroshio Extension region: (a) VLa and VTa at 500 km (units:
m2=s2); (b) dVLa=drLa ; and (c) dVTa=dr (units: m=s2).
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the zonal wind shear migrates north
and reenters the study area; this pro-
duces a secondary maximum.

Figure 9 shows the seasonal cycle
of the spatial variance slopes pLa
and pTa and their dependence on
r. The figure shows that seasonal
variability is weak and close to 1
(corresponding to a spectral expo-
nent of 22), consistent with spec-
tral studies [Patoux and Brown,
2001; Patoux et al., 2010; Xu et al.,
2011].
4.2.3. Interannual Variability
Figure 10 shows the interannual
variability of the spatial variance
(top) and dV/dr (middle and bot-
tom). (A 13 month low-pass filter
was applied to remove the seasonal
cycle.) The interannual variability of
VLa and VTa differs. The densities
dVLa=dr and dVTa=dr are also com-
pared with the regionally averaged
wind speed and kinetic energy (fig-
ure not shown). A weak correlation
is found between the kinetic energy
and each TKE component, with

Figure 9. Seasonal variability of the spatial variance power law exponents for the
Kuroshio Extension region as a function of r: (a) pLa and (b) pTa.

Figure 8. Latitude-seasonal cycle of the (a) zonally averaged wind kinetic energy ðu21v2Þ=2 (units: m2/s2) and (b) zonal wind shear @u=@y
(units: s21) derived from the gridded RSS QuikSCAT product. The horizontal-dashed lines mark the boundary of the study region.
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correlation coefficients equal to
about 0.5, which, however, is a little
below the 95% confidence level.

Figure 11 shows the interannual
variability of the scale-dependent
slopes pLaðrÞ and pTaðrÞ. Just as for
the slopes for the mean state and
the seasonal variability, the steepest
slopes occur at about 400 km
throughout the study period. Inter-
estingly, at scales larger than
400 km the transverse slopes pTa
are highly correlated with ENSO
(Figure 12a). The correlation coeffi-
cient between pTaðrÞ at scales
between 500 and 700 km and the
El Ni~no 3.4 index exceeds 0.75 (over
99% confidence level). Time series
(normalized) of pLa and pTa between
500 and 700 km with the El Ni~no
3.4 index are shown in Figure 12b.
The figure shows that both pLa and
pTa are well-correlated with the El
Ni~no index. The better correlation is
with pTa. The strong correlation
could be due to variability in the
baroclinicity of the atmosphere. We
discuss this speculation further in
section 5.

4.3. Third-Order Statistics
The third-order structure function
measures the asymmetry in the dis-
tribution of velocity increments.
Thus if DLLLaðrÞ (or equivalently,
SLðrÞ) is negative, then convergence
dominates over divergence. In
the context of turbulence theory,
DLLLaðrÞ is central to the question of
whether energy is transferred
upscale or downscale. The theory

predicts that in the inertial range of 3-D turbulence, the third-order structure function is negative and linear
in r. Figure 13a shows that DLLLaðrÞ is negative and linear out to about 300 km, turning to a positive slope
after 700 km. Between about 50 and 300 km the slope is approximately 2331024 m2s23, an order of mag-
nitude larger than that estimated for the tropical Pacific by King et al. [2015b], but smaller than that estimat-
ed for the stratosphere by Cho and Lindborg [2001]. The theory also predicts that the skewness should be
independent of r and approximately equal to 20.3. However, Figure 13b shows that the skewness SLa is far
from constant, varying between 24 at small scales to about 20.3 or 20.4 at large scales. These results sup-
port an interpretation of downscale energy transfer for the Kuroshio Extension region, but the very large
negative values at small r indicate strong scale interaction. There is not yet a theory for this behavior. How-
ever, a similar skewness characteristic was found by King et al. [2015b]: from visual inspection of QuikSCAT
fields they associated the large negative skewness at small r with the passage of intense storms along the
axis of the Intertropical Convergence Zone. This suggests that the large negative skewness seen in our
results are due to the rapid growth of baroclinic instability over the Kuroshio extension. Indeed, several

Figure 10. Interannual variability of the kinetic energy over the Kuroshio Extension:
(a) spatial variance V at r5 500 km (units: m2/s2); spatial variance densities (b)
dVLa=dr; and (c) dVTa=dr (units: m/s2). The scale at which dV/dr is maximum is shown
by the black line in Figures 10b and 10c.
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previous studies have identified
global hot spots where explosive
cyclogenesis (associated with the
diabatic heating by invigorated
convection as wintertime frontal
systems bring cold air over the
much warmer SSTs) rapidly
increases the baroclinicity: The Kur-
oshio Current and Kuroshio Exten-
sion, the Gulf Stream, and off the
eastern coasts of South America
and Australia and New Zealand
[Black and Pezza, 2013]. Further-
more, Yoshiike and Kawamura
[2009] find evidence of the role of
the East Asian monsoon on explo-
sive cyclogenesis in the Kuroshio
regions, and Sakai and Kawamura
[2009] identify the influence of
ENSO on the East Asian monsoon.
Further work is needed to pin down
the interpretation and connection
of explosive cyclogenesis and the
very large skewness found here.

The transverse third-order structure
function has received virtually no
attention in turbulence theory [but
see Deusebio et al., 2014], and yet it

is of considerable geophysical interest as it measures the asymmetry in cyclonic/anticyclonic motion. Figure
13c shows that DTTTaðrÞ is positive and linear out to about 300 km and then turns to a constant value near
600 km. The slope at small r (calculated between 50 and 300 km) is approximately 7:531024 m2s23. The
transverse skewness STa (Figure 13d) is, like the longitudinal skewness, strongly nonlinear—large magni-
tudes at small r and then decreases to between about 1 and 0.5 at large r. The large positive transverse
skewness implies a preference for intense cyclonic motions—just as expected in a midlatitude stormy
region.

The large-positive transverse skewness is consistent with results of an observational analysis of lower strato-
sphere data and numerical simulations reported by Deusebio et al. [2014]. In contrast to our results, these
authors found an r2 dependence at small r and an approximately constant skewness. The implication is that
air-sea interaction is responsible for the difference.

Normally turbulence studies report a single value of the skewness. But this is an average. On monthly
time scales there are fluctuations as we show in Figure 14. Here monthly time series for both SLa and
STa are shown at r5 100 km. The fluctuations are large and frequent, indicating significant
intermittency.

Finally, it is interesting to compare the skewness from QuikSCAT winds with that from the NCEP
winds. Figure 15 shows a scattergram of both longitudinal and transverse skewness at 50, 100, and
500 km. Note that for the Kuroshio Extension region, SLa is always negative and therefore lies wholly
in the lower left quadrant, while STa is always positive and lies wholly in the upper right quadrant.
The figure shows that at large r QuikSCAT and NCEP longitudinal and transverse skewness are in very
good agreement, but deteriorates as r decreases. The figure also shows an asymmetry: as r increases,
the limiting value of the longitudinal skewness is closer to zero than the limiting value of the trans-
verse skewness. Further work is necessary to determine if this asymmetry has any fundamental
significance.

Figure 11. Interannual variability of the scale-dependent (a) longitudinal and (b)
transverse slope for the spatial variance over the Kuroshio Extension region.
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5. Discussion and
Conclusions

The Kuroshio Extension is thought to
be the most energetic region in the
world for both atmospheric and oce-
anic motions. The present studies
use turbulence structure functions
and spatial variance calculated using
QuikSCAT winds for the 10 year peri-
od November 1999 through October
2009 to investigate the mesoscale
(12.5–1000 km) TKE over the Kur-
oshio Extension region. Due to the
sensitivity of Ku-band radar to rain,
structure functions calculated from
all-weather and rain-free winds were
compared; the effects of rain were
found to be small and only results
for all-weather winds were reported.

Both the second-order structure func-
tion and the spatial variance provide
measures of TKE. Formally the two are
related, but the spatial variance has a
higher tolerance for missing data and
is statistically more robust at larger
scales. Both measures follow a power
law with an overall mean exponent of
about 0.95. This is larger than pre-
dicted by classical turbulence theory,

but consistent with previous scatterometer studies. The vorticity-to-divergence ratio was found to be about 1.5,
midway between the 2-D and 3-D turbulence predictions. The ratio of the spatial variance and second-order struc-
ture function was found to be about 0.19, close to the predicted value.

The turbulent kinetic energy density shows a clear seasonal and interannual variability. The temporal variability
at different scales is qualitatively the same and has a broad peak between about 400 and 500 km, which is of
the same order as the Rossby deformation radius for midlatitudes—the preferred scale for baroclinic instability
in midlatitudes.

The seasonal cycle, TKE higher in winter and lower in summer, is highly correlated with the seasonal variabil-
ity of kinetic energy. The same seasonality was reported in the studies by Patoux and Brown [2001] and Xu
et al. [2011] for their midlatitude results. Furthermore, Xu et al. [2011] report a steeper spectral slope in win-
ter and a shallower slope in summer. They attribute this to the seasonal variability of energy input at the
synoptic scale and transferred downscale. A similar seasonality was not found in our study for the spatial
variance power law exponents.

In contrast to the seasonal variability, interannual variability shows clear differences between the lon-
gitudinal and transverse components of TKE. A weak correlation was found for both components of
dV/dr and the regionally averaged kinetic energy. Finally, we found that the transverse spatial variance
slope pTa correlates very well with the El Ni~no 3.4 index on interannual time scales. This can be
explained as the result of increasing baroclinicity during El Ni~no years in the Kuroshio Extension [Zhu
and Sun, 1999]: warm SST anomalies in the equatorial Pacific during an El Ni~no year increases the
meridional SST gradient and potential energy, which in turn enhances baroclinicity in the midlati-
tudes. The increasing baroclinicity amplifies disturbances at the synoptic scale which then transfers
downscale to the mesoscale through an energy-cascading process, making the spatial variance slope
steeper.

Figure 12. (a) The correlation at each scale r between the El Ni no 3.4 index and the
spatial variance slopes pLa and pTa. The horizontal-dotted lines indicate the 95% and
99% confidence levels. (b) Interannual variability of the El Ni no 3.4 index compared
with that for the slopes, using their mean values for the range 500–700 km (the range
indicated by the vertical lines in Figure 12a).
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The present analysis has revealed significant temporal variability of TKE amplitude and power law
exponents, and a correlation with surface wind kinetic energy, wind shear and the El Ni~no 3.4
index. Some of the results still lack an explanation. Further study of the temporal variability of the
interactions of ocean wind turbulence with SST, SST fronts, and the free-tropospheric storm tracks
is needed. Furthermore, the winds over the Kuroshio Extension are mainly zonal. Therefore, a
study of the turbulent kinetic energy based on cross-track samples may reveal some additional
interesting information.

The mean third-order longitudinal structure function DLLLaðrÞ was found to be negative and linear in r for
scales out to about 300 km, turning to a positive slope after 700 km. Between about 50 and 300 km the

Figure 13. The third-order structure functions and skewness (for centered pdfs): (a) DLLLaðrÞ; (b) SLaðrÞ; (c) DTTTaðrÞ; and (d) STaðrÞ. Note that
throughout the range of scales, DLLLa and SLa are always negative, while DTTTa and STa are always positive.

Figure 14. Fluctuations of the longitudinal SLa and transverse skewness STa at r5 100 km.
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slope is approximately2331024 m2s23, an order of magnitude larger than estimated for the tropical Pacific
by King et al. [2015b], but smaller than that estimated for the stratosphere by Cho and Lindborg [2001]. The
skewness SLa is far from constant, varying between 24 at small-scales to about 20.3 or 20.4 at large-scales.
These results support an interpretation of downscale energy transfer for the Kuroshio Extension region, but
the very large negative values at small r (and the large month-to-month fluctuations) indicate strong-scale
interaction. This means that the turbulence is not classical turbulence; there is not yet a theory for this
behavior.

The transverse third-order structure function DTTTaðrÞ, which measures the asymmetry in cyclonic/anticyclonic
motion, was found to be positive and linear out to about 300 km, and then turned to a constant value near
600 km. The slope at small r (calculated between 50 and 300 km) was found to be approximately 7:531024

m2s23. The linear in r at small-scales distinguishes the surface wind third-order statistics from that found for
the lower stratosphere by [Deusebio et al., 2014]. The transverse skewness STa is, like the longitudinal skewness,
strongly nonlinear—large magnitudes at small r and then a decrease to between about 1 and 0.5 at large r.
The large positive transverse skewness implies a preference for intense cyclonic motions—just as expected
along a storm track, and its strong month-to-month fluctuations at small r indicate strong-scale interaction
and significant intermittency effects—characteristics which call out for new geophysical turbulence models.

Finally, a comparison between the monthly skewnesses calculated for QuikSCAT winds with those cal-
culated using NCEP global forecast winds was summarized in a scattergram. The scattergram of skew-
nesses provides a new diagnostic to compare observations with numerical weather prediction which
can motivate the development of new modeling to parameterize the extreme values of turbulent
events (such as occur in explosive cyclogenesis) revealed by scatterometer winds for use in weather
and climate models.

Appendix A: A Spatial Variance Validation Using Nonstationary fBM

In this appendix, we use nonstationary fractional Brownian motion (fBm) to show that equations (11) and
(12) accurately describe the relationship between spatial variance (V) and the second-order structure func-
tion (D2). An fBm algorithm is used to construct a time series with given power law characteristics: If we set
the Hurst exponent [Hurst, 1951] to H5 1/3, a nonstationary fBm time series (Figure A1a) is produced such
that the second-order structure function D2 � sp follows a p52H52=3 power law (Figure A1b). Figure A1b

Figure 15. Scatter plot comparing QuikSCAT skewness with NCEP skewness using values at 50, 100, and 500 km. For the Kuroshio
Extension region, SLa is always negative and therefore lies wholly in the lower left quadrant, while STa is always positive and lies wholly in
the upper right quadrant.
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also shows a log-log plot of the spatial variance. It is clear that the slopes of D2ðsÞ and VðsÞ are parallel.
However, the magnitude of VðsÞ is smaller. Figure A1c shows the ratio VðsÞ=D2ðsÞ decays from an initial val-
ue of 0.25 at s5 1 (as expected for samples of length 2) down to V=D251=ðp11Þðp12Þ50:225 for p5 2/3,
just as predicted by equation (17). These results demonstrate the veracity of the derived spatial variance
relationships.
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