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ABSTRACT

Tropical cyclones (TC) consist of a large range of interacting scales from hundreds of kilometers to a few
meters. The energy transportation among these different scales—that is, from smaller to larger scales (up-
scale) or vice versa (downscale)—may have profound impacts on TC energy dynamics as a result of the
associated changes in available energy sources and sinks. From multilayer tower measurements in the low-
level (<120 m) boundary layer of several landing TCs, the authors found there are two distinct regions where
the energy flux changes from upscale to downscale as a function of distance to the storm center. The boundary
between these two regions is approximately 1.5 times the radius of maximum wind. Two-dimensional tur-
bulence (upscale cascade) occurs more typically at regions close to the inner-core region of TCs, while 3D
turbulence (downscale cascade) mostly occurs at the outer-core region in the surface layer.

1. Introduction

Tropical cyclones (TC) consist of a large range of
interacting scales from hundreds of kilometers to a few
meters. A change in how energy is transferred among
these scales—that is, from smaller to larger scales (up-
scale) or vice versa (downscale)—can have profound
impacts on TC energy dynamics as a result of the
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associated changes in available energy sources and sinks.
This is because TC intensity is controlled by physical
processes with different scales that are both external and
internal to the storm (e.g., Marks and Shay 1998; Rogers
et al. 2013). The external processes are associated with
the large-scale flow surrounding the hurricane (e.g.,
Kaplan et al. 2010; Riemer et al. 2010; Tang and Emanuel
2012; Molinari et al. 2013). On the other hand, the in-
ternal processes are relatively small-scale processes (e.g.,
vortex scale, convective scale, turbulent scale) occurring
within the hurricane (e.g., Emanuel 1995; Nolan et al.
2007; Vigh and Schubert 2009; Cione et al. 2013;
Montgomery et al. 2014; Rogers et al. 2015).
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One key advance in our knowledge of tropical cyclone
dynamics is that turbulent processes in the boundary
layer are a key mechanism for the development and
maintenance of tropical cyclones (Emanuel 1986, 1991;
Emanuel et al. 1987; Bryan and Rotunno 2009; Smith
et al. 2009). However, despite these developments, dy-
namical models, which are based upon our current
knowledge, are typically outperformed by purely statis-
tical models when predicting storm intensity and rapid
intensification (RI) (Kaplan et al. 2010; Gall et al. 2013).
While there may be many causes for this, one potential
reason is that we have failed to account for a key aspect of
turbulence, that under certain flow constraints, the energy
dynamics of the entire system can fundamentally change;
that is, energy can be transferred from smaller to larger
scales (Kraichnan 1967) or vice versa (Kolmogorov
1941). Depending on which regime is active, this energy
cascade process can have profound impacts on the trop-
ical cyclone’s available energy sources and sinks. This
change in energy dynamics depends upon the di-
mensionality of turbulence, whether it is 2D (upscale
energy transfer) or 3D (downscale energy transfer).
Furthermore, typically 2D turbulence exists when the
flow is restricted via some external means to only
flow in a single plane (i.e., 3D motions are strongly
suppressed)—for example, geometric confinement (Xia
et al. 2009, 2008), vertical shear, stratification, and/or
rotation (De Verdiere 1980).

While a single, or indeed multiple constraints may be
active at any one time and lead to a 2D turbulence re-
gime, these conditions can of course be broken and the
flow can return to a 3D turbulence state where energy
once again flows downscale. A further complication is
that recently it has been shown that 2D and 3D turbu-
lence can even coexist (Smith et al. 1996; Celani et al.
2010). While laboratory and direct numerical simula-
tions have made significant advances for when these
differing constraints for 2D break down (Smith et al.
1996; Celani et al. 2010; Hopfinger et al. 1982; Xia et al.
2011; Byrne et al. 2011), such knowledge has never been
applied in the context of TCs. It is clear that tropical
cyclones offer conditions for 2D turbulence; how-
ever, when, how, and to what extent remain largely
uninvestigated.

Direct measurement of turbulent properties is very
difficult to achieve given the severe condition in TCs
(Zhang et al. 2011; Zhang and Montgomery 2012); thus,
few studies have investigated the energy cascade in the
TCs. Zhu et al. (2010, hereafter Z10) analyzed 10-m
surface wind data of several landfall hurricanes and
found that there exists 3D direct energy cascade in
tropical cyclone boundary layer (TCBL), which is sim-
ilar with the elevator-like concept model (Hunt and
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Carlotti 2001, hereafter HC01) (see Fig. 6 in Z10 and
Fig. 10 in HCO1). Byrne and Zhang (2013, hereafter
BZ13) found via aircraft in situ data collected during the
Coupled Boundary Layer Air-Sea Transfer (CBLAST)
experiment (Black et al. 2007; Zhang et al. 2008; Zhang
and Drennan 2012) that both 2D and 3D turbulence
exist in the TCBL. BZ13 also found there was a height-
dependent transition of turbulent flow regime from 3D
to 2D turbulence where the inverse energy cascade oc-
curs above ~150m while direct energy cascade occurs
below 150m above the sea surface. While these initial
investigations provide compelling evidence that there
are changes in the energy dynamics of the flow within
the TCBL, there still remain many unanswered ques-
tions. BZ13 note that, because of safety constraints, the
aircraft data used for the analysis were mainly collected
between hurricane rainbands where it is still far from the
hurricane center and under conditions of weak convec-
tion. How the turbulence energy dynamics change in the
other areas of the TCBL, where conditions for 2D could
be broken (i.e., via strong convection, especially in the
inner-core region) remains poorly understood.

Here we aim to bridge this gap. This paper investi-
gates the energy cascade process in the near-surface
layer during the landfall of three typhoons in 2010 and
analyzes the high-frequency wind data collected by a
high (~100m) offshore tower equipped with anemom-
eters at different altitudes. The tower data allow us to
explore the variability of turbulence energy cascade
process under different locations relative to the storm
center and different convective environments.

2. Data and analysis method

The data used in this study was collected by a near-
surface multilayer onshore tower located at Zhangpu
of Fujian province of China (24.04°N, 117.90°E). This
tower collected data from three landfall typhoons in
2010 [Tropical Storm Lionrock (1006), Typhoon Fanapi
(1011), and Typhoon Megi (1015)] as shown in Fig. 1.
Typhoon tracks with 6-h interval are from China Me-
teorology Administration (CMA) best track (Fig. 1).
Distances from the tower to the typhoon center are
based on China Meteorology Administration operation
track with 1-h interval and are also shown in Table 1.
The period of interest covers the whole landfall stage of
these three typhoons from 8 h before landfall to the time
of landfall. The 3D wind velocity was measured via four
WindMaster Pro three-dimensional supersonic ane-
mometers produced by British Gill at different altitudes
(56, 72, 89, and 111 m) on the tower, with wind data
sampled at 20 Hz. The radius maximum wind (RMW)
showed in Table 1 are estimated at a height of 1 km from
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FIG. 1. Tracks of Typhoons Lionrock, Fanapi, and Megi (2010). The location of the Zhangpu tower is denoted by
the asterisk just off the coast near where the three trajectories intersect. A photo of the tower is shown at the upper

right of the figure.

Xiamen radar (located at 24.05°N, 118.08°E and 185.1 m
in altitude) and based on ground-based velocity track
display (GBVTD) technique (Zhao et al. 2008).

The frozen turbulence assumption is used to con-
vert time series data to spatial variations following
BZ13, which is typically valid if the fluctuation of
wind V' is smaller than 10% of the mean wind V (here
taken as the 10-min running mean). Indeed, this
condition is satisfied with the turbulence intensity
(Frisch 1995)

)

where the angle brackets denote an ensemble average.

Figure 2 shows an example of the wind variation and
its kinetic energy spectrum computed from the con-
verted time series data to a measure of spatial variation
under the Taylor frozen turbulence assumption for
Typhoon Megi at 111 m during the landfall. During the
period (Fig. 2a), the wind speed stayed steady with an
average value of ~30ms~! and fluctuations in the
range from 25 to 35ms~!. The frequency distribution
of the turbulence intensity for this leg is shown in
Fig. 2c. It is evident for the figure that the majority
(>75%) of the data have turbulence intensity (<0.05),
which satisfies the requirement for turbulence frozen
assumption according to Eq. (1). The variation of the
wind direction of this leg also remains nearly steady
(Fig. 2d). Following this quality-control procedure, we

Fig(s). 1 live 4/C

selected 1-h data for each observation leg. That is to
say, there are 72000 observation samples for every
observation leg. There are a total of nine legs for each
observation height (56, 72, 89, and 111 m) in each ty-
phoon (Table 1). The observational legs that did not
pass the quality-control procedure are defined as data
absence and discarded in this study (e.g., —3h of
Fanapi, —2 and —3h of Lionrock, and —7h of Megi in
Table 1).

The wind spectrum shows energy distributed among a
broadband of scales from the order of 10' to 10° m
(Fig. 2b). While the spectral signal is noisy, there is
an indication that there exists an inertial range consis-
tent with a turbulent flow—that is, in agreement with
Kolmogorov—Kraichnan K scaling law (blue dotted
line)—from the 10'-m scale to 10°m. In the range from
10° to 10* m, the spectral slope steepens. At larger scale
(>10*m), the spectral slope levels off. In terms of the
dominant energy containing scales, both 2D and 3D
turbulence theory predict the same K~>? law. Thus it is
not possible to determine whether the turbulent flux is a
direct (3D) cascade or inverse (2D) energy cascade.
Note that the wind spectrum collected in other prel-
andfall period and other height of the three typhoons
showed a similar behavior as the example shown above.

To clarify the direction of the energy cascade, we
compute the two-point horizontal velocity difference
dv, = ((vy+1 —v,)") of the velocity component parallel
to L for each observation height and v, is the wind ve-
locity at the position x following BZ13. The third
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FIG. 2. Data from a typical leg for energy flux calculations. Plots
of (a) horizontal wind speed vs time before landfall, (b) kinetic
energy spectrum, (c) frequency distribution of turbulence intensity,
and (d) 1-min-averaged horizontal wind direction before landfall.

moment S3; = 81}3 gives the value and the direction of
the energy flux € across the scale L (Frisch 1995):

2

3
Therefore, the sign of S5 indicates the direction of the
energy flux, where a positive S3 (negative ) signifies an

S. /L ©)

€= 3L .
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inverse cascade and a negative S5 (positive £) a down-
ward cascade (Xia et al. 2011).

3. Results

Data analysis results for all the observation legs are
summarized in Table 1. Figures 3, 4, and 5 show the
third-order structure function (S31) as a function of
scale L for Typhoons Fanapi, Lionrock, and Megi,
respectively, at four levels. In general, S5 is a quasi-
linear function of L for all the legs, in agreement with
Eq. (2). In all three typhoons, S3; tends to change from
negative to positive values as the storm is approaching
land. When the typhoon is far from the tower (<4h
before landfall), S5; is either close to zero (e.g., Fig. 5) or
negative (e.g., Fig. 4). As the typhoon moves closer to
the tower (<4h before landfall), S3; became positive
with increasing values.

It is evident from Figs. 3-5 that the inverse cascade
(i.e., positive S5 ) occurs at all the measurement heights
in all three typhoons. However, comparing S3; at dif-
ferent heights in each typhoon, there is no apparent
transition between different heights. Plotting the energy
flux as a function of height for all the legs (Fig. 6) con-
firms that there is no height-dependent transition from
3D to 2D cascade in our analyses. This result is some-
what different from that of BZ13, who found that there
is a vertical transition of turbulent energy cascade from
3D to 2D. However, our measurements taken from a
fixed tower are all below 150 m, which is the threshold
found by BZ13 for the height-dependent transition.
Furthermore, the measurements of BZ13 were taken at
the outer-core region (>100km from the storm center)
over the open ocean. It will be shown later (cf. Fig. 11)
that when our data are grouped as a function of distance
to the storm center, most of the legs in the outer-core
region show 3D energy cascade (i.e., positive energy
flux), which is consistent with BZ13 given the mea-
surement heights are below 150 m.

It is evident from Fig. 6 that a number of legs have
values of energy flux close to zero. These legs corre-
spond to those shown in Figs. 3-5, where S5 is also close
tozero (e.g., —5h of Fanapi in Fig. 3, —7 h of Lionrock in
Fig. 4, and —6h of Megi in Fig. 5). To understand the
detail of energy flux, Figs. 7-9 show the energy flux as a
function of L for Typhoons Fanapi, Lionrock, and Megi,
respectively, for all the legs at 111-m height. It appears
that the energy flux has the same sign for the entire
range of L for most (>80%) legs. And Figs. 7-9
showed a more remarkable cascade transition from
positive energy flux (3D energy cascade) to negative
energy flux (2D energy cascade) than Figs. 3-5 when
typhoons move closer and closer. Interestingly, it is
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FIG. 3. Plot of the structure function S;;. as a function of scale in Typhoon Fanapi (2010) at
heights (a) 56, (b) 72, (c) 89, and (d) 111 m. Different types and colors of lines represent dif-

ferent hours before typhoon landfall as shown in the legend with the blue lines indicating —8,
—7, and —6 h; the black lines indicating —5, —4, and —3 h; and the red lines indicating —2, —1,
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and O h.

found in some legs in Typhoon Fanapi that turbulence
transition from positive energy flux (direct 3D turbu-
lence cascade) to negative e (inverse 2D turbulence
cascade) occurred at different scales (Fig. 7) or vice
versa. For example, in the case of —6 h of Fanapi (Fig. 7),
the smaller scales support an inverse cascade and the
larger scales a direct cascade. This maybe implies a dual
cascade with two energy sources. One for the 2D flux,
potentially coming from small-scale convective pro-
cesses or shear generation and the other direct cascade
coming from the parent vortex; that is, one cascade (2D
or 3D) does not dominate and the energy flux is still
transient in some region of TCBL.

Figure 10 shows the energy flux as a function of wind
speed averaged for each leg at 111 m. Although the

0 2 4 6 8 10 12 14 16 18 20
Scale (km)

0 2 4

6 8 10 12 14 16 18 20
Scale (km)

energy flux can be either positive or negative at a given
wind speed, the majority (>70%) of the legs with wind
speed > 20ms ™' have negative values. Vice versa, the
majority (>75%) of the legs with wind speed <20ms "
have positive values. This result indicates that 2D energy
cases tends to happen in the surface layer (=111 m) in
high wind conditions.

The energy flux is plotted as a function of radius to
the storm center normalized by the radius of maximum
wind speed (RWM) in Fig. 11. A clear separation of pos-
itive and negative values of the energy flux is seen at
r/RMW ~ 1.5. This result indicates that there is a transition
from 3D to 2D turbulent cascade depending on the loca-
tion of the storm relative to the eyewall region (i.e.,
RMW). This finding is robust for all three typhoons,

——s&| 0 2 4 6 8 10 12 14 16 18 20

Scale (km)

0 2 4 6 8 10 12 14 16 18 20
Scale (km)

FIG. 4. As in Fig. 3, but for Typhoon Lionrock (2010) and without the black line
representing —3 h.
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FIG. 5. As in Fig. 3, but for Typhoon Megi (2010).

10 12 14 16 18 20

showing that 3D direct turbulence cascade and turbulent
energy dissipation is preferred in the outer region while 2D
inverse turbulence cascade and turbulent energy accu-
mulation is dominant in the inner core. As mentioned
earlier, this result is consistent with BZ13 in that 3D
turbulence cascade is found in the outer region of TCs
below 150 m.

To verify the relative contribution of cascade trans-
portation, the production of turbulent kinetic energy
[TKE = (1/2)(u? + v'* + w'?)"?] is calculated (Table 1).
At 111 m, the computed 1-h-averaged TKE production
varies from 8.8 X 10> to 441.1 X 10> m?s ™ during the
landing stage of the three typhoons. The average energy
flux ¢ is approximately 26.2%, 41.5%, and 43.5% of the
total TKE production for Typhoon Lionrock, Fanapi,
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and Megi, respectively, as shown by Table 1. This con-
siderable portion of cascade energy flux in the total TKE
variation shows that the direct and inverse cascades are
quite important to the turbulent process.

4. Discussion and conclusions

In this study, we investigate turbulent energy cascade
processes in the near-surface layer of landfall typhoons
using anemometer measured wind data from a multi-
layer high tower with a maximum height of 111 m above
the sea surface. We found there is a horizontal transition
between 2D turbulence (negative cascade) and 3D tur-
bulence (direct cascade) for turbulent flow below 111 m
at locations near a distance of 1.5 times the RMW. With

L 'l A
-400 -300 -200 -100

L L J
0 100 200 300 400
5023

Energy Flux (10 "m?s™)

FIG. 6. Plot of energy flux (¢) as a function of height for all the legs in the three typhoons. Blue
dashed lines represent Typhoon Fanapi, black solid lines represent Typhoon Lionrock, and red
dotted lines represent Typhoon Megi. Lines with or without different symbols represent different
hours before landfall: —8 (no symbols), —7 (open circles), —6 (X symbols), —5 (short vertical

lines), —4 (filled circles), —3 (open squares),

0 (regular triangles).

Fig(s). 6,5 live 4/C

—2 (diamonds), —1 (downward triangles), and



4922

Energy Flux (1!:[‘l mzs‘aj

-50 L

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 72

—111m-08h
—&—111m-07h
=—111m-06h
=4+ -111m05h
=4 -111m0dh
O 111m02h
< 111m01h
ol 111m-00h

10°

3 4

10 10

Scale (m)

FIG. 7. Plot of the energy flux (€) as a function of scale (L) at a height of 111 m during the
landfall period of Typhoon Fanapi. Different types and colors of lines represent different hours
before typhoon landfall as shown in the legend with the blue lines indicating —8, —7, and —6 h;
the black lines indicating —5, and —4, h; and the red lines indicating —2, —1, and O h.

2D turbulence (and turbulent energy accumulation)
active in the inner core (i.e., <1.5 RMW) and 3D tur-
bulence (and turbulent energy dissipation) in the outer-
core region (i.e., >1.5 RMW).

Our results, combined with those of BZ13, potentially
provide a different perspective with which to understand
TC dynamics. Recasting the problem in terms of the
spectral energy flux, (i.e., the transfer of energy among
different scales) can be a powerful tool and may reveal
processes not considered before.

The characteristic that sets a turbulent flow apart
from a laminar or chaotic flow is the existence of the
energy cascade, such that, in the classical 3D picture,
from a defined forcing scale L energy cascades at some
constant rate 7 to the scale where it is dissipated. The case
is likely far more complicated for tropical cyclones where

there exist multiple forcing scales; however, here we
will broadly categorize them to two forcing scales. First,
large-scale forcing (L > 100 km), which arises from large-
scale temperature—pressure gradients, which because of
its relative horizontal scale compared to the depth of the
atmosphere is essentially 2D forcing. Second, there also
exists small-scale 3D forcing (~km) due to convective
processes. The question arises then as where the in-
termediate scales between get their energy and more
importantly, in such a system, how is energy dissipated?

Indeed, the first question has been addressed in tur-
bulence laboratory experiments in fluid layers, where a
large-scale vortex, whose horizontal scale was much
larger than the fluid thickness, was forced over the top
of an underlying small-scale 3D forcing. It was shown
that the large-scale vortex enforces 2D and induces an
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FIG. 8. As in Fig. 7, but for Typhoon Lionrock and without the red line representing —2 h.

Figs). 7,8 live 4/C



DECEMBER 2015

50

401

30 SN %
L:"}\\ A

TANG ET AL.

4923

——111m-08h
—s— 111m-06h

—+-111m05h
=& -111m04h
=G - 111m03h

& 111m02h

‘@ 111im01h

111m-00h

T
£
5
2 .
] '~ iGgp i it i D
o o o o paadedmT e YT E TR
6-10_ ~g g B g 8 o TG T T IR PR
5 A
= : -
(G -20"— o -
-301 gt v
. it
-40f _
-50 ¥ Y L ’
2 3 4
1o 10 10
Scale (m)

FIG. 9. Asin Fig. 7, but for Typhoon Megi and without the blue line representing —7 h and with
an additional black line representing —3 h.

upscale energy flux through the intermediate scales (Xia
et al. 2011).

This of course leads to very strong implications for
energy dissipation in the system. For tropical cyclones,
there are two dissipative mechanisms for momentum
available, which one can represent via external friction
and the other via the 3D cascade to the viscous scale.
First, the presence of external friction is a linear dissi-
pation that affects all scale sizes equally, which, in a
quasi-2D flow, is typically parameterized via Rayleigh
friction a,p = var?/2kh* with v being viscosity and /4 the
layer depth. The addition of 3D motions increases dis-
sipation in the system above its lower 2D limit and may
be represented by an “‘eddy viscosity’’ term K, where 3D
eddies more efficiently transport momentum from the
higher layers to the surface; that is, asp = (v + K)m?/2h?
(Shats et al. 2010). The quantity K is typically much

Iy
=
T

-

o

o
T

o
o
T

*
O oo *

higher if a 3D energy cascade is also supported and
energy can be dissipated at the viscous scale internally.
Therefore, as two-dimensional constraints begin to be
imposed on the system, then K begins to reduce until
one reaches the lower 2D friction limit. Of particular
interest is that the dissipation in the system determines
the largest-scale size that can be supported for a given
energy injection.

This poses the question as to whether the insights
gained from focused turbulence laboratory experiments
can be applied to tropical cyclones. In the context of the
results presented here and BZ13, we would argue that
such insights may be widely applicable. Within this
framework we propose the following. During TC gene-
sis, the large-scale parent vortex and the small convec-
tive forcing scales are disparate. After some time,
the parent vortex starts to impose two-dimensional
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constraints to the underlying 3D forcing. This begins to
reduce dissipation, which allows for energy to be from
smaller scales to larger scales and larger scales, which in
turn strengthens two dimensionalities and reduces dis-
sipation further. This cycle therefore may connect the
large-scale parent vortex with the induced upscale en-
ergy flux, essentially securing a new energy source that
should be included in the maximum potential intensity.
Alternatively, there may be some instances where the
two-dimensional constraints are not dominant and
therefore dissipation is not reduced sufficiently for en-
ergy to reach the parent vortex (i.e., 3D dominates). In
such a case, then, only the large-scale forcing can sustain
the parent vortex, or the parent vortex must shrink in
size to that determined by the dissipation in the system.
This indeed could be the reason for the differing 2D and
3D regions as a function of radius.

This picture may also offer a new explanation for the
observed reduction in sea drag. Currently, all theories to
explain the effect are related to wind-wave interaction
or controlled by bottom-up processes. Here we offer
that this may be explained via a top-down process,
where the large-scale parent vortex imposes two di-
mensionalities on the underlying flow and, by sup-
pressing the 3D turbulent flux, reduces the vertical flux
of momentum to the boundary and, as such, leads to the
reduction in sea drag (e.g., Powell et al. 2003; Black et al.
2007; French et al. 2007).

While our study is based on a single tower observation
for several TC cases, the result adds to the mounting
evidence that the large-scale parent vortex of TCs may
gain energy directly from small scales. As highlighted
above, the implications for the energy dynamics of TCs
are very important and, as such, we may need to re-
consider how we represent such effects in the turbulence

Figs). 11 live 4/C

schemes of dynamical models. This paper, combined
with BZ13, are only small steps to reach such a goal;
however, they provide the motivation for a compre-
hensive field experiment with simultaneous airborne
and ground-based instruments in the TCBL that would
be required to fully understand the turbulent transport
processes and their role on TC intensity change.
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