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Abstract A conceptual model is proposed for the characteristic sub-ranges in the velocity
and temperature spectra in the boundary layer of tropical cyclones (hurricanes or typhoons).
The model is based on observations and computation of radial and vertical profiles of the
mean flow and turbulence, and on the interpretation of eddy mechanisms determined by
shear (namely roll and streak structures near the surface), convection, rotation, blocking and
sheltering effects at the ground/sea surface and in internal shear layers. The significant sub-
ranges, as the frequency increases, are associated with larger energy containing eddies, shear
and blocking, inertial transfer between large and small scales, and intense small-scale eddies
generated near the surface caused by waves, coastal roughness change, and the buoyancy
force associated with the evaporation of spray droplets. These sub-ranges vary with the
locations at which the spectra are measured, i.e. the level z in relation to the height zmax of
the peak mean velocity and the depth h of the boundary layer, and the radius r in relation to
the eyewall radius Rew and the outer-vortex radius Rov . For two tropical cyclones (Nuri and
Hagupit), experimental data were analyzed. Spectra were measured where r is near to Rew

and Rov using four 1-h long datasets at coastal towers, at 10- and 60-m heights for tropical
cyclone Nuri, and at 60-m height for tropical cyclone Hagupit at the south China coast.
The field measurements of spectra within the boundary layer show significant sub-ranges of
self-similar energy spectra (lying between the length scale 1,000 m and the smallest scales
less than 40 m) that are consistent with the above conceptual model of the surface layer.
However, with very high wind speeds near the eyewall, the energy of the independently
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generated intense surface eddy motions, associated with surface waves and water droplets in
the airflow, greatly exceeds the energies of the small scales in the inertial sub-range of the
boundary layer, over scales less than about 3–40 m depending on the height z and the radius r .
This rise in the small-scale frequency weighted spectra (nSu(n), where n is natural frequency,
and Su(n) is the energy spectrum of the longitudinal wind component) is consistent with the
hypothesis that these processes are only weakly correlated with the main boundary-layer
turbulence.

Keywords Boundary layer · Field measurements · Tropical cyclone ·
Turbulence spectrum · Velocity profile

1 Introduction

In the boundary layer of tropical cyclones (hurricanes or typhoons), the mean and turbu-
lent wind fields have characteristic flow structures driven by buoyancy and shear that are
observed to vary significantly as the radius r increases from near the eyewall radius Rew

(i.e. r ≈ Rew ≈ 20 km) to the outer-vortex regions of radius Rov (r ≈ Rov ≈ 400 km) of
the tropical cyclone. These mean flow and turbulence structures are significant, both from a
meteorological and from a structural engineering viewpoint because they affect the overall
dynamics of tropical cyclones (Emanuel 1986; Lighthill 1998; Chan 2005; Paget 2009) and
determine the mean and fluctuating wind forces on buildings and other structures. Currently,
most estimates of these forces are similar to those computed in the neutrally stratified bound-
ary layer over flat terrain, and make use of standard relations for the wind-speed profile,
spectra and probability distributions (e.g. ESDU 2007), as was noted at the ICSU/WMO
meeting in Beijing in 1992. However, since then, many studies have shown that the structure
of turbulent boundary layers at high wind speeds can be very different from the standard
von Karman spectrum, especially in the large wavenumber range; the peak of the normal-
ized spectrum nSu(z, n)/σ 2

u either shifted to a low frequency or a high frequency range (e.g.
Kaimal and Finnigan 1994; Högström et al. 2002; Schroeder and Smith 2003; Caracoglia and
Jones 2009; Zhang 2010). The variance of wind fluctuations in tropical cyclones also exceeds
those observed in extratropical storm boundary-layer flows that are largely shear driven near
the surface. The main mechanisms are attributed to the influences of deep convection above
the surface layer and downbursts (Collier and Thome 1994), and the effects of blocking of
large eddies by variable mean shear near the ground or sea surface (Smedman et al. 2004).
Because these dynamical effects influence the eddy structure and the time scale of the eddies,
the changes in the forms of the spectra for the horizontal and vertical wind fluctuations over
different sub-ranges can either be derived by approximate theories based on rapid distortion
or surface eddy concepts, combined with the familiar Kolmogorov–Obukhov scaling laws
for the inertial sub-range (following Townsend 1976; Hunt 1984; Mann 1994; Hunt and Car-
lotti 2001). For these boundary layers, the airflow and eddying motions generate waves, and
transport droplets and salt particles into the air, which not only affects the thermodynamics,
but also the turbulence (Barenblatt et al. 2005). Because these small-scale motions are larger
than, and statistically independent of, the smallest eddies of the inertial sub-range turbulence
driven by shear and convection above the surface layer, their spectra can be simply added to
the spectra of boundary-layer turbulence (see Townsend 1976). The intensity of these surface
eddying processes is dominated by the way that salty droplets are carried upwards and many
kilometres inland where they contaminate irrigation and farmlands (Fitzroy 1863).
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Turbulence Spectra for Boundary-Layer Winds in Tropical Cyclones 245

The spatial distribution and intensity of the detailed fluid processes at different heights and
radii in tropical cyclones can be studied using robustly constructed meteorological towers on
the coasts where tropical cyclones frequently make landfall. The detailed spectra measured
on such towers enabled the effects of spray on the thermodynamics, as well as the dynamics of
turbulence in the surface regions of tropical cyclones, to be analyzed for the first time. Another
important aspect of tropical cyclones considered here is the difference in the turbulence
structure between the front sector of the whole tropical cyclone (denoted here as forward F
regions) and the rear sector of the whole tropical cyclone (denoted as backward B regions).
For example, convection and lightning are stronger in the F regions than in the B regions
(Hall et al. 1992).

New measurements of the wind profiles and turbulence spectra in tropical cyclones pre-
sented here, using recently commissioned observation towers in China, provide a closer look
at the various spectral sub-ranges and delineate features of turbulence structure that are both
similar and different to those in the lower atmosphere away from the tropical cyclone. Com-
putational models of the mean flow presented by Paget (2009) show that, near the eyewall,
the vertical profiles of the mean azimuthal velocity, U , have a local maximum value at a
height of around 40–100 m above the ocean surface. Since U also decreases with radius r
over a distance of order Rew, the mean flow structure in the lower part of the tropical cyclone
is significantly different from that of the unidirectional atmospheric boundary layer over a
flat surface. Rapid distortion theory shows how an unsteady shear flow moving over an area
of strong convection leads to a low-level jet in the mean flow, which is caused by the very
strong convective turbulence dominating the shear turbulence near the surface (Owinoh et
al. 2005).

A remarkable feature of a tropical cyclone’s flow field is the very sharp gradient of mean
flow and turbulence at the eyewall, (seen from aircraft and satellites), similar to the sharp
turbulent/non-turbulent interfaces at the edges of free shear flows and boundary layers (Hunt
et al. 2006). The sharp interface/eyewall meets the ground and the radial pressure gradient
associated with the turbulence gradient (Townsend 1976) drives an inward flow, which stim-
ulates roll structures that are aligned with the swirling flow by the combined convective and
dynamic instabilities (Foster 2005). These are also driven by other kinds of disturbance in
turbulent boundary layers, such as buoyant convection (Smedman et al. 2007).

Previous research on these roll structures has been reported by Wurman and Winslow
(1998) showing that the wind shear can cause strong periodicity with scales around 500
m or smaller (Lorsolo et al. 2008). The boundary-layer rolls also magnify the ratio of the
variation of longitudinal fluctuating velocity to friction velocity in tropical cyclones (Masters
et al. 2010; Li et al. 2012) and other flows with convective turbulence (Smedman et al.
2007).

2 Flow Mechanisms and Concepts for the Different Locations
and Scale Ranges of the Spectra

Schematic diagrams of the production processes affecting turbulence at different levels near
the eyewall (r ≈ Rew) and the outer-vortex regions (r ≈ Rov) are shown in Fig. 1a and Fig. 1b.
Boundary-layer roll structures oriented parallel to the mean velocity (in red in Fig. 1b) bring
high momentum air to the surface, which results in horizontal wind shear at scales around
500 m (Wurman and Winslow 1998). Figure 1b shows even smaller rolls (in green), with
wind shear at smaller scales (sub-rolls) resulting in quasi-periodic damage patterns. Similar
observations have been reported in Wurman and Winslow (1998).

123



246 L. Li et al.

Fig. 1 Sketches of the flow structure of a tropical cyclone: a mean flow structure and turbulence dynamics
near eyewall and outer-vortex regions; and b vortex structure in the eyewall region (H means high wind speed,
and L means low wind speed). LLJ is the low-level jet

Table 1 summarizes the characteristics of tropical cyclone turbulence dynamics and mean
flow structures at various heights according to the findings of previous studies. From this table
and studies of turbulence dynamics in the planetary boundary layer (PBL), a conceptual model
of turbulence spectra in tropical cyclone is developed below.

The different length scales of these processes largely determine the different components
of the energy spectra Eii , which have characteristic forms over wavenumber (k) or frequency
(n) (noting that k = 2πnU−1) weighted spectral sub-ranges corresponding to the relevant
physical length scales (see Fig. 2). The spectra also vary between the different layers defined
above, and between different radii in the tropical cyclones. In Fig. 2, the longitudinal spectra
E11 in the convective boundary layer (Hunt 1984) and in the surface layer of a neutral
boundary layer (Hunt and Morrison 2000) are also included to show the similarities and
differences with the spectral model in tropical cyclone wind field.
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Table 1 Characteristics of tropical cyclone turbulence dynamics at different levels

Levels Turbulence dynamics

z = Htc Top of the tropical cyclone (typically Htc ≈ 5−10 km). Turbulence is cloud-driven
convection (but mean temperature profile is slightly stable)

z = h Top of the tropical cyclone boundary layer (when r ≈ Rew, h ≈ 500−1,000 m; when
r ≈ Rov, h ≈ 1,000 m)

Note that h is smaller than the height of the planetary boundary layer because of
higher Coriolis forces and stronger mean stratification above z ≈ h

zmax < z < h In the upper layer of tropical cyclones, turbulence is driven by buoyant convection. Its
structure is in the form of isolated plumes growing upwards, with smaller plumes
feeding into them near their base irrespective of surface processes (Hunt et al. 1988;
Zilitinkevich et al. 2006). The vertically inhomogeneous and anisotropic statistical
structure for horizontal and vertical components is determined by the blocking of
eddies, either by the sea/land surface (Hunt 1984) if there is no significant shear
(outer part of tropical cyclone) or by the mean velocity gradient in the jet (near the
eyewall). At this level the length scale Lw

x ∝ σw/dU/dz (where U is the mean
azimuthal speed, z is the height, σw is the standard deviation of vertical fluctuating
wind speed) is reduced by the local mean shear and by the stable mean gradient of
the potential temperature, because typically in the stable boundary layer the

buoyancy frequency (N =
[
g(dθ̄/dz)T −1

0

]1/2
, where g is the local acceleration of

gravity, θ̄ is mean potential temperature, T0 is the ground-level temperature) can be
of the same order as dU/dz (Hunt et al. 1985)

z ≈ zmax The effects of the positive radial gradient of turbulence near the eyewall, i.e.
dσ 2

V /dr > 0, leads to a mean outward radial velocity (V > 0) near the surface in the
lower part of the boundary layer, driven by Reynolds stresses (Townsend 1976).
Note that where r ≥ Rew , since dV/dr > 0, by continuity a mean downward flow
outside and inside of the eyewall was observed. By interaction with the mean shear
dU/dz this contributes to a local increase in the swirl velocity (proportional to
−W dU/dz, where W is the mean vertical velocity). Farther from the eyewall,
however, where r ≈ h, the mean radial flow reverses and an inward mean velocity is
generated by the mean radial pressure gradient produced by the swirl. The mean
flow is also affected by the strong convective turbulence changing the vertical
gradient of the turbulent shear stress (i.e. dτ/dz > 0, where τ is the shear stress) that
amplifies the jet flow in the lower boundary layer (Owinoh et al. 2005). Thus in the
lower part of the convective layer, where z ≈ zmax , either the mean azimuthal
velocity U reaches a single maximum with peak value Umax , (where dU/dz = 0),
or a secondary maximum occurs depending on these two processes. As explained
above, in these shear regions with weak convection, roll structures are generated, as
occurs in slightly unstable boundary layers over level surfaces (Smedman et al.
2007). The existence of the maxima in the mean velocity profiles tends to separate
the eddy structures above and below the levels where there is a maximum in the
mean velocity, i.e. low-level jets (Smedman et al. 2004)

zL L J < z < zmax If this intermediate layer exists, the turbulence is largely driven by the mean wind
shear dU/dz

z = zL L J In some situations, the mean azimuthal velocity U has a local maximum at z = zL L J
associated with a low-level jet

ls < z < zLLJ In the atmospheric surface layer (ASL), except within the eyewall, the turbulence is
largely shear dominated and not significantly affected by surface processes or
roughness elements (e.g. spray layer, which may have some effects as explained
below, surface waves or surface obstacles). In this eddy surface layer there is a wide
range of eddy scales. Here top-down convective and sheared eddies, generated at or
above the level of the velocity maximum, extend down to the level z where shear
dominates their structure (Townsend 1976; Perry and Abell 1977). Their horizontal
length scales are larger than z, but the scales of the vertical fluctuations are reduced
by blocking at the surface (Hunt and Carlotti 2001; Högström et al. 2002)
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Table 1 continued

Levels Turbulence dynamics

z ≈ ls As the tropical cyclone moves over the ocean, water droplets are generated by breaking waves
and the fluctuating turbulent drag at the surface (Komori et al. 2010), which is proportional
to the friction velocity u∗. The surface-generated eddies grow in size as they move upwards
at an average velocity of order u∗, and transport the smallest droplets within them (Hunt et
al. 2007). For the droplets that break up at a height z with critical radius a′(z) the surface
tension force γ a′ (where γ is the surface tension of the droplets) is less than the drag force
breaking up the droplets by the inertial sub-range eddies determined by the dissipation rate
ε ≈ u3∗z−1, so that a′(z) ≈ (γ /ρ)3/5/ε2/5 (where ρ is the air density). By considering how

such droplets are trapped where their fall speed
(
a′g

)1/2 is of the same order as the eddy
velocity, it follows that the typical height where small-scale droplets are suspended is of order

ls ≈ u8∗/
[
g5(γ /ρ)3

]1/2
. When u∗ ≥ 0.2 m s−1, as in the eyewall region, ls is significantly

greater than the simple Charnock trajectory height αcu2∗g−1 (where αc is the Charnock’s
constant (Charnock 1955))—just as suspended dust particles rise higher than saltating particles
on a dusty surface (Nalpanis et al. 1993). As the droplets evaporate, they release heat on the
scale ls of the surface eddies and thence generate a significant buoyancy flux in the rising warm
eddies on scale lsd (Lighthill 1998; Barenblatt et al. 2005). As in the convective boundary
layer, thermal plumes develop that first grow in scale as they rise and then are distorted in the
surface shear layer. Surface-layer turbulence then transfers their energy over larger scales in the
spectrum and also to greater heights. When u∗ is smaller, and ls corresponds to the Charnock
estimate, then eddy shearing enhanced by the mean shear dominates the near-surface turbulence.
This increase in small-scale energy near the surface is analogous to that in a turbulent boundary
layer over a roughness change near a coastline, e.g. Panofsky et al. (1982)

k=2πn U -1

kE
ii

E11, E22
E33
E11 in shear BL

E11 in CBL h>>z~zmax

SR I

SR II

SR IV SR VI

SR III

SR V

Energy containing

Eddy shear structure
(anisotropic)

Inertial transfer

Quasi-independent surface eddies

Eddy shear
(quasi-isotropic)

kI k* ls
-1h -1

z-1

Fig. 2 Schematic diagram of the sub-ranges (SR) of the turbulent velocity spectra in the tropical cyclone
boundary layer. Note the quasi-independent small-scale spectra associated with intense eddy motions in the
surface layer (e.g. waves and coastal roughness change). For the sake of comparison, the longitudinal spectra
E11 (dot-dashed green line) in the convective boundary layer (Hunt 1984) and E11 (red dot line) in the surface
layer of a neutral boundary layer (Hunt and Morrison 2000) are presented. Note that k−1

I and ls are much
smaller in the outer-vortex region of the tropical cyclone

We focus on the sub-ranges of the spectra for the longitudinal and lateral components of
turbulence near the eyewall (i.e. r ≈ Rew) in the eddy surface layer where ls < z < zL L J

(This analysis is based on the measurements at 10 m, see Sect. 4.2).
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(1) In sub-range I (k < h−1), turbulent energy is produced by buoyancy and shear, and the
one-dimensional energy spectrum does not vary with k (Townsend 1976; Hunt 1984),

E11 ∝ E22 ∝ u2∗h (1)

where E11 and E22 are the longitudinal and lateral energy spectra, respectively.
(2) Sub-range II is the range (h−1 < k < z−1, or h−1 < k < z−1

LLJ if there is a local
maximum—low-level jet in the mean velocity profile) where the main mechanism is
the formation of elongated sheared eddy structures (Hunt and Carruthers 1990; Lee
et al. 1990). Scaling allows for the blocking of the eddies by the ground and, if it is
significant, by the shear of the jet (Townsend 1976; Hunt and Morrison 2000; Hunt and
Carlotti 2001). The eddies in this sub-range have a self-similar spectrum for longitudinal
and lateral components,

E11 ∝ E22 ∝ u2∗k−1 (2)

and the blocking effect reduces the vertical component,

E33 ∝ u2∗z (3)

where E33 is the vertical energy spectrum.
The streaky structure of the horizontal fluctuations in this layer is generally associated
with roll structures of longitudinal vorticity, especially with rough surface conditions,
e.g. at coastlines or over large waves (Wurman and Winslow 1998). Commonly observed
streaky tree damage patterns are consistent with these roll structures (see Fitzroy 1863).

(3) In sub-range III (z−1 < k < kI or z−1
LLJ < k < kI , where kI is the transition wavenumber

between sub-ranges III and IV), the eddy motions are quasi-homogeneous because they
are smaller than the distance, z, to the ground. They are determined by the self-similar
inertial sub-range dynamics with a net transfer of energy ε ≈ u3∗z−1 towards a further
range of smaller scales, so that

Eii ∝ (
u3∗/z

)2/3
k−5/3 (4a)

where Eii could be E11, E22 and E33 for the longitudinal, lateral and vertical compo-
nents, respectively.
The self-similarity of the eddy structure in this range as k and z vary is demonstrated by
rewriting Eq. 4a as

k Eii ∝ u2∗(kz)−2/3 (4b)

Interactions with smaller eddies with wavenumber k > kI determine the upper limit of
this sub-range.

Near the surface in the boundary layer of tropical cyclones, dynamically active and
passive near-surface processes lead to ranges of small quasi-independent eddies charac-
terized by sub-ranges IV, V and VI. The characteristic length scale of the most energetic
sub-range approximates ls .
The dynamically active surface convective motions, with root-mean-square velocity ws∗,
driven by the relative movement of the spray droplets (Elghobashi and Truesdell 1993;
Ferrante and Elghobashi 2003) and by evaporation of spray droplets (Lighthill 1998),
add extra energy at the length scale ls of the vertical profile of the droplet distribution, as
explained in Table 1. The mean drag associated with these droplet motions also induces
additional turbulence, with length scale greater than ls . The mean vertical gradient of
this turbulent layer produces an additional surface shear stress us∗. The energy of the
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independently generated near-surface fluctuations, denoted by u′2
s , is the sum of these

components given by

u′2
s = us2

∗ + ws2

∗ (5)

noting that both these components contribute to the spectra Eii .
Since the contributions of these near-surface processes increase with the square of the
mean wind speed, they are much stronger near the eyewall, and to decrease rapidly with
height above the surface z. The matching sub-ranges in this near-surface region have
different dynamics and forms.

(4) Sub-range IV (kI < k < k∗, where k∗ is the transition wavenumber between sub-
ranges IV and V) is the range between the larger scale, shear-driven inertial sub-range
spectra k < kI and the near-surface processes determined by u′2

s , which as Elghobashi
and Truesdell (1993) demonstrated lead to up-scale transport. The transition sub-range
beyond the inertial sub-range in Eq. 4b (which depends on the height z), is determined
by highly sheared eddies that are smaller than the distance to the ground or sea surface
and therefore are quasi-homogeneous and isotropic, unlike the range of sheared eddies
in sub-range II. The transition sub-range is determined by the additional surface shear
stress us∗, whence by dimensional scaling

Eii ∝ us2

∗ k−1 (6)

Note that this kind of spectrum for a sheared quasi-homogeneous turbulence was mea-
sured by Kader and Yaglom (1991), and derived theoretically for time-dependent rapid
distorted turbulence (Hanazaki and Hunt 2004).
By matching the energy transfer in the sub-ranges III and IV, it follows that the energy
of small-scale eddies is related to u∗, z and kI ,

us2

∗ = u2∗(kI z)−2/3 (7)

(5) Sub-range V (k∗ < k < l−1
s ) has contributions from the large scales related to near-

surface processes, where

Eii ∝ u′2
s ls (8)

By matching sub-ranges IV with V at k = k∗, it follows that near Rew for z < zmax ,
the transition wavenumber of the spectrum between these two sub-ranges is given by
us2

∗ k−1∗ = u′2
s ls ,

k∗ = (
us∗/u′

s

)2
l−1
s (9)

(6) Sub-range VI (l−1
s < k � η−1, where η is the Kolmogorov microscale, which is

of the order of mm as verified by hot-wire measurements in turbulent boundary-layer
field experiments, (Kaimal and Finnigan 1992) is determined by the approximately
independent near-surface eddies that are smaller than ls , so that,

Eii ∝
(

u′3
s /z

)2/3
k−5/3 (10)

Note that the quasi independence of the different eddy structures in the separate sub-
ranges partly results from the shielding by the thin shear-layer structure of the microscale
eddies (Hunt et al. 2014; Ishihara et al. 2013). For the spectra of turbulence in higher level
of the boundary layer (zL L J < z < h), the vertical structure of the airflow and temperature,
especially the spectrum of the vertical wind component, are affected significantly on scales
of order zL L J by the variation in the mean shear at zL L J and by shear and stratification at
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the top of the PBL. The characteristic sub-ranges and the relative effects are quite sensitive
to these mean gradients—as seen in the data presented in Sect. 4.2. The main change is the
absence of strong shear so that sub-range II does not exist.

In the outer regions of the tropical cyclone, where r ≈ Rov , the mean radial motions are
not significant and the turbulence dynamics in the lower layers of the tropical cyclone is
similar to that of the atmospheric boundary layer with strong convection (i.e. h/Lmo ranges
from about −10 to −1 where Lmo is the Obukhov length). In this boundary-layer region there
are strong vertical thermal plumes and weaker shearing motions (Zilitinkevich et al. 2005).

From many field studies of the spectra of convective turbulence and theoretical models
(e.g. Hunt 1984), and from considering the energy from independent small-scale surface-
layer processes (Hunt 2000), it is hypothesized that the sub-ranges of the spectra for the
outer-vortex regions (ls < z < h and r ≈ Rov) of tropical cyclones within the boundary
layer have the following forms,

(1) in sub-range I (k < h−1)
Eii ∝ w2∗h (11)

where w∗ is the friction velocity in the outer-vortex regions of tropical cyclones.
(2) in sub-range II (h−1 < k < z−1)

E11 ∝ E22 ∝ w2∗k−1 (12)

E33 ∝ (
w3∗/h

)2/3
z5/3 (13)

(3) in sub-range III (z−1 < k < l−1
s ), inertial sub-range convective eddies

Eii ∝ (
w3∗/h

)2/3
k−5/3 (14)

(4) sub-range IV, which is dominated by additional shearing associated with droplets, has a
similar form as in the eyewall region (r ≈ Rew). Note that in this sub-range the eddies
are quasi-homogeneous and isotropic, and determined by us∗.

(5) sub-ranges V and VI are not significant in the outer-vortex region where w∗ � u∗,

thus ls ≈ u8∗/
[
g5(γ /ρ)3

]1/2
decreases and the processes associated with droplets are

confined to the Charnock distance αcw
2∗g−1. Note that the low-level jet may still exist

in the outer vortex regions associated with interaction between the buoyant convection
and the mean swirl (Owinoh et al. 2005).

3 Coastal Wind Experiments on the Tropical Cyclone Boundary Layer

3.1 Observation Towers and Instrumentations

The measurements reported in this study were taken in tropical cyclone Nuri from a 60-m high
observation tower located on Delta Island on the south China coast and in tropical cyclone
Hagupit from a 100-m high observation tower located on Zhizai Island. The data are compared
with the spectral sub-ranges analyzed in the previous section. An earlier experimental study
has been conducted to establish a data-driven model for velocity spectra in tropical cyclone
winds using data obtained at Zhizai Island in tropical cyclone Hagupit (Li et al. 2012).

Delta Island is located at the entrance of the Pearl River estuary, and is fairly exposed
to flow over open waters from the northern direction, with Qingzhou Island about 2.5 km
distant. Datouzhou Island is located about 4.5 km to the south and Guishan Island and Macau
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Fig. 3 Full-scale measurement details: a track of tropical cyclones Nuri and Hagupit and the location of Delta
Island tower and Zhizai tower; b layout of instruments on Delta Island Tower; and c layout of instruments on
Zhizai Tower

city are more than 10 km to the east and west, respectively. The geographical coordinates of
the tower are 113◦42′34.5′′ E longitude and 22◦08′28.6′′ N latitude, while the base elevation
of the Delta tower is 93 m. The diameter of the island is about 2 km and the peak slope
of the terrain on the island is about 0.1. Although the form of wind spectra can change in
accelerating flows (Britter et al. 1979), in this case the flow distortion over these low hills is
small.

Figure 3a shows the exposure of the Delta Island tower and the track of tropical cyclone
Nuri. The shortest distance from the Delta Island tower to the centre of tropical cyclone
Nuri was about 34 km. Therefore, the radial position, r , of the tower is within a distance of
1.5 Rew , where Rew is the radius of the eyewall. Four levels of sensors were installed on the
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tower at elevations of 10-, 20-, 40- and 60-m. The data acquisition system measures the three
wind components at 10- and 60-m heights using sonic anemometers (WindMasterTM Pro
3D, Gill Instruments Limited) with a sampling frequency of 10 Hz. Four cup anemometers
(NRG #40C, NRG systems, Inc.) were installed at 10-, 20-, 40- and 60-m heights to collect
wind-profile data; data from the four cup anemometers (NRG #40C, NRG systems, Inc.)
include 1-h mean wind speeds and directions at each 1-h interval. The layout of instrument
locations on the Delta Island tower is shown in Fig. 3b.

Zhizai Island, where measurements in tropical cyclone Hagupit were taken, is a small
island with a length of about 120 m, width of about 50 m, and the highest location above sea
level is about 11 m. The geographical coordinates of the tower are 111◦22′47.30′′E longitude
and 21◦27′04.12′′N latitude. The shortest distance from Zhizai tower to the mainland is about
4.5 km. Dazhuzhou Island is located on the south side of Zhizai Island at a distance of 1 km.
The Zhizai location is fairly well exposed to open waters in the north-west to north-north-east
directions and the sea exposure in the east-north-east to east-south-east directions. The tower
is equipped with seven levels of sensors at 8-, 10-, 20-, 40-, 60-, 80- and 100-m heights. The
data acquisition system measured the three wind components at the 60-m height using sonic
anemometer (WindMasterTM Pro 3D, Gill Instruments Limited) with a sampling frequency
of 10 Hz. Six cup anemometers (NRG #40C, NRG systems, Inc.) were installed at 10-, 20-,
40-, 60-, 80- and 100-m heights to collect wind-profile data and three wind direction vanes
(NRG #200P, NRG systems, Inc.) were located at 10-, 60- and 100-m heights to collect
wind direction data. The outputs from the cup anemometers and vanes are the 10-min mean
wind speeds and directions recorded at 10-min intervals, respectively. A temperature sensor
(NRG #110s, NRG systems, Inc.) and a barometer (NRG BP20, NRG systems, Inc.) were
installed at 8-m height. The shortest straight line from the Zhizai Tower to the centre of
tropical cyclone Hagupit is about 8.5 km, i.e. less than the radial distance to the eyewall. The
layout of instrument locations on the Zhizai tower is shown in Fig. 3c.

3.2 The Data

The original anemometer data were pre-processed following the quality-control procedures
illustrated in Li et al. (2012). The variations of the mean velocities for tropical cyclones Nuri
and Hagupit are presented in Fig. 4a and b, where the typical structures can be observed,
i.e. very low wind speeds within the eye (with radius of about 10–20 km), peak velocities
and sharp gradients near the eyewall, and mean wind speeds decreasing in the outer-vortex
regions.

Figure 4a presents the 10-min mean wind speed and direction of tropical cyclone Nuri at
10- and 60-m heights during the period of August 22–23, 2008. The maximum mean wind
speeds were 29 and 33 m s−1 at 10- and 60-m heights, respectively. Sets of data for a 1-h
period were selected in four regions of the tropical cyclone wind field to analyze the spectral
characteristics of tropical cyclone winds in the eddy surface layer and in the surface layer.
In particular, four datasets were extracted in correspondence of the front-side outer-vortex
region (FOV), front-side eyewall region (FEW), back-side eyewall region (BEW) and back-
side outer-vortex region (BOV), as shown in Fig. 4a. Table 2 lists the wind characteristics of
the four 1-h datasets.

Figure 4b presents the 10-min mean wind speed and direction of tropical cyclone Hagupit
during the period of September 24–25, 2008 at 60-m height. In the interval between 0900
and 1120 local time (UTC +8) too many spikes were observed in the measurements, so these
datasets were discarded. The maximum mean wind speeds before and after the passage of the
tropical cyclone eye were 46 and 40 m s−1, respectively. The observed maximum 3-s gust
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Fig. 4 Time history of the 10-min mean wind speed and direction in tropical cyclones: a tropical cyclone
Nuri; and b tropical cyclone Hagupit. (FOV denotes the front-side outer-vortex region, FEW denotes the front-
side eyewall region, BEW denotes the back-side eyewall region and BOV denotes the back-side outer-vortex
region)

wind speed was 57 and 49 m s−1 before and after the passage of the tropical cyclone eye,
respectively. Analogous to what was done for tropical cyclone Nuri, sets of 1-h data were
selected in the four regions FOV, FEW, BEW and BOV, and their statistical characteristics
are also reported in Table 2.

4 Measurements and Comparisons with Theoretical Spectral Models

4.1 Mean Velocity Profiles

Figure 5a presents the mean wind-speed profiles at the Delta Island tower for the tropical
cyclone Nuri. As the cup anemometers give the 1-h mean wind speeds, the wind profiles
for the four regions (FOV, FEW, BEW and BOV) are given by the average value for two
hours of data around the selected time windows shown in Fig. 4a. The mean profiles of the
wind speeds at the Zhizai tower are presented in Fig. 5b for the tropical cyclone Hagupit. In
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Table 2 Statistical characteristics of selected data for tropical cyclones Nuri and Hagupit

Tropical
cyclone

Height
(m)

U (m s−1) u∗ (m s−1) H0 (W m−2) z/Lmo Iu Iv Iw β T (K )

Nuri

FOV 10 13 0.21 −0.01 0.10 0.15 0.11 0.06 8.73 307

60 14 0.27 −0.01 0.10 0.05 0.04 0.02 2.49 309

FEW 10 28 0.97 0.00 0.00 0.11 0.09 0.05 3.14 306

60 30 0.67 −0.05 0.11 0.07 0.05 0.04 3.26 309

BEW 10 28 0.90 −0.17 0.03 0.11 0.07 0.04 3.45 304

60 30 0.57 0.16 −0.57 0.08 0.05 0.04 4.24 307

BOV 10 16 0.46 0.01 −0.01 0.11 0.07 0.04 3.75 298

60 19 0.58 0.03 −0.09 0.07 0.05 0.03 2.16 302

Hagupit

FOV 60 21 0.45 −0.03 0.27 0.10 0.09 0.05 4.75 305

FEW 60 41 1.05 −0.04 0.03 0.13 0.10 0.05 4.87 303

BEW 60 36 0.54 −0.10 0.52 0.10 0.09 0.04 6.44 303

BOV 60 19 0.71 −0.05 0.12 0.10 0.07 0.04 2.81 302

U is the 10-min mean wind speed, u∗ is the friction velocity, H0 is the heat flux, z/Lmo is the atmospheric
stability parameter, Lmo is the Obukhov length scale, computed with local flux values. Iu , Iv and Iw are the
turbulence intensities for the longitudinal, lateral and vertical components, respectively; these are defined as
the ratio of standard deviation σ of the corresponding component to mean wind speed U ; β is the ratio of the
standard deviation σu of the longitudinal component to the friction velocity u∗; T is the mean temperature at
the corresponding height

this case, the datasets used to plot the wind-speed profiles are taken exactly within the same
time window shown in Fig. 4b, i.e. the wind profiles are obtained as the average value of six
10-min length datasets.

Figure 5 and Table 2 show that, even though the mean profiles and the turbulence structure
differ from one tropical cyclone to another, they show some common features. In both cases,
a shear layer is apparent from the 10-m height to about the 40-m height in the eyewall regions
(FEW and BEW) with a local maximum velocity at z ≈ zL L J . It should be observed that, due
to the limited number of anemometers installed along the towers, the accurate height of the
low-level jet (zL L J ) could not be precisely captured, but it was estimated in the range between
the 20- and 60-m heights in the eyewall regions. In the outer-vortex regions, the low-level
jet was less pronounced. The wind-speed profiles follow the typical logarithmic law below
zL L J and the height of this shear layer is consistent with the length scale of wind spectra in
the eyewall regions. The vertical velocity profile observed by the mini-sodar at Siu Ho Wan
in Hong Kong by the Hong Kong Observatory in tropical cyclone Nuri also exhibited strong
subsidence from 100- to 40-m heights (Wong and Chan 2010). This observation is quite
consistent with the horizontal component profile in Fig. 5a and the flow structure shown in
Fig. 1b. The formation of a jet by strengthening convection in the eyewall region as it moves
is consistent with the theoretical model of Owinoh et al. (2005).

In the outer-vortex regions (FOV and BOV) the height of the local maximum wind speed
increases, and there is no significant shear layer, especially in tropical cyclone Hagupit, which
is also reflected in the wind spectra in these regions. From the Hagupit data in Fig. 5 and
Table 2, it can be seen that the scale of energy-containing eddies (σw/dU/dz) is of the order
of about 30 m (Hunt et al. 1985).
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Fig. 5 Mean wind speed profiles at the different radial positions (defined in Fig. 4): a tropical cyclone Nuri;
and b tropical cyclone Hagupit. Note the low-level jet can be clearly seen for the regions near the eyewall
(FEW and BEW), while it is less pronounced in the outer regions (FOV and BOV)

4.2 Velocity Spectra of Tropical Cyclone Winds in the Eddy Surface Layer
and in the Surface Layer

Figure 6 shows the longitudinal wind velocity spectra in tropical cyclone Nuri at 10- and 60-m
heights, which are at a level within and above the eddy surface layer. The measured spectra
are based on 1-h long datasets in the corresponding region. The spectra are represented in
terms of the non-dimensional frequency f = nz/U (where n is the natural frequency, z is
the height, U is the mean azimuthal speed), with corresponding wavenumber k = 2π f/z
and wavelength λ = U/n. The spectra are normalized by the variance of the corresponding
components. The figure clearly shows the existence of spectral characteristic sub-ranges, and
how they change with height, radius, and between the forward and backward regions. Note
that the fact that the measurement location is 93 m above sea level can have some effect on
the estimated turbulence; these effects, however, can be considered minimal (e.g. Britter et
al. 1979). In the following, some observations are summarized.

In sub-range I the length scales exceed 3,000 m near the eyewall as a result of the elongated
shear structures (typically rolls), which can be greater than the depth of the boundary layer,
as with the PBL over flat surfaces (Högström et al. 2002).

For the eddy scales less than about 3,000 m to about 10 m (or zL L J if the low-level jet exists)
in sub-range II (at the observing level of 10 m), there is a distribution of sheared structures
that are in contact with the surface since kz < 1 (Hunt and Morrison 2000; Högström et al.
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2002). Sub-range II, however, does not exist for the observations taken at higher levels in the
surface layer, where there is no significant shear and eddy scales are < z.

Sub-range III is a ‘short’ inertial sub-range with even smaller length scales for observations
at 10-m height, since kz > 1. For observations at 60-m height, however, where kz > 1, the
inertial sub-range is wider, especially for the front-side eyewall (FEW) regions than for the
back-side eyewall (BEW) regions where the advected eddies from the eyewall region affect
the spectra. In tropical cyclone Nuri with the low-level jet in the near surface layer, sub-range
III extends from about 3,000 m down to zL L J . The very large-scale eddies are generated in
the upper-layer convection where z > h.

Sub-range IV is characterized by length scales less than the order of zL L J and is affected
by strong shear and surface processes. Note that the transition wavenumber kI is smaller,
where z is larger, as explained in Sect. 2.

Considering the sub-ranges IV and V, it should be noted that the total energy of the
independent small scales influenced by surface processes are larger for the backward (B)
facing flow regions as compared with the forward (F) facing flow regions. This is probably
due to the fact that there is more time for surface processes to influence the turbulence at the
measurement height in the case of B regions.

For the outer-vortex regions (FOV and BOV), where the surface shear at the height of
the instrument is still significant but less marked, the spectra in the characteristic ranges are
similar for sub-ranges I and II. But for the front-side outer-vortex (FOV) region, the inertial
sub-range (sub-range III) is more pronounced for the upwind spectra (as explained above) and
sub-range IV is less marked. For the back-side outer-vortex (BOV) region, the small-scale
downwind effects and surface-layer turbulence contributions are more pronounced, which
results in a less pronounced inertial sub-range.

The spectra of the fluctuating velocity components (longitudinal, lateral and vertical,
indicated as u, v and w, respectively) at a height of 60 m for the tropical cyclone Hagupit
were also analyzed (see Table 2). The spectra are normalized on the standard deviation
σu, σv, σw or σθ . The characteristic sub-ranges are compared with the conceptual model
discussed in Sect. 2 and shown in Fig. 2. As can be seen from the mean profile in Fig. 5b,
the measurement height >zL L J and is therefore in the ASL. Based on what was previously
observed, the convective turbulence gives a significant contribution to the formation of a
low-level jet. Also, a spectral description of temperature data, Sθ , is provided to illustrate
how the energy is distributed in comparison to velocity fluctuations. By observing the spectra
of fluctuating velocity components and fluctuating temperature presented in Figs. 7 and 8,
the following observations can be made.

Sub-range I, which extends over horizontal velocity and temperature scales greater than
about 500 m, shows the effects of large-scale convective turbulence in the tropical cyclone
both near the eyewall and in the outer-vortex region. Note that the greater amplitude of the
large-scale fluctuations near the eyewall are likely to be affected by the irregular shape and
random movements of the eyewall.

In sub-range II, the non-uniform shear in the ASL has only a weak effect on the longi-
tudinal and lateral velocity spectra, Su and Sv , by straining or blocking. This observation is
different from the effects on the vertical velocity and the temperature spectra. For Su and
Sv , there is no characteristic sub-range II. The weak shear (near the eyewall), however, leads
to a characteristic sub-range where frequency weighted vertical velocity spectrum nSw and
temperature spectrum nSθ are approximately constant over length scales between about 40
m ( f = nz/U ≈ 1.5) and 1,000 m ( f = nz/U ≈ 0.06). Note that the vertical velocity spec-
trum nSw and the temperature spectrum nSθ do not show the sub-range II in the outer-vortex
regions.

123



258 L. Li et al.

Fig. 6 Longitudinal wind-speed spectra for tropical cyclone Nuri (dash lines correspond to conceptual model
of Sect. 2 and Fig. 2, and the dot lines are the measured spectra): a front-side outer-vortex region (FOV);
b front-side eyewall region (FEW); c back-side outer-vortex region (BOV); and d back-side eyewall region
(BEW)

The extent of the inertial sub-range spectra (sub-range III) is limited in the eyewall region
by the shear; this occurs for larger scales in the Su and Sv spectra, and for smaller scales in
the Sw and Sθ spectra. In the outer-vortex regions, where the measurement height is in the
ASL, however, this sub-range extends from 500 m down to about 10 m. In the spectra of
the temperature fluctuations there are wider inertial sub-ranges and the eddy scales extend
from about 600 m down to 10 m in the front-side outer-vortex (FOV) sector in the airflow
approaching the tropical cyclone. This may be due to temperature difference between the
air and sea, which is greater than in the case of the well-mixed airflow in the back-side
outer-vortex (BOV) sector downwind of the tropical cyclone.

For sub-ranges IV and V within and near the eyewall (at locations defined in Fig. 5b),
Figs. 7 and 8 show that small-scale eddies with length scales less than about 40 m are generated
in the surface layer. The spectral energy (at a given wavenumber) is about 3–10 times more
intense than that in the inertial sub-range for convective or shear boundary layers. This is
associated with the transition in the eyewall layer between complex convection and sheared
eddies produced by the low-level jet. Note that the eyewall eddy motions (with spectral sub-
ranges IV and V) are quite separate from the roll structures in the eddy surface layer (which
dominate the sub-range II) observed at a height of 10-m for the tropical cyclone Nuri in
Fig. 6. The changes in eddy structures are consistent with the temperature spectrum in Fig. 8
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Fig. 7 Normalized wind-velocity component spectra vs. normalized frequency ( f = nzU−1) at the mea-
surement height of 60-m for tropical cyclone Hagupit: a longitudinal wind spectra; b lateral wind spectra; and
c vertical wind spectra. Note that the anomalous peak in the Sw spectrum is instrumental and not physical.
The conceptual model presented in Sect. 2 is also shown (green dash lines) for the sake of comparison

that shows high production of temperature fluctuations at the scales of 40 m near the eyewall,
which is in contrast with the usual shear-convection spectrum observed in the outer vortex
regions.
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Fig. 9 Time histories of 10-min mean wind speed and direction in tropical cyclone Chanchu at a measurement
height of 10 m (the 1-h long window between the vertical lines has been used for estimating the spectral
characteristics)

Measurements at other sites in different tropical cyclones corroborate these observations.
For example, Figs. 9 and 10 summarizes an additional dataset of longitudinal wind-speed
spectra estimated from measurements of fluctuating velocity components at the height of
10 m on the Red Bay tower for tropical cyclone Chanchu. The Red Bay tower is a 60-
m tall tower located on the Red Bay peninsula of Shanwei City, Guangdong, China. The
surrounding surface of the Red Bay tower is an open flat terrain. The sampling frequency of
the sonic anemometer (CSAT3, Campbell Scientific, Inc.) was 4 Hz. Figure 9 shows the time
history of the 10-min mean wind speed and direction during the period May 17–18, 2006.
A dataset with duration of 1 h and mean wind speed of 21 m s−1 was selected to analyze
the wind speed spectra, as shown in Fig. 10. In Fig. 10, the blue lines are the field measured
wind-speed spectra of each 10-min length segments in the 1-h long datasets. It can be noted
that the field measured spectra show good agreement with the conceptual model. In sub-
range I, the longitudinal spectra follow Eq. 1; the self-similarity sub-range (sub-range II) are
also present; in the sub-range III, the longitudinal spectra follow the −2/3 law in the inertial
sub-range. The longitudinal spectra also show significant energy in the high frequency range,
and the sub-ranges IV and V exhibit features similar to the conceptual model in this study.

123



Turbulence Spectra for Boundary-Layer Winds in Tropical Cyclones 261

Fig. 10 Longitudinal wind-speed spectra of the selected datasets in tropical cyclone Chanchu compared to
the conceptual model (green dash lines)

Similar spectral features were also observed when analyzing other tropical cyclone datasets
corroborating the reported observations.

5 Concluding Remarks

Recent measurements of velocity and temperature spectra and mean profiles in the inner
and outer parts of tropical cyclones (hurricanes and/or typhoons), using coastal observation
facilities, are presented here in relation to a new conceptual spectral model. This predicts
how the spectra over different length scales vary with height (z) and radius (r ) for the for-
ward/backward facing regions in a tropical cyclone. It also relates the sub-ranges in the
spectra to different physical processes that have been observed in the PBL over flat terrain,
and also in studies where different types of turbulence can interact depending on their energy
and relative length scales, e.g. Panofsky et al. (1982) and Hunt and Carlotti (2001).

Models for the various sub-ranges of the spectra are analyzed by considering detailed
processes, including upscale and downscale energy transfer, and length scales in relation to
the strong inhomogeneity of the turbulence. These models, which had been developed for
the atmospheric boundary layer in slowly varying conditions, are applied for the first time
to the structure of tropical cyclone wind spectra that change rapidly in time and space. The
results are compared with recent measurements taken over a wide frequency range, and show
a reasonable level of agreement.

There is, however, still insufficient data to test how the spectra of all three components of
wind and of temperature vary with height and radius in tropical cyclones. There should be
more detailed turbulence modelling using numerical simulations of tropical cyclones with
different intensity strengths and spatial sizes. To precisely delineate the wind-speed spectrum
in tropical cyclones, it is especially important to compute the effects of vertical shear, and
detailed air-sea interaction processes that not only determine the mean fluxes, but also the
turbulence profiles and mixing processes, with potential important practical impacts as noted
in Sect. 2.

The approximate model presented here for the wind structure and turbulence spectra
over a wide frequency/wavenumber range provides a method for using or extrapolating
measurements to calculate unsteady and inhomogeneous wind loads on structures, ships and
aircraft. They show that it is necessary to consider modifying the forms of spectra used in the
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current standard codes of practice and other guides, especially when they are applied close
to the eyewall (e.g. ESDU 2007).

Because winds in a tropical cyclone have a very different spatial structure from those
in a typical neutrally stratified boundary layer over flat terrain, standard wind tunnels are
not appropriate for simulating such airflow. A new generation of facilities capable of gen-
erating vortical flows, e.g. WindEEE laboratory (Hangan 2010) should help to improve our
understanding of tropical cyclone wind structure and to simulate realistically wind loads on
engineering structures.
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