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ABSTRACT

The effects of two environmental dynamical factors, namely, the transitional speed and vertical wind
shear, on tropical cyclone (TC) intensification, intensity, and lifetime peak intensity were analyzed based on
observations in the western North Pacific during 1981–2003. In general, both the fast translation and strong
vertical shear are negative to both TC intensification and the lifetime peak intensity. Both the very intense
TCs and the TCs with rapid intensification rate are found only to occur in a narrow range of translational
speeds between 3 and 8 m s�1, and in relatively weak vertical shear. The overwhelming majority of western
North Pacific TCs reach their lifetime peak intensity just prior to recurvature where their environmental
steering flow and vertical shear are both weak. The results show that few TCs intensified when they moved
faster than 15 m s�1, or when their large-scale environmental vertical shear is larger than 20 m s�1. The
intensification rate of TCs is found to increase with decreasing vertical shear while the majority of the
weakening storms experience relatively strong vertical shear. Overall, strong vertical shear prohibits rapid
intensification and most likely results in the weakening of TCs, similar to the fast storm translation. Based
on the statistical analysis, a new empirical maximum potential intensity (MPI) has been developed, which
includes the combined negative effect of translational speed and vertical shear as the environmental dy-
namical control in addition to the positive contribution of SST and the outflow temperature as the ther-
modynamic control. The new empirical MPI can not only provide more accurate estimation of TC maximum
intensity but also better explain the observed behavior of the TC maximum intensity and help explain the
thermodynamic and environmental dynamical controls of TC intensity. Implications of the new empirical
MPI are discussed.

1. Introduction

The intensity of a tropical cyclone (TC), measured as
the maximum sustained surface wind or minimum cen-

tral pressure, is affected at any time by an array of
complex physical processes that govern the interaction
of the TC both with the underlying ocean and with its
atmospheric environment. The lack of a deep under-
standing of the physical processes/mechanisms critical
to TC intensity is often attributed to the low skill in
current intensity forecast (Emanuel 2000). The inten-
sity of a TC can be considered as being controlled by
both dynamical and thermodynamic processes. We re-
fer to them as dynamical control and thermodynamic
control, respectively.
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a. Thermodynamic control

The sea surface temperature (SST) and the atmo-
spheric thermodynamic structure (such as the upper-
tropospheric temperature) are regarded as the thermo-
dynamic controls of TC intensity. Observational studies
have shown that SST is a significant determinant of TC
intensity. Palmén (1948) found that TCs in the North-
ern Hemisphere formed over oceans with SST higher
than 26°–27°C. Gray (1968, 1978) emphasized that the
26°C isotherm extending down to a depth of 60 m from
the surface is required for the TC to develop.

SST determines the amount of sensible and latent
heat available to the TC from the ocean and, thus, is
indicative of the potential TC intensity (Miller 1958;
Malkus and Riehl 1960). This enabled Merrill (1988) to
obtain an empirical maximum TC intensity for a given
SST. Emanuel (1986), on the other hand, derived a
theoretical upper bound of intensity, namely the maxi-
mum potential intensity (MPI) that a TC can achieve
given both the underlying SST and the atmospheric
thermodynamic environment conditions. By this
theory, a TC is regarded as an ideal Carnot heat engine
gaining energy from the disequilibrium between the at-
mospheric boundary layer and the ocean surface and
losing energy in the upper-level outflow layer. This air–
sea interaction theory of the TC intensity has been fur-
ther elaborated subsequently by Emanuel (1988, 1991,
1995). With a different approach, Holland (1997) also
described a theoretical MPI, which is solely determined
by the thermodynamic conditions of the ocean and the
atmospheric environment.

The MPI theories only take into account the positive
feedback between the TC and the underlying ocean. In
a coupled hurricane–ocean model, Bender et al. (1993)
showed that the ocean cooling due to strong turbulent
mixing provides an important negative feedback to TC
intensity. With an interactive ocean in a simple axisym-
metric TC model, Emanuel (1999) successfully simu-
lated the intensification of real TCs and indicated that
thermodynamic control plays a dominant role in most
cases. One of the caveats in Emanuel’s study was the
difficulty in simulating the development of storms em-
bedded in environmental flow with vertical shear, indi-
cating the importance of dynamical control of TC in-
tensity.

b. Dynamical control

Dynamical control of TC intensity is much more
complicated than the thermodynamic control because
of different dynamical processes involved. Based on the
nature of the dynamics, dynamical control can be di-

vided into internal dynamics and environmental dy-
namical forcing (Wang and Wu 2004). Internal dynam-
ics include the eyewall process, the interaction between
the eyewall and spiral rainbands, and the vortex Rossby
wave dynamics in the eyewall and the embedded meso-
vortices (Willoughby et al. 1982; Montgomery and Kal-
lenbach 1997; Montgomery and Enagonio 1998; Wang
2001, 2002a,b; Camp and Montgomery 2001; Wang and
Wu 2004). The environmental forcing may include the
so-called beta effect, uniform environmental flow, ver-
tical shear of horizontal wind, and interactions with an-
other TC or an upper-tropospheric trough (Gray 1968;
Merrill 1988; Wang and Holland 1995; Peng et al. 1999;
Titley and Elsberry 2000; Hanley et al. 2001).

The effect of internal dynamics on TC intensity has
been increasingly understood in the past decade or so.
Based on the barotropic vorticity dynamics argument,
Montgomery and Kallenbach (1997) and Montgomery
and Enagonio (1998) suggested that vortex Rossby
waves might contribute to TC intensification through
axisymmetrization process. This was further demon-
strated in more sophisticated dynamical frameworks by
Möller and Montgomery (1999, 2000). In a recent
study, Yang et al. (2007) show that the vortex Rossby
waves in the inner core of a TC could reduce the maxi-
mum intensity by 15%. Therefore, the internal wave
dynamics may play different roles at different stages of
a TC. Although it is not clear whether the development
of a concentric eyewall is an internal dynamical process
or involves large-scale forcing (Willoughby et al. 1982,
1984; Nong and Emanuel 2003); when developed, it is a
major process that can cause large intensity fluctuation
of a TC and may terminate the further intensification in
many cases (Camp and Montgomery 2001). Another
important process that can be regarded as internal dy-
namics is the complex interaction between the eyewall
and spiral rainbands. Wang (2002b) showed that strong
spiral rainbands could provide an asymmetric forcing to
the eyewall convection, leading to the eyewall break-
down and partial eyewall replacement, accompanied by
an intensity oscillation. In addition, cloud microphysical
processes may also be regarded as internal dynamics,
which may affect both the evolution and intensity of
TCs (Wang 2002c). Although internal dynamics play
important role in affecting TC intensity change and in
determining the final TC maximum intensity, it is still
not conclusive and needs further detailed investigation,
including observational studies.

In addition to the internal dynamics, external forcing
from large-scale environmental flow, such as the verti-
cal shear, is a key factor affecting TC intensity (Wu and
Cheng 1999; Emanuel et al. 2004; Wang and Wu 2004).
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Such external forcing is usually regarded as environ-
mental dynamical control of TC intensity (Emanuel
2000). Among different kinds of external forcing, the
vertical shear has been long known to be detrimental to
TC genesis and intensification (Gray 1968; McBride
and Zehr 1981; Merrill 1988). Zehr (1992) determined a
threshold value for vertical shear of 12.5 m s�1 above
which TCs could not form in the western North Pacific.
An early explanation of vertical shear effect is the so-
called “ventilation” effect (Gray 1968), namely, advec-
tion of warm core by flow in the upper levels relative to
the low-level TC circulation. An alternative explana-
tion of the ventilation effect is the outward eddy flux of
warm core air by the shear-induced asymmetric flow in
the upper levels, causing an up–down decrease of the
warm core and thus weakening of the TC in vertical
shear (Frank and Ritchie 2001). Although vertical
shear can inhibit TC genesis and intensification, the
well-developed, large TCs may resist relatively quite
strong vertical shear (DeMaria 1996; Wang et al. 2004;
Wong and Chan 2004). By introducing several environ-
mental effects in his simple coupled axisymmetric TC
model, Emanuel et al. (2004) recognized that the great-
est source of uncertainty in forecasts of TC intensity is
uncertainty in forecast values of the environmental ver-
tical shear.

Another issue related to the vertical shear effect is
the upper-tropospheric trough from the midlatitude. In
addition to introducing vertical shear to a TC, the up-
per-level trough also imposes a cyclonic PV anomaly
and in some cases may contribute to TC intensification
(Titley and Elsberry 2000). Hanley et al. (2001) exam-
ined 121 Atlantic TCs in an attempt to differentiate
between troughs that lead to intensification (good
trough), and those that lead to decay (bad trough).
They found that a larger and stronger upper PV
anomaly (bad trough) induces more vertical shear than
a small-scale PV anomaly (good trough), and has a
negative impact on TC intensity. Therefore, the “bad
trough” or “good trough” for TC intensity likely de-
pends on how the TC core responds to the forcing from
the upper-level PV anomaly of different scales.

Compared with the effect of vertical shear and up-
per-level troughs, the effect of uniform environmental
flow on TC intensification and intensity has received
less attention. In their numerical experiments, Peng et
al. (1999) found a reduction of the intensity for a TC
embedded in a uniform environmental flow. They
showed that the TC intensity was inversely propor-
tional to the magnitude of the wavenumber-1 asymme-
try, which in turn was forced by asymmetric friction due
to the imposed environmental flow (Shapiro 1983; Kep-
ert 2001; Kepert and Wang 2001). Peng et al. (1999)

indicated that an out-of-phase condition between the
asymmetric surface entropy flux and boundary layer
moisture convergence could explain the intensity re-
duction. Dengler and Keyser (2000) found that, in their
three-layer model, it was the penetration of stable dry
air from midlevels into the regions of boundary layer
convergence that reduced the intensity of the storm
embedded in uniform environmental flows. Recently
Wu and Braun (2004) suggested that the inhibiting ef-
fect of environmental flow is closely associated with the
resulting eddy momentum flux, which tends to deceler-
ate tangential and radial winds in both inflow and out-
flow layers. Regardless of the physical processes, these
numerical results show that uniform environmental
flow or the environmental steering effect could be a
limiting factor to TC intensification and intensity. Such
an effect has been seen from observations in the Aus-
tralian region as shown by Holland (1997) and Wang
and Wu (2004), where there was a clear trend toward
weaker TCs as the translational speed increases.

c. The objectives of this study

As discussed above, the thermodynamic control of
TC intensity has been well established. This is reflected
in both theoretical and empirical MPI of TCs (Miller
1958; Emanuel 1986; Holland 1997). The statistical
analysis of Atlantic TCs by DeMaria and Kaplan
(1994b) revealed that most storms could only reach
55% of their thermodynamic MPIs and only about 20%
reach 80% or more of their MPIs at the time when they
are most intense. Despite the fact that the current MPI
theories have proven to be very good at estimating the
MPIs of real TCs (Tonkin et al. 2000; Free et al. 2004),
they have not included any dynamical control, such as
the environmental flow and vertical shear. Since the
dynamical control could be a limiting factor to TC in-
tensity, a question arises as to whether its effect can be
studied from observations and included in the empirical
MPI estimation.

In fact, many dynamical factors affecting TC inten-
sity, such as the storm translation and vertical shear, are
considered as predictors in current operational statisti-
cal TC intensity prediction models, such as the Statis-
tical Hurricane Intensity Prediction Scheme (SHIPS;
DeMaria and Kaplan 1994a, 1999; DeMaria et al. 2005),
and the Statistical Typhoon Intensity Prediction
Scheme (STIPS; Knaff et al. 2005). However, a detailed
analysis of these predictors has been lacking. Such an
analysis will undoubtedly provide insight into the phys-
ics of dynamical control of TC intensity.

The objectives of this study are twofold: 1) we will
first undertake an analysis of the effects of translation
and vertical shear on TC intensity, respectively, from
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observations over the western North Pacific; 2) we will
then construct a new empirical MPI for TCs in the re-
gion that includes not only the thermodynamic control
of SST and outflow temperature but also the effects of
storm translation and vertical shear of the environmen-
tal flow. The latter may provide additional guidance to
the TC MPI estimation for intensity forecasts.

The next section describes the datasets. Section 3
briefly discusses control of TC intensity by SST over the
western North Pacific and constructs an empirical MPI
as a function of SST. The effect of TC translation on TC
intensity and intensity change will be analyzed in sec-
tion 4. The effect of vertical shear on TC intensity and
intensity change will be the topic of section 5. In section
6, a new empirical MPI incorporating explicitly both
the thermodynamic control and the environmental dy-
namical control will be developed based on the obser-
vations. Main conclusions will be drawn in the last sec-
tion.

2. Datasets and analysis methods

The principal parameters/fields examined in this
study include TC position and intensity, SST, vertical
shear of the large-scale environmental flow, and the
temperature near the tropopause. The analysis is re-
stricted to the period from 1981 to 2003 over the west-
ern North Pacific. This period is chosen so that all the
datasets are available to us. In addition, the best-track
TC data for the region during this period was more
consistent and reliable than pre-1981.

a. Tropical cyclone best-track data

The TC position and intensity information was ob-
tained from the Joint Typhoon Warning Center
(JTWC). The dataset is a postanalyzed product that
contains additional information not available in the op-
erational setting, allowing the best determination of
TC position and intensity, the so-called best track
(available online at http://weather.unisys.com/hurricane/
w_pacific/index.html). The data contain 6-hourly TC
latitude, longitude, and maximum sustained surface
wind for all TCs designated by JTWC as being tropical
storm strength with actual maximum surface wind
greater than 17 m s�1. To assure a homogeneous analy-
sis, only TCs over the ocean without significant effects
by landfall were included in our analysis, namely within
the region of 0°–50°N, 110°E–170°W.

b. SST

The SST data used are the Reynolds SST reanalysis
provided by the National Oceanic and Atmospheric

Administration (NOAA) Cooperative Institute for Re-
search in Environmental Sciences (CIRES) Climate Di-
agnostics Center (CDC) and can be obtained online at
http://www.cdc.noaa.gov. The Reynolds SST is a
weekly mean with a horizontal resolution of 1° lati-
tude–longitude (Reynolds et al. 2002).

c. Wind and temperature reanalysis data

The National Centers for Environmental Prediction–
National Center for Atmospheric Research (NCEP–
NCAR) reanalysis products (Kalnay et al. 1996) were

FIG. 1. (a) Scatter diagram of TC intensity (maximum surface
sustained wind in m s�1) vs SST (°C) over the western North
Pacific during 1981–2003. The intensity was corrected by subtract-
ing the storm translational speed. The empirical MPI (m s�1) as a
function of SST (°C) derived for the western North Pacific is
shown by the solid curve. The dashed curve with triangles in (a)
shows the empirical MPI for Atlantic from DeMaria and Kaplan
(1994b). (b) The maximum intensity and the 95th, 90th, and 50th
intensity percentiles for each 1°C SST group as defined in De-
Maria and Kaplan (1994).

JANUARY 2007 Z E N G E T A L . 41



utilized to estimate the vertical shear of large-scale en-
vironmental flow and the outflow temperature of a TC.
The data are available at 4 times daily and have a hori-
zontal resolution of 2.5° latitude–longitude with 17 ver-
tical levels.

d. Calculations of translational speed, vertical
shear, and outflow temperature

The translational speed of a TC was calculated using
the centered time differencing based on the observed
changes in longitude and latitude at 6-h intervals, ex-
cept for the first and the last records where one-sided
time differencing was used.

In the literature, the vertical shear of large-scale en-
vironmental flow was defined as the difference of the
area-averaged winds between 200 and 850 hPa. The
area used in the average however varied in different
studies. For example, Elsberry and Jeffries (1996) used
an area within a radius of 3° latitude, while Franklin et
al. (1993) used a radius of 6° latitude. In this study, the
vertical shear is estimated from the NCEP–NCAR re-
analysis and defined as the difference of winds between
200 and 850 hPa averaged within a circle of 5° latitude
around the TC center. This estimation may be affected
by the displacement of the TC circulation in the re-
analysis. However, since such a displacement is not sys-
tematic, it is not expected to affect our analysis signifi-
cantly.

The upper-tropospheric outflow temperature, Tout, is
estimated in this study as the temperature averaged
within a radius of 5° latitude near the tropopause. This
may result in a slightly too cold outflow temperature as
defined in Emanuel (1988, 1995) but our results show

that this is a quite reasonable estimation. As shown by
Bister and Emanuel (1998), the theoretical maximum
intensity measured by the near-surface wind speed is pro-
portional to the thermodynamic efficiency defined as

� �� SST � Tout

Tout
. �1�

We will show that the outflow temperature is highly
correlated to the underlying SST. As a result, � is de-
termined largely by SST.

3. TC intensity versus SST

To isolate the dynamical and thermodynamic con-
trols of TC intensity, we first examine the relationship
between TC intensity and SST and construct an empiri-
cal TC MPI as a function of SST over the western North

FIG. 2. (a) Scatter diagram of outflow temperature (°C) vs SST
(°C) for western North Pacific TCs during 1981–2003. (b) The
corresponding thermodynamic efficiency defined by Eq. (1).

TABLE 1. Properties of the SST groups.

SST midpoint
(°C)

No. of
observations

Avg intensity
(m s�1)

Avg top 50%
intensity (m s�1)

15.50 17 9.70 13.69
16.50 26 9.25 13.45
17.50 18 9.23 14.37
18.50 24 11.95 16.17
19.50 36 12.23 16.73
20.50 49 12.50 17.15
21.50 56 14.51 19.62
22.50 73 17.03 22.50
23.50 123 16.65 23.28
24.50 211 20.48 27.86
25.50 464 24.42 32.81
26.50 1601 29.88 40.25
27.50 3113 34.03 46.35
28.50 5126 30.20 42.13
29.50 2209 27.06 38.15
30.50 86 23.53 33.50
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Pacific. As done in DeMaria and Kaplan (1994b) and
Whitney and Hobgood (1997), the translational speed
was subtracted from the maximum sustained surface
wind of the best track for each storm. The resultant
surface wind is defined as the intensity of the TC. The
SST at a given time at the TC center is linearly inter-
polated in time from the weekly Reynolds SST and is
interpolated in space using a bicubic spline interpolation.

As seen in Fig. 1a, which shows the scatter diagram of
storm intensity versus SST, strong TCs occurred only
over high SSTs, as found in other ocean basins (De-
Maria and Kaplan 1994b; Whitney and Hobgood 1997).
A large number of weak TCs over the high SSTs rep-

resent the early stages of TC development in the Trop-
ics. This also explains the fact that most intense TCs are
not collocated with the warmest SST because of their
poleward movement after formation. A considerable
number of TCs occurred over SSTs below 25°C, indi-
cating that although TCs can only form over SST
warmer than 26°C (Gray 1968), once they develop, they
can survive over the oceans with lower SSTs. These
storms, however, were generally weak or were experi-
encing extratropical transition.

To quantify the relationship between TC intensity
and SST, we stratified the observations to each 1°C SST
group following DeMaria and Kaplan (1994a). Each

FIG. 3. Scatter diagrams of TC intensity (m s�1) vs translational speed (m s�1) from (a) the best-track intensity
and (c) that corrected by subtracting storm translational speed over the western North Pacific during 1981–2003,
and (b), (d) the corresponding maximum intensity and the 95th, 90th, and 50th intensity percentiles for each 2 m s�1

translational speed group.
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observation was assigned to the nearest midpoint SST.
Table 1 shows the properties of all 16 groups of SSTs.
There were 92% observations (i.e., 12 135 out of
13 232) that were assigned to SST categories greater
than 26°C, about 10%–16% higher than those found by
DeMaria and Kaplan (1994a,b) for the Atlantic sys-
tems. The highest average intensity of total systems or
top 50% intense systems occurred in the 27.5°C group.
Overall, there is a clear trend of increasing average TC
intensity with increasing SST until a decline occurs at
the very high SST of 27.5°C, similar to the results for
Atlantic TCs found by DeMaria and Kaplan (1994b).

The maximum intensity, the 95th, 90th, and 50th in-
tensity percentiles for each 1°C SST group exhibit an
exponential function of SST (Fig. 1b), similar to that for
Atlantic TCs shown by DeMaria and Kaplan (1994b).
Therefore, an empirical MPI as a function of SST simi-
lar to that developed by DeMaria and Kaplan (1994b)
can be constructed for the western North Pacific TCs.
Instead of using the climatological SST in DeMaria and
Kaplan (1994b), we used the Reynolds weekly SST lin-
early interpolated in time and spatially interpolated to
the TC center following the best track. The maximum
intensity (surface sustained maximum wind speed) can
be fitted as an exponential function of SST:

MPI � A � BeC�SST�T0�, �2�

where A � 15.69 m s�1, B � 98.03 m s�1, C �
0.1806°C�1, and T0 � 30.0°C. The fitted curve is given
in Fig. 1. This exponential function is the same as that
obtained by DeMaria and Kaplan (1994b) for Atlantic
TCs. However, the fitted constants A, B, and C are
different in the two basins (they are 28.2 m s�1, 55.8

m s�1, and 0.1813°C�1, respectively, for the Atlantic).
The slope for the western North Pacific is steeper than
that for Atlantic, indicating more intense TCs on the
high SST side but weaker TCs on the cold SST side over
the western North Pacific (Fig. 1a). Note that this fitted
empirical MPI not only includes the thermodynamic
effect of SST but also implicitly includes the dynamical
effects from environmental flow and vertical shear
since the latter are not independent of SST over the
region, especially north of 30°N (see the discussion in
section 6a).

The outflow temperature does not appear explicitly
in the empirical MPI equation (2). Figure 2a shows the
scatter diagram of outflow temperature versus SST.
Overall the outflow temperature and SST are nega-
tively correlated but with a relatively wide spread.
However, the thermodynamic efficiency defined in Eq.
(1) is approximately a linear function of SST (Fig. 2b).
Therefore, the empirical MPI given in (2) can be con-
sidered implicitly including both the effect of the out-
flow temperature and the dynamical control. A more
generalized MPI incorporating the outflow tempera-
ture and environmental dynamical control will be de-
veloped in section 6.

4. Effect of storm translation

a. Translational speed and TC intensity

Figure 3a shows the scatter diagram of TC intensity
without correction of storm translation against the
storm translational speed for the western North Pacific
TCs during 1981–2003. We can see an overall trend of

TABLE 2. Properties of the translational speed groups. Here and hereafter Vmax is defined as the translation-corrected intensity
of a TC.

Translational speed
midpoint (m s�1)

No. of
obs

Avg best-track
intensity (m s�1)

Avg top 50% best-track
intensity (m s�1)

Avg intensity
Vmax (m s�1)

Avg top 50%
intensity Vmax (m s�1)

1.00 1010 31.69 41.36 30.30 39.98
3.00 3501 34.47 45.86 31.36 42.78
5.00 4127 35.99 48.27 31.01 43.29
7.00 2604 36.77 49.39 29.89 42.55
9.00 1016 33.37 44.04 24.52 35.26

11.00 383 32.30 41.83 21.39 30.95
13.00 253 31.78 40.06 18.86 27.14
15.00 127 30.93 37.90 15.97 23.01
17.00 97 29.46 35.70 12.47 18.78
19.00 50 29.48 34.88 10.53 15.96
21.00 30 33.01 38.58 11.96 17.52
23.00 18 34.87 40.87 11.91 17.91
25.00 8 31.83 34.72 6.97 10.22
27.00 3 37.73 42.44 10.63 14.95
29.00 2 30.87 30.87 1.95 2.55
31.00 3 33.44 34.73 3.62 3.80
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decreasing upper-bound intensity with increasing trans-
lational speed, a feature similar to that in Australian
region (Wang and Wu 2004). Very intense TCs (with
maximum surface sustained wind speed greater than 65
m s�1) could only develop under a narrow range of
translational speeds between 3 and 8 m s�1. This im-
plies that either too fast or too slow motion seems to
prevent TCs from being too strong. Note that the less
dense dots with large translational speeds are mainly
related to the storms that recurved into the strong mid-
latitude westerly and were experiencing extratropical
transition. These features remain unchanged even after
the translational speed was subtracted from the best-
track intensity (Fig. 3c).

To quantify the general trends seen in Figs. 3a,c, we
stratified the observations based on each 2 m s�1 trans-
lational speed group (Table 2). Similar to the results
shown in Table 1 for SST, here each observation was

assigned to the nearest midpoint translational speed
group. About 93% observations (i.e., 12 258 out of
13 232) were assigned to the groups with translational
speed slower than or equal to 10 m s�1. The highest
average translation-corrected intensity of the total sys-
tems or the top 50% intense systems occurred in the 5
m s�1 translational speed group. The corresponding
maximum TC intensity and the 95th, 90th, and 50th
intensity percentiles for each 2 m s�1 translational
speed group are shown in Figs. 3b,d. Since our focus is
mainly on the possible effect of translational speed on
the maximum TC intensity, we are mostly interested in
the top 90% intense TCs. Regardless the subtraction of
the translational speed or not, the most intense TCs
(the top 90%) generally occur in a narrow range of 3–8
m s�1 and decreases with both the increase and the
decrease of the translational speed (Figs. 3b,d). Note
that the results for translational speed large than 20

FIG. 4. The U and V components (m s�1) of trans-
lation for (a) tropical storms (Cmax � 32 m s�1), (b)
minor typhoons (32 m s�1 � Cmax � 50 m s�1), and
(c) strong typhoons (Cmax � 50 m s�1) over the west-
ern North Pacific during 1981–2003, where Cmax is
the lifetime peak intensity (m s�1) of individual TCs.
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m s�1 are not representative since there are too few
samples.

The general feature discussed above can be ex-
plained based on previous theoretical and numerical
studies. If TCs are moving too slow, oceanic cooling
induced by turbulent mixing generated by surface wind
stress curl under the TC will disrupt the intensification
(Schade and Emanuel 1999; Schade 2000), while if they
move too fast the resulting asymmetric structure will
also inhibit intensification as shown by Peng et al.
(1999). In this regard, we can simply assume that the
storm translation adds a wavenumber-1 wind asymme-
try to the axially symmetric cyclone.

In view of energetic consideration (Emanuel 2000),

the contribution by the asymmetric component to the
volume-integrated entropy flux, which depends linearly
on the absolute value of the ground-relative wind, tends
to be zero if the exchange coefficient and boundary
layer entropy are quasi symmetric about the storm cen-
ter. However, the asymmetric component in the
ground-relative wind field can have a net contribution
to the volume-integrated surface frictional dissipation
rate, which varies as the cube of the ground-relative
wind. As a result, the net frictional dissipation rate im-
plies a weaker storm having a considerable movement
than that implied from the axisymmetric theoretical
MPI (Emanuel 1995, 2000).

It is also interesting to examine the storm translation

FIG. 5. Scatter diagram of (a) relative intensity (100% Vmax/MPI) and (c) lifetime relative peak intensity (100%
Cmax/MPI) against translational speed (m s�1) over the western North Pacific during 1981–2003. (Both Vmax and
Cmax in m s�1 are corrected from storm translation.) (b), (d) The corresponding maximum relative intensity and
the 95th, 90th, and 50th relative intensity percentiles for each 2 m s�1 translational speed group.
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when they reached their lifetime peak intensity. Figure
4 shows U and V components of translation for three
categories of TCs, namely, tropical storms Cmax � 32
m s�1, minor typhoons (32 m s�1 � Cmax � 50 m s�1),
and strong typhoons (Cmax � 50 m s�1), where Cmax
is the lifetime peak intensity after the subtraction of
translational speed. For all three categories, a majority
of storms reached their lifetime peak intensity in the
upper-left quadrant, indicating a northwestward mo-
tion of the storms, especially for strong typhoons (Fig.
4c), which also had relatively slow translational speed
compared to the tropical storms (Fig. 4a). Evans and
McKinley (1998) showed a similar feature in the region
and found that about 80% of the western North Pacific
TCs reach their lifetime maximum intensity prior to
recurvature. Note that there were still a considerable
number of storms that reached their peak intensity af-
ter their recurvature with north-northeastward motion
for all three categories (Fig. 4).

b. Translational speed and relative intensity

The dependence of TC intensity on translational
speed seen in Fig. 3 also includes the effect of SST since
most of the fast movers could be located in the midlati-
tudes after recurvature over cold SSTs. To partially iso-
late the effect of translational speed on TC intensity
from that of SST, we introduce the so-called relative
intensity defined as the percentage of the translation-
corrected TC intensity (Vmax) to the SST-determined
MPI (100% Vmax/MPI) and the relative lifetime peak
intensity defined as the percentage of the translation-
corrected lifetime peak intensity to the SST-determined
MPI at the time of peak intensity (100% Cmax/MPI).
Note that the translational speed has also been re-
moved already in the SST-determined MPI in (2).

Figure 5 shows the scatter diagrams of the relative
intensity (Fig. 5a) and the lifetime relative peak inten-
sity (Fig. 5c) versus translational speed, together with
the corresponding maximum, the 95th, 90th, and 50th
relative intensity and relative lifetime peak intensity
percentiles for each 2 m s�1 translational speed group
(Figs. 5b,d). The general properties of the translational
speed groups for the relative intensity and lifetime rela-
tive peak intensity are also listed in Table 2. In general,
there is a trend of increasing relative TC intensity with
decreasing translational speed except for high relative
intensity at low translational speeds (Figs. 5a,c), similar
to the results shown in Figs. 3a,c, indicating an overall
negative effect of translational speed on TC intensity.
Dots with low relative intensity and low translational
speed in Fig. 5a represent the early development stage
of TCs that are over high SSTs and thus have large
MPI.

The relationship between the lifetime relative peak
intensity and translational speed (Figs. 5c,d) displays a
similar feature to the relative intensity seen in Figs.
5a,b. Now the lifetime relative peak intensity occurs at
relatively low translational speeds, consistent with the
fact that most TCs reach their lifetime peak intensity

FIG. 6. Scatter diagrams of (a) rate in intensity change (m s�1 h�1)
and (b) rate in relative intensity change (% h�1) against storm
translational speed (m s�1), respectively, for TCs over the western
North Pacific during 1981–2003.
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just prior to recurvature where the environmental
steering flow is generally weak (Evans and McKinley
1998). Although the samples are too small to be used
accurately to assess the translational speed on the life-
time peak TC intensity (Fig. 5c), a consistent trend is
still clear. As seen from Fig. 5d, the maximum intensity,
the 95th and 90th percentiles of the lifetime relative
peak intensity for each 2 m s�1 translational speed
group, all tend to increase with the decrease in trans-
lational speed, indicating that the storm translation is
one of the limiting factors to their intensity. Note that a
lot of storms can only reach a small portion of their
MPI even at low translational speeds (Figs. 5a,c), im-

plying other factors prohibiting the TC from intensify-
ing.

c. Translational speed and intensification rate

Since the translational speed affects the TC intensity,
a natural question arises as to whether any relationship
exists between the translational speed and intensifica-
tion rate. To address this issue, we examined the rate of
intensity change versus the translational speed and
show the scatter diagram in Fig. 6a. Generally the in-
tensification rate (positive) increases with decreasing
translational speed, indicating an overall negative effect
of fast translation on TC intensification. Note that both

FIG. 7. Scatter diagrams of TC intensity (m s�1) vs vertical shear (m s�1) from (a) the best-track intensity and (c)
that corrected by subtracting storm translational speed for TCs over the western North Pacific during 1981–2003,
and (b), (d) the corresponding maximum intensity and the 95th, 90th, and 50th intensity percentiles for each 2 m s�1

vertical shear group.
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rapid intensification and weakening are rare events and
thus do not represent the majority. However, a robust
feature in Fig. 6a is the fact that few TCs intensified
when they moved with translational speeds of more
than 15 m s�1, especially for storms with maximum sus-
tained surface winds larger than 32 m s�1 (not shown).

Note that most TCs intensified before recurvature in
the tropical and subtropical oceans where the environ-
mental steering flow is relatively weak compared to the
strong westerlies in the midlatitudes after recurvature.
Therefore, the trend seen in Fig. 6a could be partially
attributed to the effect of cold SST for fast movers after
their recurvature. To possibly isolate the effect of storm
translation from the effect of SST, we examined the
rate of relative intensity (100% Vmax/MPI) change
against the translational speed (Fig. 6b). Consistent
with the results shown in Fig. 6a, the intensifying storms
have relatively low translational speed while the major-
ity of the weakening storms have relatively high trans-
lational speeds. Therefore, overall the fast translation
prohibits TC intensification.

5. Effect of vertical shear

a. Vertical shear and TC intensity

Figure 7 gives the scatter diagrams of TC intensity
without (Fig. 7a) and with (Fig. 7c) translation correc-

tion against the vertical shear and the corresponding
maximum intensity, and the 95th, 90th, and 50th inten-
sity percentiles for each 2 m s�1 vertical shear group
(Figs. 7b,d). The stratification and the general proper-
ties of the vertical shear groups for both the best-track
intensity and the translation-corrected intensity are
listed in Table 3. In both cases, there is a general trend
of increasing TC intensity with decreasing vertical
shear. Very strong TCs can survive in quite strong ver-
tical shears but very few intense TCs occur when the
vertical shear is larger than 20 m s�1. Zehr (1992) found
that TCs could not form if the vertical shear was larger
than 12.5 m s�1 over the western North Pacific. Our
results show that once TCs are strong enough they
could resist quite strong vertical shear effect, in support
of the results of Wang et al. (2004), who found that
well-developed TCs could resist unidirectional vertical
shear as large as 15–18 m s�1. Note that the 95th and
90th intensity percentiles for each 2 m s�1 vertical shear
groups (Figs. 7b,d) show a nearly linear decrease with
increasing vertical shear, indicating an overall negative
effect of vertical shear on TC intensity.

Figure 8 shows the scatter diagram of U and V shear
components for strong and weak TCs south and north
of 30°N, respectively. We can see that large vertical
shear north of 30°N mostly occurs in the upper-right
quadrant (Figs. 8c,d), indicating dominant southwest-
erly vertical shear ahead of midlatitude westerly troughs

TABLE 3. Properties of the vertical shear groups.

Vertical shear
midpoint (m s�1)

No. of
obs

Avg best-track
intensity (m s�1)

Avg top 50% best-track
intensity (m s�1)

Avg Vmax
(m s�1)

Avg top 50% Vmax
(m s�1)

1.00 707 38.10 50.88 33.09 45.97
3.00 1658 37.11 49.67 32.29 45.02
5.00 2286 36.07 48.31 31.11 43.44
7.00 2293 35.49 47.54 30.42 42.51
9.00 2007 34.19 45.45 29.12 40.55

11.00 1560 33.47 44.39 28.25 39.24
13.00 1023 33.26 44.07 27.49 38.44
15.00 612 33.80 44.36 27.47 38.40
17.00 302 31.49 40.03 24.28 33.18
19.00 233 32.52 42.78 24.51 34.71
21.00 154 32.54 41.96 22.87 32.29
23.00 104 30.62 38.83 20.30 29.27
25.00 74 30.72 37.15 18.98 25.81
27.00 54 31.39 39.25 20.08 28.74
29.00 33 27.20 32.38 13.34 18.55
31.00 29 29.62 34.98 14.80 21.56
33.00 29 29.27 32.92 14.89 19.26
35.00 13 27.30 32.70 14.42 19.85
37.00 23 26.28 29.58 10.56 14.10
39.00 7 27.93 31.51 11.97 18.45
41.00 10 25.46 28.81 10.66 16.34
43.00 10 27.01 30.87 12.22 17.06
45.00 3 26.58 28.29 10.57 11.82
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in the mid- to upper troposphere over East Asia. How-
ever, south of 30°N, there is no dominant directional
shear (Figs. 8a,b). Compared with the weak storms
(Figs. 8a,c), the strong storms correspond to weaker
vertical shear (Figs. 8b,d), indicative of an overall nega-
tive effect of vertical shear on TC intensity.

b. Vertical shear and relative intensity

As in the case for the translational speed discussed in
section 4a, the dependence of TC intensity on the ver-
tical shear also involves the effect of SST because large
vertical shear mostly occur in the midlatitudes where
SSTs are generally low. To partially isolate the vertical
shear effect from the effect of SST, we examined the
relationship between the vertical shear and the relative

intensity (100% Vmax/MPI) and lifetime relative peak
intensity (100% Cmax/MPI), respectively. The scatter
diagrams in Figs. 9a,c show a general increasing trend
of the upper bounds of both the relative intensity and
lifetime relative peak intensity as the vertical shear de-
creases. The maximum, 95th, and 90th relative intensity
and lifetime relative intensity percentiles for each 2
m s�1 vertical shear group (Figs. 9b,d) all decrease pre-
dominantly with increasing vertical shear, indicative of
an overall negative effect of vertical shear on TC inten-
sity. However, the rate of change (slope) is slower than
that seen in Figs. 7b,d, indicating the possible contribu-
tion by SST in Fig. 7 because the large vertical shears
are usually correlated with cold SSTs in the midlati-
tudes. Note that except for a few cases most storms

FIG. 8. Scatter diagrams of vertical shear components (Us vs Vs) for (a), (c) tropical storms (Vmax � 32 m s�1)
and (b), (d) typhoons (Vmax � 32 m s�1) (a), (b) south and (c), (d) north of 30°N over the western North Pacific
during 1981–2003.

50 M O N T H L Y W E A T H E R R E V I E W VOLUME 135



reach their lifetime relative peak intensity when the
vertical shear is less than 20 m s�1 (Fig. 9c). There are
still a large number of storms having weak lifetime rela-
tive peak intensities under quite weak vertical shear
conditions, indicating that vertical shear is not the only
prohibiting factor to TC intensity.

c. Vertical shear and intensification rate

It has been shown in earlier observational studies
that the vertical shear has a negative effect on TC in-
tensification (e.g., Gray 1968; Merrill 1988). Figure 10
shows the scatter diagram of the 24-h lagged intensity
change against the vertical shear. Our initial assessment
showed that the vertical shear usually has a delayed
negative effect on TC intensity (the results are similar

for 12- and 36-h lags, not shown). We can see that few
intensification cases occur when the vertical shear is
larger than 20 m s�1, consistent with the results dis-
cussed in section 6b that most TCs reach their lifetime
peak intensity with vertical shear less than 20 m s�1

(Fig. 9b). Although Zehr (1992) determined a threshold
vertical shear of 12.5 m s�1 above which no TCs could
form, the results in Fig. 10 demonstrate that a large
portion of TCs can intensify even with vertical shear
larger than 12.5 m s�1. In general, however, the upper
bound of intensification rate decreases with increasing
vertical shear, especially for storms with intensity far
from their MPI and having potential to intensify (not
shown). Note that the rapid weakening storms are not
necessarily related to the very strong vertical shear

FIG. 9. Scatter diagrams of (a) relative intensity (100% Vmax/MPI) and (c) lifetime relative peak intensity (100%
Cmax/MPI) against vertical wind shear (m s�1), respectively, for TCs over the western North Pacific during
1981–2003 and (b), (d) the corresponding maximum relative intensity and the 95th, 90th, and 50th relative intensity
percentiles for each 2 m s�1 vertical shear group.
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(Fig. 10a), indicating that factors other than the vertical
shear are also responsible for the rapid weakening of
TCs.

The results shown in Fig. 10a could be partially at-
tributed to the cold SST effect. To possibly isolate the

SST effect, we examined the relationship between ver-
tical shear and the relative intensity (100% Vmax/MPI)
change (Fig. 10b). Consistent with the results shown in
Fig. 10a, the intensification rate increases with decreas-
ing vertical shear while the majority of the weakening
storms experience relatively strong vertical shears.
Therefore, overall strong vertical shear prohibits rapid
intensification and most likely results in TC weakening,
which is consistent with previous studies.

6. Dynamical control of TC MPI

a. The combined effect of translation and vertical
shear

In sections 4 and 5, we have discussed the effects of
translation and vertical shear, separately, on TC inten-
sity. Since both the vertical wind shear and translational
speed have negative effects on TC intensity, their com-
bined effect can be evaluated by TC intensity or rela-
tive intensity (100% Vmax/MPI) and TC lifetime peak
intensity or lifetime peak relative intensity (100%
Cmax/MPI) against certain measure of the magnitude
of vertical shear and translation. After intensive sub-
jective tests, we find that the following definition is a
good candidate:

UST � �0.6V shear
2 � �Vtrans � 5�2, �3�

where Vshear and Vtrans are vertical shear and transla-
tional speed, respectively. Note that a constant 5 m s�1

is subtracted from the translational speed to take into
account the negative effect of ocean mixing for slow-
moving TCs (see Figs. 3 and 5). The constant 0.6 for the
square of vertical shear reflects the slightly smaller
slope of the top intensity percentiles for each vertical
shear group shown in Figs. 7 and 9 than that for trans-
lational speed shown in Figs. 3 and 5.

Figure 11 gives the scatter diagrams of TC intensity
(Fig. 11a) and lifetime peak intensity (Fig. 11c) against
UST defined in (3), and the corresponding maximum
intensity, and the 95th, 90th, and 50th intensity percen-
tiles for each 3 m s�1 UST group (Figs. 11b,d), respec-
tively. The stratification and the general properties of
the UST groups for TC intensity (Vmax) and lifetime
peak intensity (Cmax) are given in Tables 4 and 5, re-
spectively. We see that both the average (lifetime peak)
intensity and the average top 50% (lifetime peak) in-
tensity, and the top intensity percentiles of both the
intensity and lifetime peak intensity for each UST group
increase as the combined magnitude UST of vertical
shear and translation decreases, consistent with the in-
dividual effects from translational speed (Fig. 3) and
vertical shear (Fig. 7), respectively. Similar features can

FIG. 10. Scatter diagrams of (a) rate in intensity change (m s�1 h�1)
and (b) rate in relative intensity change (% h�1) against vertical
wind shear (m s�1), respectively, for TCs over the western North
Pacific during 1981–2003. Note that both intensity and intensity
change are 24-h lagged relative to the vertical shear.
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be found for the relative intensity (100% Vmax/MPI)
and the lifetime relative peak intensity (100% Cmax/
MPI) as shown in Fig. 12 and listed in Tables 4 and 5.
These results further demonstrate that it is feasible to
add one more dimension to the upper limit of possible
TC MPI by introducing the combined negative effect of
vertical shear and translational speed.

b. A new empirical MPI incorporating
environmental dynamical control

Based on the above results, we can construct a new
empirical MPI incorporating the environmental dy-
namical control, namely, the combined effect of vertical
shear and translation. Since the dynamical control is

negative to the TC maximum intensity, we can intro-
duce an attenuation factor 	 defined as

� � 1��1 � sin�UST �U0�, �4�

where U0 is taken to be 45 m s�1 and used to normalize
the combined measure of the magnitude of vertical
shear and translation. Parameter 	 represents a nondi-
mensional attenuation factor due to the combined
negative effect of translation and vertical shear. Note
that a latitude factor, sin
, is introduced to take into
account the possible effect of large-scale atmospheric
conditions, such as the lowering of tropopause and the
increasing inertial stability to resist the radial inflow
with latitude. As a result, storms moving away from the

FIG. 11. Scatter diagrams of (a) intensity (Vmax) and (c) lifetime peak intensity (Cmax) against the combined
effect of storm translation and environmental vertical shear (m s�1) over the western North Pacific during 1981–
2003, together with (b), (d) the corresponding 95th, 90th, and 50th intensity percentiles for each 3 m s�1 combined
shear and translational speed group.
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Tropics would be subject to larger negative effect from
either translation, or vertical shear, or both.

We define an effective SST (SSTeff) as

SSTeff � �SST. �5�

It reads that the positive role of SST in determining the
TC MPI is attenuated by the combined negative effect
of translational speed and vertical shear. In addition, to
maximize the use of information and to extend the ap-
plicability of the new empirical MPI, we incorporate
the thermodynamic efficiency defined in (1). Figure 13a
shows the scatter diagram of the TC intensity divided
by the thermodynamic efficiency against the effective
SST (SSTeff) from observations. Based on Fig. 13a, an
exponential function similar to SST-determined MPI
given in Eq. (2) can be obtained by fitting the observed
maximum TC intensity and the effective SST and the
thermodynamic efficiency (see curve in Fig. 13a):

MPInew � ��A� � B�eC ��SSTeff � T0� �, �6�

where A � �63.85 m s�1, B � 206.35 m s�1, C �
0.0516°C�1, and T0 � 30.0°C. The thermodynamic ef-

ficiency is included to make the new MPI applicable to
more general thermodynamic conditions, such as other
ocean basins or future climate (Henderson-Sellers et al.
1998).

To identify the direct effect of dynamical control on
TC MPI, we accordingly modify the original SST-
determined MPI given in (2) to include the effect of
thermodynamic efficiency:

MPIM � ��A� � B�eC ��SSTeff � T0� �, �7�

where A� � 0.87 m s�1, B� � 140.35 m s�1, C � �
0.1206°C�1, and T0 � 30.0°C. Note that we use the
superscript “M” to represent the MPI with the modifi-
cation to include the effect of thermodynamic efficiency
(or the outflow temperature). Although (7) represents
the empirical MPI as the same as the SST-determined
one given in (2), the modified MPI in (7) includes the
effect of thermodynamic efficiency explicitly and thus
can be used to measure the dynamical control on the
TC MPI if it is compared with the new MPI given in (6).
Note that (7) includes the thermodynamic control ex-
plicitly and the dynamical control implicitly, while the

TABLE 4. Properties of the UST groups for translation-corrected intensity and related intensity.

UST midpoint
(m s�1)

No. of
obs

Avg
Vmax (m s�1)

Avg top 50%
Vmax (m s�1)

Avg
Vmax/MPI (%)

Avg top 50%
Vmax/MPI (%)

1.50 1407 32.79 45.47 27.93 45.33
4.50 4535 31.25 43.60 27.23 44.05
7.50 3768 28.94 40.16 24.71 39.76

10.50 1887 27.91 38.85 22.01 35.33
13.50 925 26.35 35.93 18.83 30.20
16.50 325 25.63 35.43 20.00 32.14
19.50 159 22.75 30.61 19.10 30.61
22.50 86 22.44 30.53 18.06 29.46
25.50 62 20.22 27.13 18.59 30.48
28.50 37 18.63 26.04 11.17 17.89
31.50 16 19.38 27.14 13.35 23.31
34.50 12 16.83 25.93 10.81 18.18
37.50 6 10.36 15.35 10.51 15.01
40.50 4 5.18 7.47 12.16 15.17
43.50 3 3.81 4.58 12.99 15.15

TABLE 5. Properties of the UST groups for translation-corrected lifetime peak intensity and relative peak intensity.

UST midpoint
(m s�1)

No. of
obs

Avg
Cmax (m s�1)

Avg top 50%
Cmax (m s�1)

Avg
Cmax/MPI (%)

Avg top 50%
Cmax/MPI (%)

1.50 285 42.16 58.09 41.28 63.59
4.50 717 40.31 56.27 37.51 58.84
7.50 685 33.13 46.97 32.51 49.98

10.50 400 31.44 44.37 30.70 47.35
13.50 204 27.54 37.88 23.73 36.32
16.50 30 23.93 35.08 26.81 41.07
19.50 5 17.41 21.05 21.43 29.31
22.50 1 10.39 10.39 20.14 20.14
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new MPI in (6) explicitly includes both the thermody-
namic and dynamical controls of TC maximum inten-
sity.

If we set 	 � 1 for the new MPI in (6), the difference
between the modified MPI in (7) and the new MPI in
(6) can be regarded as the limiting effect due to the
dynamical control from both the translation and verti-
cal shear. As seen from Fig. 13b, without the environ-
mental dynamical effect (	 � 1), the new MPI, which is
purely determined by the thermodynamic conditions of
the atmosphere and the ocean surface, is always larger
than the MPI defined in (7), which implicitly includes
the dynamical effect already. This indicates that the
empirical MPI in (7) or (2) underestimates the thermo-
dynamic control of the TC MPI.

The new empirical MPI has several advantages. First
it provides a measure of the dynamical control on TC
MPI (Fig. 13b). It also gives more accurate MPI esti-
mation since it includes extra information of the limit-
ing factors due to translation and vertical shear. The
latter is true since the percentage of TCs reaching the
new MPI is higher than that reaching the MPIs without
explicitly including the dynamical control (Fig. 14 and
Table 6), indicating that the SST-determined MPI over-
estimates the maximum intensity for some TCs. In ad-
dition, as mentioned in section 3, because the thermo-
dynamic efficiency is closely related to SST (Fig. 2b),
the inclusion of the thermodynamic efficiency in the
modified MPI in (7) only improves the estimation of
TC maximum intensity marginally (Fig. 14). As seen

FIG. 12. Scatter diagrams of (a) relative intensity (100% Vmax/MPI) and (c) relative lifetime peak intensity
(100% Cmax/MPI) against the combined effect of storm translation and environmental vertical shear (m s�1) over
the western North Pacific during 1981–2003, together with (b), (d) the corresponding 95th, 90th, and 50th relative
intensity percentiles for each 3 m s�1 combined shear and translational speed group.
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from Fig. 14 and Table 6, 54.4% (14.1%) of the storms
reached 50% (80%) of their new MPI, while only
48.7% (8.4%) and 49.8% (9.9%) reached 50% (80%)
of their SST-determined MPI and the MPI modified to
include the effect of the thermodynamic efficiency, re-
spectively. Therefore, the estimation of TC maximum
intensity is significantly improved due to the inclusion
of the dynamical control in the new MPI.

7. Conclusions

In this study, based on the best-track TC data, Rey-
nolds SST, and NCEP–NCAR reanalysis during 1981–
2003, we have analyzed the effects of translational

speed and vertical shear on TC intensification, inten-
sity, and the lifetime peak intensity in the western
North Pacific. In general, both the fast translation and
strong vertical shear are negative to both TC intensifi-
cation and intensity. Both the very intense TCs and the
TCs with rapid intensification rates are found only to
occur in a narrow range of translational speeds between
3 and 8 m s�1. It is suggested that if a TC moves too
slow, cooling induced by turbulent mixing generated by
the surface wind stress curl under the TC will disrupt
the intensification (Schade and Emanuel 1999; Schade
2000), while if it moves too fast the resulting asymmet-
ric structure will also inhibit intensification (Peng et al.
1999). The overwhelming majority of western North
Pacific TCs reach their lifetime peak intensity just prior
to recurvature when their environmental steering flow
and vertical shear are both weak, consistent with the
findings of Evans and McKinley (1998). A robust fea-
ture is that few TCs intensified when they moved faster
than 15 m s�1, especially for storms reaching the ty-
phoon intensity (with maximum sustained surface
winds larger than 32 m s�1).

Although vertical shear is claimed from time to time
to be a major limiting factor to TC genesis and inten-
sification, very strong TCs can survive in quite strong

FIG. 13. (a) Scatter diagram of TC intensity (m s�1) divided by
the thermodynamic efficiency vs the effective SST (°C) (dots)
together with the new empirical MPI (curve). (b) Same as (a) but
with the attenuation factor 	 � 1. Two curves in (b) are the
SST-determined empirical MPI with thermodynamic efficiency
taken into account (solid curve) and the new MPI with the dy-
namical control omitted (dashed curve).

FIG. 14. Cumulative distributions of relative peak intensity from
the original SST-determined MPI, the modified MPI with the
thermodynamic efficiency included, and the new MPI incorporat-
ing environmental dynamical control for the western North Pa-
cific during 1981–2003.
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vertical shears over the western North Pacific in sup-
port of the results of Wang et al. (2004). Zehr (1992)
found a threshold vertical shear of 12.5 m s�1 above
which no TCs could form, we found in this study that
few TCs intensified when the vertical shear was larger
than 20 m s�1 and that most TCs reached their lifetime
peak intensity with vertical shear less than 20 m s�1.
The intensification rate generally increases with de-
creasing vertical shear while the majority of the weak-
ening storms experience relatively strong vertical shear.
Therefore, overall strong vertical shear prohibits rapid
intensification and most likely results in the TC weak-
ening, much the same as the fast storm translation.

Based on the observations, a new empirical MPI has
been developed, which includes not only the positive
contribution of SST and the effect of the thermody-
namic efficiency (or outflow temperature) but also the
combined negative effect of translational speed and
vertical shear as the environmental dynamical control
of TC maximum intensity. It is found that the introduc-
tion of a thermodynamic efficiency to the SST-
determined empirical MPI only improves the estima-
tion of TC MPI marginally because the thermodynamic
efficiency is closely related to SST. The new empirical
MPI with dynamical control provides a more accurate
estimation of TC maximum intensity than the original
empirical MPI, which is a function of SST only or the
one that includes the effect of outflow temperature

through the thermodynamic efficiency. The new em-
pirical MPI also provides an approximate, explicit mea-
sure of the thermodynamic and environmental dynami-
cal controls of TC maximum intensity, thus improving
our understanding of factors controlling TC intensity.
Another possible application of the new empirical MPI
we have developed is to assess the impact of climate
change on TC intensity by global models, which can
supposedly provide reliable projection of large-scale
features such as the mean flow and vertical shear fields
but could not produce the realistic TC intensity due to
their limited model resolution.

Note that the MPI only provides an upper limit of TC
intensity. There are a large portion of TCs that could
not reach their MPI even in favorable environmental
conditions. This indicates that other factors also play
important roles in limiting TC intensity, such as the
approaching landmass, the effect of oceanic cooling due
to turbulent mixing, and the internal dynamics of TC
themselves, etc. To improve TC intensity forecast, un-
derstanding and identifying the major limiting factors
are very important. Future studies may pay more atten-
tion to the effect of internal dynamics on TC intensity
change, as suggested in Wang and Wu (2004). In par-
ticular, TC intensity change is largely determined by
how the inner-core dynamics respond to environmental
forcing and the underlying ocean cooling. Similar
analyses can be extended to other TC basins to examine

TABLE 6. Cumulative number of observations and cumulative percentage with relative intensity.

Relative
intensity

(%)

Original MPI MPI with efficiency
MPI with efficiency and

dynamical control

Cumulative No.
of obs

Cumulative
percentage (%)

Cumulative No.
of obs

Cumulative
percentage (%)

Cumulative No.
of obs

Cumulative
percentage (%)

0 597 100.00 597 100.00 597 100.00
5 597 100.00 597 100.00 597 100.00

10 597 100.00 597 100.00 597 100.00
15 597 100.00 597 100.00 597 100.00
20 573 95.98 578 96.82 585 97.99
25 510 85.43 523 87.60 540 90.45
30 458 76.72 469 78.56 487 81.57
35 409 68.51 414 69.35 449 75.21
40 361 60.47 367 61.47 390 65.33
45 328 54.94 334 55.95 352 58.96
50 291 48.74 297 49.75 326 54.61
55 241 40.37 256 42.88 282 47.24
60 202 33.84 211 35.34 242 40.54
65 162 27.14 174 29.15 202 33.84
70 126 21.11 140 23.45 163 27.30
75 86 14.41 97 16.25 126 21.11
80 50 8.38 59 9.88 84 14.07
85 31 5.19 28 4.69 46 7.71
90 12 2.01 10 1.68 22 3.69
95 5 0.84 5 0.84 8 1.34

100 1 0.17 0 0.00 2 0.34
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whether similar empirical MPIs incorporating dynami-
cal control can be constructed.
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