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ABSTRACT

The changes of tropical cyclone (TC) activities in response to influencing environmental conditions have
been paid more and more attention to in recent years. The potential contributions of single and multivariate
environmental variables to annual TC frequency and intensity from 1970 to 2009 are investigated in this
study. Instead of using correlation coefficient that assumes a set of samples satisfying the normal distribution,
a quantitative measurement is formulated based on the information theory. The results show that dynamic
environmental variables play an important role in variations of TC activities over the western North Pacific,
North Atlantic, and eastern Pacific. These dynamic factors include wind shear between 850 and 200 hPa
and 850-hPa relative vorticity. However, the effects of thermal factors on TC activities are distinct over
different basins. The thermal environmental variables only have significant contributions to T'C frequency
and intensity over the eastern Pacific as well as to TC frequency over the North Atlantic. It is found
that the primary factors influencing TC activities are indeed not the same over different basins because of
the differences in atmospheric conditions and their changes across different areas. The effects of dynamic
variables should be considered more in the regions such as the western North Pacific where the thermal
conditions are always satisfied.
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1. Introduction

Tropical cyclones (TCs) are one of the most vio-
lent natural disasters over the world, which often cause
severe economic and human losses. It is of high pri-
ority to understand the mechanisms of their genesis
and development, as well as the changes of their ac-
tivities. As far as the latter is concerned, a number of
studies have investigated TC activities on interannual
and decadal timescales and their long-term trends.
In recent years, the possible changes of TC activities
due to global warming are intensively discussed (e.g.,
Emanuel, 2005; Trenberth, 2005; Pielke et al., 2005;
Anthes et al., 2006; Hoyos et al., 2006; Holland and
Webster, 2007; Vecchi and Knutson, 2008), but this

remains a challenging problem.

Several environmental conditions have been rec-
ognized as favorable for the formation and evolution
of TCs, which include a warm ocean layer of suffi-
cient depth, above-normal mid-tropospheric relative
humidity, greater than normal low-level relative vor-
ticity, weaker vertical wind shear, etc. (e.g., Gray,
1968, 1988; Merrill, 1988; De Maria, 1996; Emanuel,
1999). In most publications on changes of TC activ-
ities, the effect of sea surface temperature (SST) re-
ceives more attention than other factors (e.g., Bengts-
son et al., 1996; Knutson et al., 2001; Webster et al.,
2005; Emanuel, 2005; Trenberth, 2005). Furthermore,
Hoyos et al. (2006) discussed potential linkages be-

tween global TC intensity and four environmental
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variables, i.e., SST, specific humidity, wind shear, and
stretching deformation. Their results indicated that
the trend of increasing number of categories 4 and 5
hurricanes for the period 1970-2004 is directly related
to the SST trend, while the other three factors influ-
ence the short-term variability of categories 4 and 5
hurricanes.

However, three questions remain open after the
publication of Hoyos et al. (2006). Firstly, Hoyos et
al. (2006) only linked the change of TC intensity to
environmental conditions, but they did not consider
the variation of TC annual number (frequency). Frank
(1988) indicated that the two phases of TC develop-
ment, namely, its genesis and intensification, are dom-
inated by different dynamical and physical processes.
Thus, how do these variables influence the genesis and
frequency of TCs?

Secondly, TCs over some basins are considered as
a whole in Hoyos et al. (2006). The atmospheric con-
ditions are not the same over different basins. Gray
(1968) found that TC activities in different areas have
different characteristics. It is quite possible that the
contribution of any environmental variable to TC ac-
tivities in one area is different from that in another
area. How is the change of TC activities linked to the
environmental factors over individual basins?

Finally, the contributions of environmental vari-
ables to the variation of TC frequency and inten-
sity are considered separately in previous studies (e.g.,
Emanuel, 2005; Hoyos et al., 2006). The behaviors of
TCs are hardly determined by only one factor. Both
formation and evolution of TCs are influenced by two
or more external factors (Gray, 1975; Merrill, 1988).
What is the combined effect on the change of TC ac-
tivities of two or many environmental variables?

The above questions are investigated in this pa-
per in order to increase the understanding of possible
linkages between variation of TC activities and change
of environmental conditions. The data and methodol-
ogy are described briefly in Section 2. Section 3 dis-
cusses the application of correlation coefficient as a
traditional analysis tool. Some results obtained from
analyses based on the information theory are provided

in Section 4. Finally, the concluding remarks are given
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in Section 5.
2. Data and methodology

2.1 Data

The 1970-2009 TC-related data used in this study
are from the best track datasets provided by the Na-
tional Hurricane Center (NHC) and the U.S. Joint Ty-
phoon Warning Center (JTWC). The data include lo-
cation of storm center and 1-min averaged maximum
sustained wind (Viyax) for each cyclone. The TC ac-
tivities incorporate two distinct phases, i.e., frequency
and intensity. The frequency refers to the annual num-
ber of TCs with V. exceeding 34 kt once or more in
their lifetimes, while the threshold of Vi, for TC in-
tensity is 114 kt.

The environmental variables are derived from the
monthly HadISST sea surface temperature with a hor-
izontal resolution of 1°x1° (Rayner et al., 2003) and
monthly NCEP/NCAR reanalysis data with a hori-
zontal resolution of 2.5°x2.5° (Kalnay et al., 1996).
Referring to some former publications (Gray, 1968;
Royer et al., 1998; De Maria et al., 2001; Emanuel
and Nolan, 2004; Hoyos et al., 2006), the time series
of such variables are analyzed as SST, specific humid-
ity in the layer between 925 and 500 hPa, temperature
difference or instability from the surface to 500 hPa,
wind shear between 850 and 200 hPa, 850-hPa zonal
stretching deformation, and 850-hPa relative vortic-
ity. The first three variables are thermal variables,
and the rest are dynamic variables. The 1970-2009
annual values of these variables are computed over sea-
sons and spatially averaged over three basins, i.e., the
western North Pacific (WNP; 5°-20°N, 120°E-180°)
during May—December, North Atlantic (NA; 5°—25°N,
90°-20°W) during June-October, and eastern Pacific
(EPA; 5°-25°N, 120°-90°W) during June—October.

2.2 Some measurements from the information

theory

The information theory introduced by Shannon
(1948, 1950) is employed to investigate relationships
between TC activities (A) and environmental factors

(F) in this work. This approach has already been
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applied in the atmospheric sciences (e.g., Leung and
North, 1990; Roulston and Smith, 2002; DelSole, 2004,
2005; Abramov et al., 2005; Balling and Roy, 2004;
Hoyos et al., 2006; Naumann and Vargas, 2009). Let
A be a discrete variable that may take ¢ = 1, ..., m

possible values, while Fj, may take possible values of

j =1, ..., ng (k represents the kth factor). Then,
the entropy (H) of individual variables is calculated
as follows:
H(A) == pi(A)log, pi(A), (1)
i=1
nk
H(Fy) =~ ij(Fk)IOgQ pi(Fi), (2)

j=1
where p;(A) refers to the probability of A taking the
value of 4, and p;(F}) represents the probability of F
taking the value of j. The entropy is used to mea-
sure the amount of uncertainty in A (Fy). A greater
value of entropy means a more unpredictable A (Fy).
Furthermore, the joint entropy, which measures the

uncertainty associated with a set of variables, is for-

mulated as:
H(A,Fkl,. .. ;Fki) = — ZZ e Zpi7j1""7jl
i1 Ju
(Aa Fku IR sz) 10g2 Piji,....5 (A’ Fkn R sz)’ (3)

., Fy,) is the probability of

these (I4+1) variables taking values of 4, kq, ..., and

where, Dij1,ed (A, Fk17 ..

ki, respectively.

Besides the entropy, another important index
given in the information theory is called mutual infor-
mation (MI), which serves as a quantity that measures
the mutual dependence of two variables. Formally, the
MI of A and F}, can be defined as:

I(A, Fy) = H(A) + H(Fy) — H(A, Fy.), (4)

where the three terms at the right hand side are com-
(1)=(3). The value of I(A, Fy) in

unit of bit measures how much knowing Fj} reduces

puted from Eqgs.

the uncertainty about A. If A and Fj are indepen-
dent, knowing Fj does not provide any information
about A, so I(A, Fy,) is zero. By contrast, if A and F
are identical, knowing F} determines the value of A,
and equals the uncertainty of A (H(A)). The greater
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the I(A, F},), the closer the relationship between A and
F}.. Furthermore, serving as a broader generation of
MI, the interaction information is proposed by McGill
(1954) to represent the dependence of a set of vari-
ables more than two. The interaction information is

computed as:

+1
I(AFyy,.. . Fy) =3 [(—1)p+1

p=1

-ZH(Xl,XQ,...,Xp)}, (5)

where X7, X, ..
Fr,, ..

whole possible combinations while selecting p variables

., X, refer to any p variables of A,

., and Fy,, and ¢ equals the number of the

from a set of (I41) variables. Finally, some quantities
such as entropy, MI, and interaction information are
illustrated in Fig. 1 for cases of two as well as three

variables.
2.3 Classification of variables

As mentioned above, the quantity of entropy, joint
entropy, MI, and interaction information is computed
On the one hand, although
the annual TC frequency and intensity over individual

for discrete variables.

basins are discrete, some of them include too many
categories if one number is considered as a group.
Thus, an optimal number of groups, i.e., 6 (= 40'/2), is
chosen based on the law of square-root choice. Then,
these 40-yr samples are categorized into 6 equidistant
groups.

On the other hand, time series of the six envi-
ronmental factors are all continuous variables. These
environmental variables should be discretized individ-
ually before the computations. It is customary to use
the histogram for this goal. Neighboring values of one
variable are often grouped together in a so-called bin
to reduce noise effects. The number of bins is also cho-
sen as 6 and each variable is categorized into a rounder

linear fashion to the bins of the histogram.
2.4 Significance test of information

When the information is estimated, it is still un-
clear whether there exists a significant relationship

among the set of variables. Therefore, a significance
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A, Fir, Fio)

Fig. 1. Information diagrams for (a) two variables A and Fj and (b) three variables A, Fy,, and F,.

test needs to be done in order to determine if the calcu-
lated information is statistically significant from zero.
In this paper, a method applying Monte Carlo tech-
(2008) is used to
estimate the significance level. The information is re-

niques proposed by Pegion et al.

calculated between the annual frequency (intensity)
of TC and time series of environmental variables by
taking a different and random year for the TC index.
Then, this computation is applied ten-thousand times
and the values are ordered. When the value for the
original information exceeds the 95th percentile, it is
statistically significant from zero, and a notable rela-

tionship exists.
3. Distribution of tropical cyclone activities

When the potential relationship between annual
TC activities and time series of environmental vari-
ables is investigated, the correlation coefficient is often
calculated (e.g., Emanuel, 2005; Hoyos et al., 2006).
However, the correlation coefficient only indicates the
strength of a linear relationship between two vari-
ables. Meanwhile, an important assumption made in
the framework of correlation coefficient is that the two
variables form a bivariate normal distribution popula-
tion (Anscombe, 1948).

Figure 2 displays the probability distributions of
annual TC frequency and intensity over three basins,
while probabilities estimated under the assumptions of

normal distribution and Poisson distribution are also

given. A nonparametric distribution testing method
proposed by Kilic (2005) is used here to evaluate the
quality of distribution estimate. Kilic (2005) indicated
that testing the distribution of a variable could be con-
sidered as a goodness-of-fit problem. Although the two
curves in each panel of Fig. 1 seem to be similar, the
fitting errors are different. Generally speaking, the fit-
ting errors with Poisson distribution are smaller than
those with normal distribution. This indicates that
the annual frequency and intensity of TC are more ap-
propriate to be depicted by Poisson distribution. Pre-
vious studies also proposed that some activities of TC
were Poisson distributed (Solow and Nicholls, 1990;
Elsner and Schmertmann, 1993; McDonnell and Hol-
brook, 2004). Note that the annual intensities of TCs
over the NA and EPA are not normal distributed and
the fitting errors (Table 1) are 3.06% and 0.96%, re-
spectively. Since the assumption of normal distribu-
tion is not met, the application of correlation coef-
ficient fails to describe the relationship between TC
intensity over the NA or EPA and environmental con-
ditions.

Besides this, the correlation coefficient cannot be
used to estimate the relationships in the set of three
variables or more. By contrast, the interaction infor-
mation has the ability to measure the dependence of
any amount of variables. As a result, the MI and in-
teraction information are employed to find potential
relationships among any amount of variables instead
of correlation coefficient.
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Fig. 2. Probability histogram of annual tropical cyclone activities in the period of 1970-2009 over the western North
Pacific (a, d), North Atlantic (b, €), and eastern Pacific (¢, f). The upper and bottom panels refer to tropical cyclone
frequency and intensity, respectively. Red solid lines represent the estimated probabilities with normal distribution, while
blue solid lines refer to the estimated probabilities with Poisson distribution.

Table 1. Probability fitting error (%) of tropical cyclone frequency and intensity associated with normal distribution

and Poisson distribution over the western North Pacific, North Atlantic, and eastern Pacific

Frequency Intensity
‘WNP NA EPA WNP NA EPA
Normal distribution 0.37* 0.30* 0.36* 0.74* 3.06 0.96
Poisson distribution 0.03* 0.26* 0.23* 0.60* 0.75% 0.32*

Superscript “*” refers to values significant at the 95% level based on the test proposed by Kilic (2005).

Table 2. Mutual information (bit) for individual ocean basins between 1970-2009 annual tropical cyclone activities
and time series of environmental variables, including SST, specific humidity between 925 and 500 hPa (SHUM),
temperature difference from the surface to 500 hPa (INS), wind shear between 850 and 200 hPa (SHR), 850-hPa

zonal stretching deformation (SDEF), and 850-hPa relative vorticity (VOR)

SST SHUM INS SHR SDEF VOR
Frequency WNP 0.47 0.43 0.47 0.55 0.58 0.53
NA 0.59%* 0.39 0.23 0.55* 0.35 0.47
EPA 0.62%* 0.34 0.49 0.53* 0.35 0.39
Intensity WNP 0.56 0.57 0.64 0.51 0.35 0.49
NA 0.57 0.54 0.58 0.87* 0.47 0.72*
EPA 0.48 0.32 0.53 0.40 0.31 0.47

Superscript “*” represents values significant at the 95% level.

4. Results

4.1 Information provided by single environ-

mental variable

The relationships between annual TC activities

and individual environmental variables are discussed

firstly, and quantitatively estimated by the MI. Table
2 shows that only a few values of information are sig-

nificant at the 95% level. Over the NA, either SST

or wind shear provides significant information on TC

frequency, while TC intensity is significantly depen-
dent on wind shear as well as relative vorticity. Over
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the EPA, both SST and wind shear give significant
information on TC frequency. Other environmental
variables fail to describe TC activities since they give
much smaller values of information.

Both increasing of SST and decreasing of wind
shear are favorable for the genesis of TCs over the NA
(Fig. 3) and EPA (Fig. 4), and the relationships be-
tween any of these two variables and TC frequency are
nearly linear. The annual variations of TC frequency
over these two basins are primarily determined by SST
or wind shear. Furthermore, the information value

provided by SST is a bit greater than that given by

30
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27 27.5 28
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wind shear. Thus, the annual TC frequency is more
dependent on SST than wind shear. This indicates
that the influence of SST should be considered in the
first place, and warm water is needed to fuel the heat
engine of TCs. Because of the positive relation be-
tween TC frequency and SST, it is deduced that the
TC frequency over the NA and EPA maybe increase if
SST increases. This deduction is consistent with the
result of Webster et al. (2005).

However, we find no environmental variable pro-
viding significant information on the occurrence of

TCs over the WNP (see also Table 1). This may sug-
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Fig. 3. Binned distributions of 1970-2009 annual tropical cyclone frequency over the North Atlantic versus time series
of (a) SST and (b) wind shear between 850 and 200 hPa. Black dashed lines are fitted by the least-square method.
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Fig. 4. As in Fig. 3, but for the eastern Pacific.
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gest that the influence of a single factor is not sufficient
enough to contribute to the annual variation of TC fre-
quency. The atmospheric and oceanic conditions over
the WNP have distinctive characteristics. The WNP
contains a large area of water warmer than 26.5°C
(threshold value for cyclogenesis), called the western
Pacific warm pool. The large-scale atmospheric circu-
lation over the WNP is often determined by the mon-
soon system. Therefore, there are still some arguments
on which is the primary factor influencing the genesis
of TCs over this area. Some researchers considered
thermal factors as the most important (Sugi et al.,
2002; McDonald et al., 2005; Chauvin et al., 2006; Liu
et al., 2010) while others thought dynamic variables or
large-scale circulations played the greatest role (Chan,
2005; Yokoi et al., 2009). In this study, however, we
find that neither thermal nor dynamic variable alone
is notably related to the TC genesis over the WNP.
Webster et al. (2005) presented that the long-
term upward trend of TC intensity is associated with
increasing SSTs. The result of this study does not
support this statement. It can be seen from Table 2
that the information provided by SST on TC inten-
sity is not significant over all three basins. Even for
the WNP and EPA, no single environmental variable
contributes notably to TC intensity. Although some
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studies pointed out that some favorable atmospheric
conditions may lead to a larger number of intense TCs
over the WNP (Chan, 2008) and EPA (Lupo et al.,
2008), there is no environmental variable by itself that
guarantees an active season of intense TC.
Nonetheless, there do exist two atmospheric vari-
ables contributing significantly to TC intensity over
the NA: wind shear and relative vorticity (Fig. 5 and
Table 2). Their values of information (above 0.70 bit)
are much larger than those of other factors (below 0.60
bit). This suggests that the number of intense TCs
over the NA is primarily controlled by the dynamic
variable but not the thermal variable. It is supposed
that when a storm is formed, the influences of ther-
mal variables become a bit smaller, while the effects
of dynamic variables are dominant during its inten-
sification. When the atmospheric background pro-
vides smaller wind shear and/or larger relative vor-

ticity, more intense TCs are expected over the NA.

4.2 Information supplied by double environ-

mental variables

Unlike the correlation coefficient, a method from
the information theory can be used to evaluate the
combined effect of two or more variables on the object

variable. For example, the joint information (I2) of

(b)

Annual intensity

-2 -1 0
Relative vorticity (10 °s )

Fig. 5. Binned distribution of 1970-2009 annual tropical cyclone intensity over the North Atlantic versus time series of

(a) wind shear between 850 and 200 hPa and (b) 850-hPa relative vorticity. Black dashed lines are fitted by least-square

method.
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two factors (F), and Fy,) with A is defined by Egs.
(4)—(5) and illustrated in Fig. 1 as:
IQ(A,Fkl,Fk»Q) = I(A,Fkl) + I(A,F]Q)
_I(A7Fkl7Fk2)’ (6)
where I(A, Fy,) and I(A, F},) are the MI of two vari-
ables defined in Eq. (4), while I(A, Fy,, Fk,) is the
interaction information of three factors formulated in

Eq. (5).
combined influence of Fy, and Fy,.

The larger the value of I, the greater the

Tables 3, 4, and 5 give the joint information pro-
vided by any two environmental variables over differ-
ent basins. It is interesting that there exists no rela-
tionship between the value of information and its sig-
nificance level. This is the result of employing Monte
Carlo experiments to conduct the significance test,
where the significance level is correlated with the dis-
tribution of tested variables.

For the NA, since there are some single variables
contributing significantly to TC activities, the joint in-
formation of these variables is thus significant. This
is confirmed by the notable relations between TC fre-

quency and SST plus wind shear, as well as between
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TC intensity and wind shear plus relative vorticity. It
is thus assumed that all the values of joint informa-
tion including any one of these factors are ought to
be notable. However, only a few of them are signif-
icant in Table 3. Concretely speaking, the TC fre-
quency is only significantly dependent on the joint
influences of SST plus specific humidity, wind shear
plus stretching deformation, and wind shear plus rel-
ative vorticity, while the TC intensity is only notably
correlated with the joint effects of specific humidity
plus wind shear, instability plus wind shear, and wind
shear plus stretching deformation. This means that
the contribution of one indistinctively related factor
plus one notably related factor is not often significant.
This is possibly because of the former destroying the
original connection between the latter and TC activ-
ities, but not enhancing the relation. Note that the
annual variation of TC intensity is remarkably related
to the joint contribution of SST plus instability (Table
3), which indicates that although the contributions of
factors themselves are small, the merged effect can be
significantly large.

The above deduction is also applicable to the TC

Table 3. Joint information (bit) of any two environmental (row and column) variables influencing annual tropical
cyclone frequency (upper right of the diagonal) and intensity (lower left the diagonal) from 1970 to 2009 over the

North Atlantic. The abbreviations of atmospheric factors are the same as in Table 2

SST SHUM INS SHR SDEF VOR
SST — 1.26* 1.13 1.20%* 1.08 1.17
SHUM 1.38 — 0.95 1.00 0.95 1.13
INS 1.59* 1.37 — 0.97 0.75 0.85
SHR 1.35 1.49* 1.43% — 0.90* 1.04*
SDEF 1.15 1.22 1.12 1.25% — 0.94
VOR 1.44 1.44 1.28 1.50* 1.11 —

Superscript “*” represents values significant at the 95% level.

frequency over the EPA, which is significantly related
to the joint influences of SST plus specific humidity,
SST plus wind shear, SST plus relative vorticity, and
instability plus relative vorticity (Table 4). By con-
trast, the T'C intensity over the EPA is only dependent
on the joint effect of instability plus relative vorticity,
which gives a value of information of 1.41 bit, much
greater than others. This implies that the intensifica-
tion of TC over the EPA is influenced by these two

factors. When the low-level troposphere is instable

(large lapse rate) and associated with positive relative
vorticity, a storm tends to intensify and the number
of intense TCs also increases.

Finally, the TC frequency over the WNP is no-
tably influenced by wind shear plus stretching defor-
mation, or wind shear plus relative vorticity (Table
5). It is inferred that the cyclogenesis over the WNP
is primarily determined by dynamic variables but not
thermal variables such as SST. This is different from

the other two basins. Since a warmer atmosphere usu-
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Table 4. As in Table 3, but for the eastern Pacific
SST SHUM INS SHR SDEF VOR
SST — 1.19% 1.24 1.39% 1.24 1.39%
SHUM 0.84 — 1.05 1.01 0.98 1.08
INS 1.01 1.18 — 1.08 1.13 1.46*
SHR 0.97 0.86 1.06 — 0.94 1.16
SDEF 1.07 1.17 1.23 0.95 — 1.15
VOR 1.20 1.02 1.41* 1.20 1.13 —
Table 5. As in Table 3, but for the western North Pacific
SST SHUM INS SHR SDEF VOR
SST — 1.55 1.69 1.26 1.54 0.48
SHUM 1.51 — 1.49 1.35 1.49 1.48
INS 1.84 1.55 — 1.40 1.69 1.62
SHR 1.41 1.55 1.50 — 1.70* 1.30
SDEF 1.44 1.49 1.72 1.26 — 1.89*
VOR 1.74 1.55 1.43 1.47* 1.67 —

ally holds more moisture, the thermal conditions for
the genesis of TCs are often satisfied. Therefore, dy-
namic variables play a more important role over this
basin. Similar to TC frequency, the TC intensity is
also dominated by the joint contribution of dynamic
variables. They are wind shear and relative vorticity.
The number of intense TCs increases in an atmosphere

with lower wind shear and larger relative vorticity.

4.3 Information offered by three or more env-

ironmental variables

To further discuss the influences of thermal and
dynamic variables on TC activities over different
basins, the joint information (I3) of three contribut-

ing variables is formulated as:
I3(A7Fk1>Fk27Fk3) = I(A’Fh) +I(A7Fk2)
+I(A7Fk3) - I(AaFkquz) - I(Akaqus)

*I(AaFkngh)+I(A7Fk1aszaFk3)a (7)

where I(A, Fy,, Fi,, Fk,) is the interaction information
of four variables, and others are the same as in Eq.
(6). Here, Fy,, F,, and Fy, refer to the three thermal

variables or the three dynamic variables introduced in
Section 2.

It is displayed in Table 6 that the contributions of
thermal and dynamic variables are generally the same
over the NA and EPA, except for TC intensity over
the NA where dynamic variables dominate. The val-
ues of joint information are similar. This suggests that
TC activities over these two basins are determined by
not only thermal conditions but also dynamic circum-
stances. By contrast, the joint information of dynamic
variables is larger than that of thermal variables over
the WNP, indicating that TC activities over the WNP
are primarily determined by dynamic conditions.

Furthermore, the joint information of all the six
variables influencing TC activities is calculated over
the three basins (Table 7).
(6) and (7) and is not given here.

The equation can be de-
rived from Egs.
It can be seen that the joint information given by all
the variables is the same as the entropy of TC activ-
ity, except for TC intensity over the EPA. This seems
to indicate that annual TC activities can be fully de-
scribed if time series of all the environmental variables

Table 6. Joint information (bit) of thermal and dynamic variables influencing annual tropical cyclone frequency

and intensity from 1970 to 2009 over the WNP, NA, and EPA

TC frequency

TC intensity

WNP NA EPA WNP NA EPA
Thermal 2.18 1.64 1.50 2.11 1.74 1.58
Dynamic 2.23 1.66 1.53 2.18 1.93 1.60
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Table 7. Joint information (bit) of all the environmental variables affecting annual tropical cyclone frequency and

intensity from 1970 to 2009 over the WNP, NA, and EPA, in association with entropies of tropical cyclone activities

TC frequency

TC intensity

WNP NA EPA WNP NA EPA
Information 2.33 1.79 2.10 2.43 2.18 2.02
Entropy 2.33 1.79 2.10 2.43 2.18 2.07

are already known. However, this statement is ques-
tionable, and reasons are given below. The number
of conditions considering different combinations of six
variables is 6°, which far outweighs the number of sam-
ples (40). Samples are mapped in only a few of groups,
so the information becomes large. Thus, six environ-
mental variables are not enough to describe the uncer-

tainties of TC activities.
5. Conclusions
The topic of changed TC activities under global

Not
only variations of TC activities themselves but also

warming has drawn more and more attention.

possible factors influencing them are explored in many
publications (e.g., Gray, 1968, 1988; Merrill, 1988; De
Maria, 1996; Emanuel, 1999, 2005; Trenberth, 2005;
Pielke et al., 2005; Anthes et al., 2006; Hoyos et al.,
2006; Holland and Webster, 2007; Vecchi and Knut-
son, 2008). This study aims at the latter aspect, and
quantitatively estimates the contribution of environ-
mental variables to TC frequency and intensity, which
are defined as the numbers of tropical storms and
categories 4-5 TCs in Saffir-Simpson scale, over the
western North Pacific, North Atlantic, and eastern
Pacific basins. These environmental factors include
three thermal variables, i.e., SST, specific humidity
between 925 and 500 hPa, and temperature difference
or instability from the surface to 500 hPa; and three
dynamic variables, i.e., wind shear between 850 and
200 hPa, 850-hPa zonal stretching deformation, and
850-hPa relative vorticity.

Unlike other studies, since the annual variations
of TC activities are better fitted by Poisson distri-
bution rather than normal distribution, the methods
from the information theory (Shannon, 1948, 1950) are
used to investigate the potential relationships between

TC activities and environmental conditions, instead of

correlation coefficient. Based on the information the-
ory, not only the influence of single variable but also
the joint effect of multivariate factors are considered
and then quantitatively estimated in this paper.

The results show that the annual variations of
TC frequency are correlated with both thermal vari-
ables and dynamic factors over the NA and EPA.
Single variables such as SST and wind shear provide
significant information to the genesis of TCs, so does
combination of the two. The contribution of thermal
variables is considered as large as that of dynamic vari-
ables. However, the effect of dynamic variables plays
a more important role over the WNP. The combined
influence of wind shear and stretching deformation
determines the change of cyclogenesis.

Furthermore, the TC intensity is influenced by
thermal and dynamic variables together over the EP,
which includes SST and wind shear.
the numbers of intense TCs are primarily determined
by dynamic variables over the WNP and NA. The

contributions of single variables, e.g., wind shear and

By contrast,

relative vorticity, as well as the combination of them
are significant over the NA. The annual variation of
TC intensity over the WNP is primarily explained by
the joint effect of wind shear and relative vorticity.

In a word, the main factors influencing either
TC frequency or TC intensity are indeed distinct over
different basins. It can be more possibly explained
by the differences of atmospheric conditions and their
changes in different areas. The influence of dynamic
variables should be paid more attention to in the areas
such as the WNP, where the thermal conditions are
always satisfied. Although the quantitative estimates
of environmental contributions are given in this study,
the physical mechanism of these variables affecting
TC activities still needs to be further investigated in
future studies.
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