
ABSTRACT

YAN, TINGZHUANG. Interannual variability of climatology and tropical cyclone tracks

in North Atlantic and Western North Pacific. (Under the direction of Lian Xie.)

    The spatial-temporal variability of tropical cyclone tracks and their possible

association with tropical cyclone landfall frequency along the United States East Coast

and China East Coast are studied using Principle Component Analysis of tropical cyclone

Track Density Function (TDF). Results show that North Atlantic (NA) hurricane TDF is

strongly modulated by El Niño-South Oscillation, the tropical Atlantic SST dipole Mode

(DM), North Atlantic Oscillation and Arctic Oscillation. Dominant Modes of Western

North Pacific (WNP) typhoon TDF demonstrate strong correlation with spring and winter

snow cover (SC) over the Qinghai and Tibetan Plateau (QTP). Results provide a

foundation for the construction of statistical models, which project the annual number of

tropical cyclone landfall along the East Coast of the United States and the coast of China.

Analysis for 1990 and 2004 NA hurricane seasons revealed that the substantial variability

of tropical Atlantic SST DM is a dominate factor affecting the hurricane track patterns.

Study for 1978 and 2001 typhoon cases in the WNP demonstrated that the QTP SC was

responsible for the differentiation in the number of landfall typhoon events in the WNP.

A schematic diagram was proposed to illustrate the linkage between the DM and the NA

hurricane track patterns. Accumulated gain or deficit in the surface radiation associated

with the QTP SC imposes a long memory in the East Asian climate system. Variations in

heat budget change the large-scale zonal circulation and further modulate the seasonal

position and strength of East Asian subtropical high. A possible physical link to connect

the QTP snow cover and the WNP typhoon track patterns was therefore proposed.
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Part I Track patterns of North Atlantic Hurricanes and Western

North Pacific Typhoons

1. Introduction

1.1 Statement of Problem  

Seasonal predictions of the overall tropical cyclone (TC) activity and TC landfall frequency in a

specific oceanic basin are crucial to the long-term planning of coastal zone development as well

as to the insurance industry.  At the present, seasonal prediction of TC activity, although skillful,

still contain a large margin of uncertainty, particularly with regards to the TC tracks. The

ultimate goal of this proposed study is to improve seasonal to interannual prediction of overall

TC activity and TC landfall frequency by identifying a suite of oceanic and atmospheric factors

that affect the TC development and tracks, and by a better understanding of the physical process

that well explains these effects. Specifically, the proposed study will address the following

questions:

1. What is the relative importance of various climatic factors that determine the interannual

variability of TC activity and the steering flow pattern in North Atlantic and Western

North Pacific?

2. What are the fundamental physical mechanisms that link the factors identified in 1) to TC

activity and TC track patterns?  

3. What is the predictability of TC landfall frequency along a specific stretch of coastline,

such as the U.S. East Coast?
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To address the above issues, TC track patterns and their associations with climatic factors were

analyzed for both the North Atlantic and Western North Pacific. Those Oceans are two of the

world’s most active basins for tropical cyclogenesis. Landfall tropical cyclones originated from

those two oceans cause tremendous damages in the U.S. and in China, respectively. Successfully

addressing the above issues can gain an improved understanding of how the atmosphere, ocean

and land surface processes interact to modulate the TC activity and tracks. 

1.2 Scientific Background

Landfall tropical cyclones are of important social and economic concerns. Of all the tropical

cyclone studies, TC landfall forecasting is one of the most difficult and most rewarding tasks

meteorologists have to face. Basic physical understanding and forecasts of tropical cyclone

movement include observational and theoretical studies, numerical and statistical modeling, and

data assimilation. The coastal cyclone track prediction includes location, time and intensity of

the landfall storm when it moves onshore. The prediction of tropical cyclone tracks becomes

more difficult when it moves farther north out of the tropics because weather patterns there

become more complicated and the weather systems are always unstable. Subtropics include areas

of low air pressure interspaced with areas of high air pressure, the tropical cyclones become

extra-tropical as they generally travel from west to east with north excursions, and determined by

high altitude “jet stream” winds. The size, strength, and locations of areas of high or low air

pressure that determine the speeds and directions of extra-tropical cyclones are dynamically

changing. A major goal of current tropical cyclone research is to understand what exactly control

the storms, what goes on inside the storms and how the storm interacts with its surrounding

environment - the atmosphere around and above them, and the ocean/land below them. The
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potential damage incurred by tropical cyclone and tropical storm landfalls is especially costly.

For example, damage costs from hurricane Andrew (1992) reached $27 billion, Ivan (2004)

totaled $22.4 billion, and Katrina (2005) cost higher than $200 billions with official death toll

now stands at 1,277. It is clear that improved tropical cyclone landfall forecasting has many

potential benefits to coastal communities.

During the past few decades, progress has been achieved in the study of tropical cyclone track

and TC landfall forecasting (Kasahara, 1959; Chan and Gray, 1982; Carr and Elsberry, 1990;

Harr and Elsberry 1995; Gray et al. 1984, 1992, 1994a; Lander 1996; 2001; Elsner et al. 2001b;

Goldenberg et al. 2001). Various methods make use of climatology, extrapolation of the past

storm track data, the evaluation of the basic steering flow in which the storm is embedded, and

the changes this flow is expected to undergo in response to the long-wave patterns. Various

techniques for applying these principles have been developed, among which are the

improvements of observing capability, the advances in data assimilation techniques, and the use

of numerical and statistical models. There are many climatic factors that may affect the moving

direction of a tropical cyclone. A tropical cyclone’s circulation is inherently embedded in an

environmental flow, many studies identified that up-air steering flow is a significant factor

controlling tropical cyclone tracks. The middle tropospheric steering flows are generally used to

predict the motion of tropical cyclones (Kasahara, 1959; Chan and Gray, 1982; Carr and

Elsberry, 1990). Kasahara (1959) first noted that the position of the subtropical high plays a

crucial role in tropical cyclone movement. He suggested a vector mean of the 500mb and 700mb

steering flow be used in forecasting the motion of tropical cyclones. Carr and Elsberry (1990)

found that the westward moving tropical cyclones in the Northern Hemisphere had a tendency to
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move faster and to the left of the steering flow. They noted that the motion of the tropical

cyclone relative to the steering flow, referred to as propagation, was dependent on the strength of

the outer winds of the tropical cyclone. It was suggested that a standardized steering flow be

defined as the 850-300mb pressure weighted wind over a 5º-7º latitude radius from the storm

center. Chan and Gray (1982) provided an extensive study of the relationship between tropical

cyclone motion and environmental steering. In their study, tropical cyclones were stratified by

direction and speed of motion, latitude, intensity change, and size. Steering flow was analyzed at

various pressure levels and radii. Their results showed that the 500-700mb winds at a 5º-7º radius

from the center of the storm were best correlated with tropical cyclone movement. It was

observed that in the Northern Hemisphere, tropical cyclones move about 10º-20º to the left of the

surrounding mid-tropospheric flow. Although Chan and Gray (1982) found that the 500-700mb

steering flow best determined tropical cyclone path, they noted that the steering level that best

indicates the movement of each tropical cyclone is also influenced by vertical wind shear. Many

climatic factors may change the position and strength of an upper-level trough/ridge in the

middle latitude, and therefore complicate the prediction of tropical cyclone tracks. Also, tropical

cyclones are known to modify their own environment. These modifications make it more

difficult to identify what exactly controls the path that a tropical cyclone is going to take. Due to

the lack of upper-air observations available over the open ocean, the physical mechanisms that

lead to tropical cyclone development and movement have not been well understood. Such a lack

of observations hinders the development of a proper understanding of the factors that are

responsible for tropical cyclone formation and propagation. As we are still unaware of all of the

factors surrounding the system, which are necessary to begin and control the process of tropical

cyclone, it is impossible to confidently predict whether a particular locality will be impacted by a
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storm. This lack of understanding manifests itself as a lack of agreement as to which factors

control the path of tropical cyclones. A better understanding of tropical cyclone genesis location

and its surrounding climate factors may provide an explanation of the regional variations of

cyclone track patterns.

1.2.1 North Atlantic Hurricanes

Previous hurricane climatological studies identified several local and remote climate factors that

are associated with the inter-annual and intra-seasonal variability of hurricane activity in the area

(Gray et al., 1984a, 1984b, 1991, 1998; Elsner and Kavlakov, 2001; Elsner, 2003; Goldenberg

and Shapiro, 1996; Landsea, 1993, 1996). Those factors varying on different time scales are: El

Niño-Southern Oscillation (ENSO) (Gray, 1984), the Atlantic sea surface temperatures (Landsea

et al., 1999), the stratospheric Quasi-biennial oscillation (QBO) (Gray, 1984), the North Atlantic

Oscillation (NAO) (Elsner et al., 2000b), African Easterly Waves (Avila, 1991; Avila and Pasch,

1992) and the vertical wind shear (VWS) in the troposphere (typically between 850 and 200mb

within the critical 10o to 20oN latitude belt stretching from North Africa to Central America;

termed the “main development region” (MDR), by Gray et al. 1993). Above average hurricane

activity has been related to a reduction of vertical wind shear (VWS) in the MDR, the presence

of La Nina or the cold phase of ENSO; low Atlantic basin Sea Level Pressure (SLP); and

increased rainfall in the Sahel region of West Africa (Landsea et al., 1996). The influence of

ENSO on Atlantic hurricanes has been well documented (Gray, 1984; O’Brien et al., 1996; Bove

et al, 1998). In general, there are fewer hurricanes in an El-Nino year, and more hurricanes in a

La-Nina year. However, due to many other factors that influence hurricane genesis, this relation

is not always valid. The ENSO phase was also found to correlate with hurricane landfall activity
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in the East Coast of the U.S (Tartaglione, et al 2003). The frequency of hurricane landfalls along

the U.S. East Coast is found to increase (decrease) during ENSO cold (warm) events. Hurricane

landfalls were suppressed during neutral ENSO years. Apart from the influences of lower SST

and increase in vertical shear in the central Atlantic, which decrease the probability of hurricane

formation, it is possible that the subtropical high is more elongated during neutral years, blocking

hurricanes from moving westward and causing them to track further south towards Florida. Also,

stronger easterlies close to the equator during neutral years may be steering storms on a more

zonal path, keeping them at lower latitudes and preventing them from reaching the U.S. East

Coast (Tartaglione, 2003). Negative phase of NAO in May and June is likely associated with a

subtropical high pressure cell displaced farther south and west of its mean position near Azores

during the following hurricane season (Elsner et al. 2000b, 2001c). It therefore prevents

hurricane from making northerly curves toward subtropics. Elsner (2001c) concluded that while

ENSO appears to control factors conducive to hurricane development, NAO controls where

hurricanes track. Wallace (2000) noted that the arctic oscillation (AO) paradigm transcends

geographic and programmatic classifications, and therefore serves as a cross-cutting theme of

interest to the climate prediction. It provides a framework in which possible significant advances

in our understanding of climate variability may be made. Since the AO modulates the circulation

of the northern troposphere, and even influences low latitudes, such as the strength of the trade

winds across the subtropical and tropical Atlantic, it may also influence the hurricane genesis

and propagation.

Improvements in community weather prediction models, coupled with rapid strides in NOAA’s

observing capability, advances in numerical modeling and data assimilation techniques, have led

to significantly improved hurricane track guidance in recent years. However there still exist
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many uncertainties in the capability of actually predicting the path of an individual event let

alone the likely paths of a projected family of annual events. Presently it is still a challenge to

predict with any confidence whether hurricanes that occur within a season will cluster across a

preferred area swath, e.g. the Gulf of Mexico vs. the southern or eastern seaboard of the United

States vs. the central North Atlantic.  It would be of great benefit to society if the preferred paths

of hurricanes could also be predicted in advance of the onset of hurricane season.

1.2.2 Western North Pacific Typhoons

Northwest Pacific Ocean is the earth’s most active basin for the tropical cyclogenesis. On

average, 25 tropical storms develop each year since 1945, and about 17 become typhoons (Saffir-

Simpson Category ≥ 1 or maximum sustained wind > 74mph). Most storms form east of the

Philippines in the tropical North Pacific Ocean (5-20ºN), a few forms in the South China Sea.

The typhoon season could extend from April through December. About 87% typhoons develop

from June through October and propagate across central Pacific Ocean and head westward to the

Philippines and East Asia. There is a noticeable seasonal shift of storm tracks during the

propagation. From July through September, storms move north of the Philippines and make a

curve toward north, while early and late-season typhoons move further west before making the

curve. As storms move from southeast to northwest, east China coast (including Taiwan and

Hainan) (ECC) experiences a high frequency typhoon landfall strike, averaged 3.8 typhoons

made landfalls on the ECC each year since 1945. Given the large economic loss and the

associated social repercussion that results from the landfall typhoons, it is urgent to know the

factors or conditions that control the typhoon tracks.
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A number of literatures on tropical cyclogenesis (Anthes 1982; Briegel, 1997; Chen, 1998; Harr,

1995; Lander, 1994; Li, 1986; Montgomery, 1993; Ramage, 1974; Sadler, 1976, 1978) reveal

that the inter-annual and intraseasonal variability of the western North Pacific typhoons are

generally associated with several local and remote factors. Although there is not a consensus on

what exactly causes the interannual variability of tropical cyclones, several factors are widely

accepted to be crucial to tropical cyclone genesis. The relationship between ENSO and Western

North Pacific typhoon activity has examined by many authors (Chan, 1985, 2000; Chen et al.

1998; Lander 1994). Those studies mainly concerned about the relationship between the extreme

ENSO events (El Niño or La Niña) and the TC activity in the context of frequency, genesis

location, track pattern, life span, and intensity. It is noted that the frequency of tropical cyclone

formation in the eastern portion of the Western North Pacific (150E to the date line) is above

normal during El Niño years. Genesis locations of western North Pacific tropical cyclones are

strongly associated with ENSO episode. In an El Niño year there is usually an east-southeast

shift in the average track and genesis position, while in La Niña years a west-northwest shift

usually occurs. Active storm years in the western Pacific are also associated with above-normal

sea surface temperature (SST) (Chen, et al.; 1998). SST in northwestern Pacific basin is among

the warmest in the world, especially during the typhoon season (June-November) while SST

reaches 29°C – 30°C. It could explain why the more annual total of tropical cyclones being

observed in the Western North tropical Pacific basin than any other basins. The energy source of

tropical cyclones is latent heat, which is released to the atmosphere in the form of water vapor. In

general, evaporation is active with an increase in SSTs and more water finds its ways into the

atmospheric boundary layer. Matsuura (2003) investigated the interdecadal variability of

typhoon activity in the western North Pacific, and found it correlates well with long-term
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variations of tropical Pacific SST. Other climatic factors such as the Quasi-Biennial Oscillation

(Chan, 1995) and Madden-Julian Oscillation were also found to affect western North Pacific

typhoon activity (Madden and Julian 1994; Liebmann et al. 1994; Maloney and Hartmann 1998;

Sobel and Maloney 2000). As a summary, most existing western North Pacific typhoon studies

have focused on the frequency and intensity of cyclogenesis, little focus has been placed on

influences of climate factors on typhoon tracks. 

1.3 Objectives and Tasks
_º

The ultimate goal of the proposed study is to improve landfall TC prediction skills in a seasonal

to interannual time scale by acquiring a better understanding on how TC tracks and climate

factors are physically and statistically connected. Specifically, the following tasks will be carried

out:   

1) Describe and diagnose both global and local environmental conditions that contribute to the

annual and interannual variability of tropical cyclone tracks in the North Atlantic (NA) and the

Western North Pacific (WNP).

2) Assess qualitatively the influences of global climatic track-influential factors and local factors

on tropical cyclone landfall frequency. 

3) Analysis of large-scale circulation surrounding TC tracks to gain a dynamic outlook on how

climate factors connect with TC tracks. 

4) Examine changes in seasonal and interannual variability of climate factors on TC track

patterns with regard to ‘high’ landfall frequency years, in contrast to ‘low’ landfall frequency

years.     
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1.4 Hypothesis

1) By identifying the correlation of dominant EOF components of tropical cyclone track density

function (TDF) with atmospheric and oceanic environmental factors, hurricane variability and

regime patterns can be reconstructed.

2) Air-sea interaction associated with ENSO and tropical Atlantic SST Dipole Mode exert a

significant influence on the interannual variability of North Atlantic hurricane activity and

track patterns.

3) Coupling between the atmosphere and the land surface processes on the Qinghai and Tibetan

Plateau (QTP) plays a significant role in the interannual variability of western North Pacific

typhoon activity and track patterns;  

4) With identified pre-TC season predictors, TC landfall events could be predicted with skill a

season in advance;

5) Seasonal positioning of subtropical high influenced by climate factors provides a link to TC

movement and climate factors.

6) For TC track patterns, oceanic process in tropical Atlantic is the leading factor in the NA,

whereas land surface process (snow cover) over the QTP plays a key role in the variability of

WNP typhoon frequency and tracks.

1.5 Dissertation Overview

The dissertation is basically organized as two parts and seven Chapters. Part I includes Chapter

1-4, while Part II covers Chapter 5-7. In Chapter 1, a brief induction summarized previous TC

studies in North Atlantic and Western North Pacific. Chapter 2 describes data source and

methodology applied in Part II. Spatial and temporal variability of hurricane TDF and its
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correlation with climate factors are studied in Chapter 3.1-3. In Chapter 3.4, a statistical Model is

constructed and for predicting landfall hurricane frequency in the East Coast of the United

States. Similar to Chapter 3, Chapter 4 discusses the climate factors and its association with

WNP typhoon TDF EOF components. A prediction Model is developed for typhoon landfall

frequency along the East China Coast. Chapter 5 presents a case study for 1990 and 2004 NA

hurricane seasons. The1978 and 2000 WNP typhoon seasons are studied in Chapter 6. In Chapter

7, composite studies are carried out to explore variations of subtropical high in response to

positive/negative phase of tropical Atlantic Dipole Mode and high/low snow cover over the QTP.        
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2 Data and Methodology

The National Hurricane Center (NHC) of the United States maintains databases at the National

Climate Data Center (NCDC) for all Atlantic Tropical Cyclones since 1851 and Western North

Pacific typhoons since 1945. For each storm, as the record allows, these data files contain the 6-

hourly (0000, 0600, 1200, 1800 UTC) center locations (latitude and longitude in tenths of

degrees), intensities (maximum 1-minute surface wind speeds in knots and minimum central

pressures in hPa), and an indicator of whether the system was purely tropical, subtropical or

extra-tropical. Atlantic hurricane data collected after 1944 were analyzed in this study because

observed hurricane positions were much more accurate via routine military reconnaissance

following the World War II. 

The primary analysis methodology used in this study is principal component analysis (PCA),

which employs Empirical Orthogonal Functions (EOF) in keeping with Lorenz (1956). In

particular, Singular Value Decomposition (SVD) is used to compute the EOF’s, which greatly

simplifies computational requirements (Kelly, 1988). This method has been widely used in

meteorological and oceanic data analysis (Rasmusson et al., 1981; Anderson and Gyakum, 1989;

Knappenberger and Michaels, 1993; Lee and Cornillon, 1995). EOF analysis determines a set of

orthogonal functions that characterizes the co-variability of the time series. The advantage of

EOF analysis is that it provides a compact description of the spatial and temporal variability of

data series in terms of orthogonal functions, or statistical “Modes”. Analysis of these EOF

Modes and the rotated EOF Modes will provide physical insight into the data that will be useful

in identifying the principal factors that influence cyclone track pattern.    
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The record of tropical cyclones accompanied by associated environmental factors provides clues

about their variability in response to climate fluctuations. With historical tropical cyclone track

dataset, frequency and track of tropical cyclones can be studied using the TC track density

functions (TDF) as proposed by Anderson and Gyakum (1989). The method creates a TDF based

on track information and then characterizes the non-seasonal variability of this field using a

standard EOF analysis. TDF provides a rich array of cyclone track information. The output of the

EOF analysis is then applied to extract the dominant factors that affect track patterns. This

method is especially useful in understanding the characteristics of landfall tropical cyclones since

landfall frequency obviously depends on the TC track patterns and the overall tropical cyclone

frequency. 

The construction of the cyclone track density function (TDF) is based on the frequency and

location of a cyclone occurrence at specified points and nearby areas within a certain time period

(Anderson and Gyakum, 1989). The TDF used in this study is designed to provide a description

of the tropical cyclone tracks on time scales of at least ten days rather than to describe the

movement of individual hurricanes. It is derived by evaluating a summation of all individual

hurricane effects in the dataset on a 2° x 2° grid within a 24-hour period:
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As in Anderson (1989), jx  is the position of the jth hurricane observation, which is valid at

time jt ; ),( txW ∆∆  is a weighting function, which defines the space and time smoothed cyclone

track density. Sx and St are space and time resolutions. In the North Atlantic, Sx and St are set to

16/π and 36/π, respectively. In the western North Pacific, they are set to 26/π and 22/π,

respectively.

 

The Atlantic domain covers the North Atlantic Ocean from 20°N to 50°N and from 50°W to

86°W. The western North Pacific domain covers the whole western North Pacific (including the

East China Sea, the Yellow Sea and the Bohai basin) which is bounded to the west by the East

Asia continent, east by 170°E, south by 10ºN and north by 50°N. While tropical cyclone tracks

were detected by TDF with a 6-hour sampling interval, the temporal resolution of the TDF is 24

hours. The time domain of the computation for Atlantic is from June 1 to November 30 and this

183-day period is defined as one ‘hurricane year’. For the western North Pacific, time domain is

from June 1 to December 31, and the 214-day period is considered as one ‘typhoon year’. 

Once the TC track density field is constructed, a nonseasonal anomaly field is then computed by

subtracting the climatology from the 61-year (1944-2004) data set at each grid box. Next, the

EOFs of the TDF within the study domain are computed. This computation was carried out with

daily time resolution on the 2ºx2º analysis grid using an iterative singular decomposition

technique where a first guess field is repeatedly projected through the dataset in time and then

space until convergence is reached. After an EOF has been found, the corresponding variance is

removed and the process is repeated to find the next most important EOF.



3. North Atlantic Hurricanes

 3.1 Spatial and Temporal Distribution of Dominant EOFs of Atlantic Hurricane Track

Density Function (HTDF)

The nonseasonal spatial distribution of mean and standard deviation of the cyclone track density

anomaly are displayed in Figs 3.1.1a-b. Climatological base is from 1944-2004. The top three

EOFs of the North Atlantic TDF within the study domain were calculated and shown in Figs

3.1.2a-c. They explain 30.47%, 12.89% and 9.72% of the total variance, respectively. The spatial

distribution of EOF1 is presented in Fig 3.1.2a. It is characterized by a single high positive value

over the center and represents an above normal hurricane track density when it has a large

positive amplitude (referred to as Mode 1+ hereafter), and below normal hurricane track density

when it has a large negative amplitude (referred to as Mode 1– hereafter).
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Fig 3.1.2b depicts the spatial pattern of EOF2. The EOF values are negative in the western and

positive in the eastern of the study region. This zonal “dipole” structure depicts the zonal

movement of the hurricanes. A large positive amplitude of EOF2 (referred to as Mode2+

hereafter) corresponds to above normal HTDF offshore on the eastern side of the study region,

whereas a large negative amplitude (referred to as Mode2- hereafter) corresponds to the opposite

pattern. The spatial pattern of EOF3 is shown in Fig 3.1.2c. It shows a large positive center in the

northeast coupled with negative values in the southwest region of the study area. In general, the

value of EOF3 increases from south to north, indicating a north-south dipole. When it has a large

positive amplitude (referred to as Mode3+ hereafter), hurricanes tend to move to the northeast

and spare the U.S. southeast coast. Whereas when it has a large negative amplitude (referred to

as Mode3– hereafter), hurricanes tend to move toward west and make landfall along the U.S.

southeast coast. 

The most reliable way of assessing the statistical significance of EOFs is to carry out a Monte

Carlo (MC) experiment. One approach is to randomly assign scrambling starting data for each of

the cyclones in the dataset and compared the residual variances of the dominant EOFs with their

counterparts as it was done in Anderson and Gyakum (1989). Our experiment is designed to    

randomly generate subsets of the original dataset (subset sizes > one forth of the original size),

and compare the EOFs for different subsets against the ones for the full dataset using spatial

correlation coefficients. Results indicated that the first three EOFs retained their rank in the

hierarchy and exhibited substantial levels of similarity - 98 of the 100 Monte Carlo control runs

matched their counterparts by a spatial correlation coefficient of at least 0.85, representing a

substantial statistical significance of the first three leading EOFs. 
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In order to interpret the physical meanings of the EOFs and their spatial and temporal variability,

it is important to check if any of the EOFs does not represent the physical fields. One approach

for simplifying the interpretation of an EOF analysis is the technique of factor rotation, which

has been widely used in meteorological applications (Horel 1981, Anderson and Gyakum, 1989).

In this study, the rotated EOFs are computed by using the VARIMAX program. For detailed

discussions of EOF rotation, the readers should consult Cureton and D’Agostino (1983) and 

Figure 3.1.3 (a) Variance explained by the first five unrotated EOFs, and the variance for

rotations when M takes the value of 2, 3, 4 and 5, respectively; (b) time series of the

amplitudes (weights) of the three leading HTDF EOFs and rotated EOFs. Solid line

represents rotated EOFs.
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Richman and Lamb (1985). When an EOF rotation is carried out, one needs choose the

truncation point, M, for the description of the field by using the first M order EOF components.

Fig 3.1.3a demonstrates the variance explained by the first five unrotated EOFs, and the variance

for rotations when M takes the value 2, 3, 4, and 5, respectively. The first three rotated EOFs

explain a similar amount of variance as those explained by the first four or five EOFs involved in

the rotation. Additionally, the space and time structures of the first three rotated EOFs are nearly

identical to the cases where M takes 4 or 5. Thus, M=3 is a reasonable truncation point. The

temporal distributions of the top three EOFs and the rotated EOFs of Atlantic HTDF (Fig 3.1.3b)

are also nearly identical, which further shows the reliability of the first three leading EOFs. As

we will show below, the extreme-amplitude periods represent distinct clustering of North

Atlantic hurricane tracks.

3.2 Hurricane Track Patterns Associated with Dominant HTDF EOF Components

To diagnose possible coupling mechanisms between hurricanes and the atmospheric circulation

in the tropical Atlantic Ocean, hurricane track behavior during the positive/negative amplitude

periods was examined using the first three dominant (rotated) EOF Modes of TDF. As defined in

Chapter3.1, case type i+ refers to periods when the ith EOF component has a large positive

amplitude; type i- refers to periods when the ith EOF component has a large negative amplitude,

where i could be 1, 2 or 3. The periods chosen are the largest amplitude cases where the anomaly

extended over the whole life span of the specific hurricanes.

Figs 3.2.1a-b represent the track patterns associated with Mode 1+ and Mode 1−, respectively.

By examining the activity of each individual hurricane, it appears that most hurricanes captured

by Mode 1+ are major hurricanes (with maximum sustained 1-minute surface winds of at least



50 m/s or 111 m/h, according to the NHC), which have two different climatological

characteristics as compared with the weaker hurricanes associated with Mode 1–. First,
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Mode 2 is clearly associated with the hurricane track dipole Mode in the east-west (landward–

seaward) direction. Figs 3.2.3a-b depicts the track patterns associated with the Mode 3+ and

Mode 3−, respectively. Mode 3+ hurricanes are more likely to occur in the northeast portion of
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the study region, while Mode 3− hurricanes tend to move toward the southeast coast of the U.S.,

resulting in more landfall hurricanes along the southeast coast of the US during this time period.

3.3 Factors Associated with First Three EOF Components of the HTDF and the

Interannual Variability of Hurricane Tracks

a) North Atlantic Oscillation (NAO)

The North Atlantic Oscillation (NAO) is one of the oldest known climatic weather patterns

depicting the pressure differences between the Azores and Iceland. The NAO is most important

in the cold season and has two phases. The positive NAO phase corresponds to higher surface

pressure in the subtropical Azores High (Icelandic low), whereas the negative NAO phase

depicts the opposite. Elsner (2003) examined hurricane tracks across the North Atlantic and

classified hurricane tracks into north and south regions based on the National Hurricane Center

(NHC) historical hurricane “best track” data (HURDAT) from 1944 to 2002. He found that the

two-month (May and June) averaged NAO index is well correlated with North Atlantic hurricane

tracks during the upcoming hurricane season. As shown in Fig 3.1.3c, third EOF of the HTDF is

associated with southwest-northeast dipole Mode of the hurricane track pattern. Correlations

between the HTDF EOFs and a combination of the NAO indices from January to June were

computed (Table 3.3.1). Fig 3.3.1a shows that HTDF EOF3 and the NAO index are negatively

correlated (R=-0.4024) and exceed the 95% confidence level. A positive correlation exists

between HTDF EOF3 and the six-month (January-June) averaged NAO Index (Table 3.3.1).

Since Mode 3+ is associated with northeast-moving storms, whereas Mode 3– is associated with
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hurricanes moving toward U.S. southeast coast, the positive correlation between HTDF Mode 3

and NAO indicates that the negative phase of NAO favors more landfall hurricanes along the

Table 3.3.1 Correlation between HTDF EOF components and climate factors (Coefficient

exceeds 95% confidence level if |R| > 0.261, exceeds 99% confidence level if |R| > 0.340. Red

color number represents correlation excesses 95% confidence level)

Coefficient EOF1 EOF2 EOF3
ENSO (January – June) -0.3050 -0.0071  0.2671
NAO (January – June) -0.1420 -0.4024  0.2627
AO (January – June) -0.0076 -0.3679  0.1782
ASSTDM (June - Jul)  0.5536  0.4054 -0.5038
VWS (August- October) -0.5936 -0.1755  0.2110
WSR (June – September)  0.2860 (1950-1984)

-0.0587 (1985-2004)
-0.2082 (1950-1984)
 0.0648 (1985 -2004)

-0.1299 (1950-1984)
-0.1180 (1985-2004)

QBO (Previous July) -0.1813 -0.0778  0.1663

Figure 3.3.1 Overlay of HTDF EOF2 and NAO indices (R=-0.4024)
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U.S. southeast coast. This is because the negative phase of NAO is associated with a stronger

and more westward North Atlantic subtropical high pressure system, which tends to steer

hurricanes propagate more westward than northward and thus creating a more favorable

condition for hurricanes to make landfall along the U.S. southeast coast.

To further study the relationship between HTDF Mode 3 and hurricane behavior, hurricanes with

Mode 3+ and Mode 3- are classified into two groups and maximum wind speeds for each group

were investigated. Maximum hurricane wind speeds associated with Mode 3– in the southern

portion of the domain are generally stronger than those hurricanes in the north region, which are

associated with Mode 3+ (Fig 3.3.2). This finding is consistent with that of Elsner (2003) in

which Atlantic hurricane tracks are clustered into a “southern group” and a “northern group” and

the intensity of the hurricanes in the two groups are compared to each other. 

Figure 3.3.2 Normalized maximum wind distribution associated with EOF3 high and low
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b) Arctic Oscillation

The Arctic Oscillation (AO), alternatively known as the Northern Hemisphere Annular Mode

(NHA), is the dominant pattern of non-seasonal Sea-Level Pressure (SLP) variations to the north

of 20�N. It is a large-scale Mode of climate variability characterized by SLP anomalies of one

sign in the Arctic and anomalies of opposite sign centered about 37°N to 45° N. Periods of

relatively “high” AO index are accompanied by below normal Arctic SLP, enhanced surface

westerlies in the north Atlantic. Opposite circulation pattern with a deep trough and weak

westerlies in the north Atlantic is associated with “low” AO index conditions. The correlation

coefficients between the AO index and HTDF EOF2 were computed for the period extending

from 1950 to 2004. The correlation between Mode 2 and the AO index is negative and exceeds

the 95% confidence level (Fig 3.3.3). This suggests that, similar to NAO, AO may be associated

with the zonal Mode of HTDF. During the positive phase of AO, strong westerly in the North

Atlantic tends to move the hurricanes offshore, whereas during the negative phase of AO, more

landfall hurricanes are expected along the U.S. East Coast. As Wallace (2000) suggested, the AO

and NAO is a pair of related phenomena known as the Northern Hemisphere Annular Mode.

They represent two different aspects of the same phenomenon and their effects on hurricane

activity are similar in the North Atlantic region. As such, these two indices are closely correlated

(r=0.88, α<0.0001) (Table 3.3.2). However, Lin and Derome (2002) evidenced that about 34%

of the variance in the NAO index is not linearly related to the AO index, which makes it possible

for the NAO to be partly related to the extratropical forcing while the AO is not.
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Figure 3.3.3 Correlation coefficients between HTDF EOF2 and AO indices. The horizontal

axis shows the starting year of the time series during, which the correlation is computed.

All time series have the same ending year, which is the last year on the axis.
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Table 3.3.2 Cross-correlation coefficients among climate factors Numbers below the

correlations are p-values and those less than 0.05 are the traditional indicators of statistical

significance (Explanation same as Table 3.3.1)

R > 75W ASSTDM TotalHurr ENSO NAO AO VWS WSR QBO
Landfall  1.0000  0.5634

 <0.0001
 0.5126
 0.0004

-0.3715
 0.0052

-0.4154
 0.0016

-0.3774
 0.0045

-0.3392
 0.0113

-0.1755
 0.2001

-0.1030    

 0.4545
ASSTDM  0.5634

<0.0001
 1.0000  0.5654

<0.0001
-0.4260
<0.002

-0.2467
 0.0694

-0.0921
 0.5037

-0.6404
<0.0001

-0.4118
 0.0018

-0.0921
 0.5036

TotalHurr  0.5126
 0.0004

  0.5654
 <0.0001

 1.0000 -0.3159
 0.0188

-0.2154
 0.1143

-0.1324
 0.3353

-0.5380
<0.0001

-0.2822
 0.0369

-0.1366
 0.3200

ENSO -0.3715
 0.0052

-0.4260
 <0.0012

-0.3159
 0.0188

 1.0000 0.2159
 0.1135

 0.0431
 0.7549

  0.3377
  0.0177

 0.4225
 0.0013

-0.0468
 0.7345

NAO -0.4154
 0.0016

-0.2467
 0.0694

-0.2154
 0.1143

 0.2159
 0.1135

 1.0000  0.8772
<0.0001

 -0.1620
  0.2372

 0.1239
 0.3676

-0.0846
 0.5393

AO -0.3774
 0.0045

-0.0921
 0.5037

-0.1324
 0.3353

 0.0431
 0.7549

 0.8772
<0.0001

 1.0000 -0.0168
 0.9030

-0.0941
 0.4943

-0.1243
 0.3659

VWS -0.3392
 0.0113

-0.6404
 <0.0001

-0.5380
 <0.0001

 0.3377
 0.0177 

-0.1620
 0.2372

-0.0168
 0.9030

 1.0000 -0.4843
 0.0002

-0.0767
 0.5779

WSR -0.1755
 0.2001

-0.4118
 0.0018

-0.2822
 0.0369

 0.4225
 0.0013

 0.1239
 0.3676

-0.0941
 0.4943 

-0.4843
 0.0002

 1.0000 -0.2059
 0.1316

QBO -0.1030
 0.4545

-0.0921
 0.5036

-0.1366
 0.3200

-0.0468
 0.7345

-0.0846
 0.5393

-0.1243
 0.3659

-0.0767
 0.5779

-0.2059
 0.1316

 1.0000

c) The 200mb Geopotential Height (GHT)

Since North Atlantic hurricane tracks are largely affected by atmospheric circulation over the

North Atlantic and North America, it is important to understand the large-scale patterns of the

geopotential high (GHT) anomaly fields associated with the landfall (EOF 2-) and offshore

moving (EOF 2+) hurricanes. Figs. 3.3.4a-b represents the 200hpa composite GHT anomalies

associated with Mode 2+ and Mode 2−, respectively. These figures demonstrate how large-scale

atmospheric circulation influences zonal Mode of hurricane movements. The 200hpa GHT

anomaly fields were constructed from NCEP/NCAR reanalysis daily averages 200hpa pressure

level data by composting the data for the period of time coincident with HTDF Mode 2+ and 2-,
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 a)

            

b)

Figure 3.3.4 Composite GHT anomalies at 200hPa during (a) Mode 2+ and (b) Mode 2-
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respectively. During the Mode 2+ periods, there is a stronger ridge (positive anomaly) along the

southeast US coast, where hurricanes from the Atlantic Ocean have a better chance of making

landfall (Fig 3.3.4a). During the Mode 2+ periods there is a deeper trough (negative anomaly)

over the entire southeast coast of the US, which acts to steer the hurricanes northeastward and

away from the coast (Fig 3.3.4b). Thus, an approaching deep mid-latitude trough is a typical

signal for northeastward moving hurricanes, whereas a strengthened subtropical high signals a

higher probability of storms that make landfalls along the U.S. East Coastline.

d) El Nino and Southern Oscillation (ENSO)

There are various scenarios regarding the ENSO phase and tropical cyclone landfall frequency in

North Atlantic Basin: Cold phases are observed to have more hurricane landfalls than neutral

years while warm phases see fewer hurricane landfalls (Gray 1984a). Following Gray, Richards

and O’Brien (1996), Bove et al (1998) and Tartaglione, et al (2003) studied the ENSO neutral

phase – U. S. hurricane landfall relation and found that the probability of two or more hurricanes

making landfall in the United States during ENSO neutral year is about twice much than that in El

Niño year. ENSO monthly data (1950–2004) derived from Japan Meteorological Agency (JMA)

SST anomalies, which are annual mean SST anomalies for the area 4°S-4°N and 150°-90°W

(Meyers el al. 1999) are used here as the ENSO index. The correlation coefficients between the

first EOF of the HTDF and the ENSO index are displayed in Fig 3.3.5 as a function of the year

when the correlation began. The solid line represents the 95% confidence level. In general the

correlation coefficients are above the 90% confidence level, suggesting the existence of a robust

relationship between these two time series. This strong negative correlation between Eastern

Equatorial Pacific SST anomaly and HTDF EOF1 implies that fewer and weaker hurricanes occur
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Figure 3.3.5 Correlation coefficients between HTDF EOF1 and ENSO. The horizontal axis

shows the starting year of the time series during, which the correlation is computed. All time

series have the same ending year, which is the last year on the axis.

in El Nino years and more frequent and stronger hurricanes occur in La Nina years. This is

consistent with earlier findings summarized by Goldenberg et al. (2001).

HTDF EOF3 has a positive correlation with the ENSO indices (Table 3.3.1), suggesting more

landfall hurricanes occur in La Nina years, whereas fewer landfall hurricanes occur in El Nino

years along the U.S. southeast coast. Interestingly, no significant correlation between HTDF

EOF 2 and the ENSO Index was found, which implies that while ENSO may play a major role in

modulating the interannual variability of Atlantic basin hurricane activity, its effect is less

important in modulating the zonal Mode of the HTDF.
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e) Vertical Wind Shear (VWS) in the Atlantic hurricane main development region (MDR) 

It is well known that weak vertical shear of the horizontal wind between the upper and lower

troposphere (typically between 850 and 200hPa) is one of the local conditions required for TC

formation and development (Landsea, 2000). Active hurricane seasons in the Atlantic Basin are

generally associated with a reduction of VWS within the critical 10° to 20° N latitude belt

stretching from North Africa to Central America (Fig 3.3.6) (termed the “main development

region” (MDR) by Gray et al. 1993). During August-October, VWS in the Atlantic basin's MDR

normally exhibits a strong westerly component and exceeds the critical 7.5-10 m/s threshold for

Figure 3.3.6 Main Development Region (redrawn from Goldenberg and Shapiro, 1996)

 hurricane formation (Gray et al. 1993). This large shear is caused by a combination of upper

level (200 hPa) westerly winds in association with a mean tropical upper tropospheric trough

(Sadler 1976; Fitzpatrick et al. 1995), and low level (850 hPa) easterly trade winds. Thus, very

active hurricane seasons require that the VWS in this region to be substantially reduced from the

climatological mean. According to Landsea (1996), remote climatic factors can significantly
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affect the interannual variability of Atlantic basin hurricane activity, primarily through their low

frequency modulation of the distribution of VWS. ENSO alters the global atmospheric

circulation affecting tropical cyclone frequencies by changing in the lower troposphere vorticity

sources and the vertical wind shear (Landsea, 2000). Strong VWS usually inhibits the formation

and intensification of the hurricanes by preventing the axis-symmetric organization of deep

convection. Goldenberg et al. (2001) noticed the recent increase in Atlantic hurricane activity

and attributed it to the increases in Atlantic SST and the decreases in VWS. Following the work

of Goldenberg et al. (2001), the percentage of the south-central portion of the MDR where VWS

is less than 6 m/s was used to represent the VWS Index. The correlation between the VWS Index

and the first three Modes of the HTDF EOFs show that the interannual variability of VWS is

inversely correlated to Mode 1 of the HTDF (Table 3.3.1), suggesting fewer and weaker

hurricanes are usually observed in years with stronger VWS, and fewer hurricanes move toward

the U.S. southeast coast in years with stronger VWS. Notice that this correlation coefficient is

well above the 99% confidence level (p<0.01). No significant correlation was found between

Mode 2 of HTDF and the VWS index, which is consistent with the results discussed in Chapter2.

It should be noted that the tropical Atlantic VWS itself is correlated significantly with ENSO

(R=0.2658, p=0.0477), West Sahel rainfall (WSR) (R= −0.48, p=0.0002), as well as the tropical

Atlantic SST Dipole Mode (DM) as we will show below (R= −0.64, p<0.0001). Thus, the effect

of tropical Atlantic VWS on hurricanes is likely reflected in these cross-correlated parameters

(ENSO, Atlantic SST DM, and WSR) (Table 3.3.2).

f) Tropical Atlantic SST Dipole Mode

One of the necessary conditions for hurricane development is the threshold SST (26.5°C), below

which hurricanes do not form. The relatively deep mixed-layer warm water in the western



33

subtropical North Atlantic (including the Gulf of Mexico) makes it one of the most favorable

regions for hurricane development. Previous studies have shown that tropical North Atlantic SST

correlates positively with major hurricane activity (Gray, 1993; Landsea, 1996; Goldenberg,

2001). Since North Atlantic HTDF is determined by the number and track patterns of hurricanes,

it is reasonable to assume that the EOFs of North Atlantic HTDF are associated with the SST

anomalies in the tropical Atlantic. This hypothesis is confirmed by the strong positive correlation

between the first EOF of the North Atlantic HTDF and the first EOF of Atlantic SST, which

depicts the well-known dipole structure (Servain 1991). The correlation coefficients for the

entire time series are well above the 99% confidence level (Figs. 3.3.7a-b). The Atlantic SST

dipole structure associated with Atlantic SST EOF1 is characterized by opposite SST anomalies

between the tropical North Atlantic and the tropical South Atlantic. Previous studies on the

effects of Atlantic SST dipole Mode concern mainly decadal climatic variability (Chang et al.

1997). Figs. 3.3.7a-b clearly indicates a strong connection between the Atlantic SST dipole

Mode and the interannual variability as well as the decadal trend of North Atlantic hurricane

activity. Additionally, The SST dipole is also positively correlated with the second HTDF Mode

and negatively correlated with the third Modes of HTDF (Table 3.3.1). Correlations both exceed

the 99% confidence level. It suggests that the positive phase of the Atlantic SST dipole Mode

corresponds to more southwesterly tracks, which result in above normal hurricane landfalls in the

southeast U.S. coast. Whereas the negative phase corresponds to more hurricane tracks

accumulated in the northeast part of the study domain, which result in fewer landfall hurricanes.
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g) Western Sahel Rainfall (WSR) 

Landsea and Gray (1991) first proposed that the WSR (June-September) is strongly associated

with seasonal Atlantic hurricane activity. During the drought years, stronger upper tropospheric

westerly winds are developed which typically cause more vertical wind shear -- a feature that has

long been known (e.g. Gray, 1968) to be detrimental to tropical cyclones. However, the WSR has

shown little skill as a predictor in Gray’s prediction scheme since 1990’s (Klotzabach, 2004). In

Table 3.3.3, annual WSR demonstrated significant correlations with the top three Modes of 

Table 3.3.3 Correlation between HTDF EOFs and Sahel rainfall annual indices 

(Red color numbers represent R excesses 95% confident level)

Sahel Rainfall   EOF1   EOF2    EOF3
1950 - 1993  0.5377  0.3741 -0.4337
1994 - 2004  0.1833  0.3578 -0.3738

HTDF during the period of 1950 to 1993, however, significance does not hold thereafter. It is

hard to say if this is a real meteorological change or an artifact of station measurement quality

and other factors (Klotzbach, 2004). Fall et al (2006) recently suggested that rainfall over

Senegal instead of the rainfall over the whole West Africa might be a better representative of

Africa easterly waves due to the geographic location of Senegal where majority of easterly

waves pass through the region and head to the North Atlantic.

h) Overall Atlantic Basin Hurricane Activity

Statistically we found that the total number of hurricanes making landfall on the eastern seaboard

of the U.S. is positively correlated with the total number of hurricanes in the North Atlantic

basin. However, this parameter itself is a variable that needs to be predicted, so it is excluded

from the prediction Model. 
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i) Quasi-Biennial Oscillation (QBO) 

In the early 1980s, Gray (1984a, 1984b) showed strong predictive relationships of seasonal

tropical cyclone activity to the phase and trend of the stratospheric QBO. Gray has since

modified the forecast scheme (Gray, 1990a, 1990b) to include discounted temporal variability of

the QBO phase. According to Gray et al. (1992), the average half-period of the QBO lasts

approximately 14 months (average period 28 – 29 months). The easterly anomaly of the QBO

during the previous July should therefore be of opposite sign during the following year’s

August–October, and provide favorable condition for the development of hurricanes in the deep

Tropics (Klotzbach and Gray, 2004). Table 3.3.1 shows a weak negative correlation (> 90%

confidence level) between the first Mode of HTDF and the previous July QBO phase. No

significant correlation was found between the QBO and other HTDF EOF components. This is

probably because that the domain of HTDF only covers north of 20°N and east of 85°W.

Therefore it excludes hurricanes in the Gulf of Mexico and deep tropical region. No significant

correlation was found between the QBO and other Modes of HTDF. 

3.4 Seasonal Prediction of Landfall Frequency of North Atlantic Hurricanes 

3.4.1 Factors Associated with Hurricane Landfall Frequency on the East Coast of the U.S. 

An average of 1.0 hurricane per year have made landfall along the East Coast of the United

States (ECUS) over the past 55 years (1950-2004). However, the number of landfalls each year

has varied across a wide range. The actual number of hurricanes that make landfalls on the East

Coast of the United States each year apparently depends on two factors: 1) how active the

Atlantic hurricane season is; 2) their preferred track pattern during. It is well known that global
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and regional climate patterns determine the characteristics of a hurricane season (Goldenberg et

al., 2001; Gray, 1998). For example, the presence of an El Niño event, with its accompanying

teleconnection pattern, could be a good indicator for a less active hurricane season in the Atlantic

Ocean. Warm Atlantic Ocean sea-surface-temperature (SST), coupled with vigorous tropical

waves and weak vertical wind shear signal an active hurricane season. During the past few

decades, significant progress has been achieved in seasonal prediction of Atlantic hurricanes

based on statistical analysis of historical Atlantic hurricane records (Gray et al. 1984, 1992,

1994; Landsea 1996; Elsner et al. 2001a, 2001b; Goldenberg et al. 2001). In addition to the well-

documented effect of El Nino/Southern Oscillation (ENSO), vertical wind shear index (VWS)

and Western Africa rainfall, relationships between Atlantic HTDF and the Arctic Oscillation

(AO), North Atlantic Oscillation (NAO), and Atlantic sea surface temperature (SST) dipole

Mode were established. These established statistical relationships will be utilized to develop

statistical Models for seasonal prediction of hurricane landfall frequency along the entire U.S.

East Coast (from Florida to Maine), as well as along US Southeast coast (from Florida to North

Carolina) and Northeast Coast (from Virginia to Maine).

In Chapter 3.3, several climatic and oceanic factors have been identified to be associated with

hurricane activity in the Atlantic Ocean based on principle component analysis (PCA) of the

hurricane track density function (HTDF) (Table 3.3.1, Table 3.3.2). Figs. 3.1.2a-c show the

spatial distributions associated with the first three HTDF EOF Modes, which explain 30.47%,

12.89% and 9.72% of the total variance, respectively. A strong correlation was found between

the tropical Atlantic SST DM and the first three EOF Modes of HTDF. North Atlantic

Oscillation (NAO), as the manifestation of Arctic Oscillation (AO) in the Atlantic sector, was
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also found associated with the second and third Modes of HTDM, which are responsible for the

track movement in the east-west and north-south direction, respectively. Following the approach

of that study, and others, a more comprehensive understanding of the linkages between climatic/

oceanic factors and hurricane activity could further improve hurricane forecast skills.

Climate/oceanic indices applied in the prediction Model are carefully chosen in order that they

have significant correlation with the variability of landfall hurricanes, and most can be

quantitatively assessed prior to the onset of the most active part of the hurricane season

(normally from August through September).

3.4.2 Poisson Regression and Jacknife Procedure

 The Poisson regression methodology allows the simultaneous testing and Modeling of multiple

independent variables that provide revealing insights into the relationships between several

independent or predictor variables and a dependent variable. It is similar to regular multivariable

regression except that the dependent variable (Yi) is a count that follows the Poisson distribution.

The probability distribution is a standard way to model relatively rare events in space or time.

The probability of getting N (an integer) events is exp(-λi)*(λi**N)/N!, where λi is called the

"intensity" of event occurrence, which can be obtained by:

λi  =  exp(β0+∑βjZij)

Zij is the data value for observation i on predictor j and βj is the corresponding Poisson regression

coefficient for predictor j. It can be shown theoretically that the expected number of tropical

cyclones E(Yi) equals λi, when Y has a Poisson distribution (Kleinbaum et al. 1988; McDonnell
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and Holbrook, 2004). The goal is then to estimate the β’s, the unknown parameter in the model.

Note that estimation of the β’s gives an estimate of the whole conditional distribution of Yi given

xi. This allows us to estimate quantities like P(Yi = 0 | xi); P(Yi >2 | xi). Given the

climatic/oceanic characteristics xi, we will be able to answer questions like “What is the

probability that no hurricane makes landfall or more than 2 landfall hurricanes make landfall in

2006?”

In order to assess the prediction skill of the regression Model, the Jacknife procedure was

employed to construct the Poisson regression model. The Jacknife (or leave-one-out) procedure

(Bradley, 1983) is a re-sampling technique targeted towards providing a computational

procedure to decrease the bias of a generic estimator. It is based on removing samples from the

available dataset and recalculating the estimator. Using the Jackknife procedure, one year of data

is dropped when conducting a prediction for that year. Thus a prediction of hurricane landfall

frequency can be made while minimizing the bias for an individual year.

The response (dependent) variables are classified into three categories: 

1) Number of Atlantic hurricanes that made landfall along the U.S. East Coast (defined as

the coastal region from the southern tip of Florida to Maine) at hurricane intensity; 

2) Same as 1) except that landfall tropical storms which had reached hurricane intensity

prior to landfall were also included; 

3) Number of Atlantic hurricanes that traveled westward across the 75ºW longitude, and

thus posed a threat to the coastal region even if they didn’t make landfall. 
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Note that only those hurricanes, which initially formed in North Atlantic, were counted in above

three categories. Hurricanes originated in the Gulf of Mexico were not included in this study. All

three categories of response variables are in integer form ranging from 0 to 5. Thus the usual

assumptions underlying ordinary regression can not be hold. For example, the error distribution

is not normal and can not be anything but an integer. One way to avoid this problem is to run a

Poisson regression. Elsner and Schmertmann (1993) have successfully applied a Poisson

regression model in the modeling of tropical cyclones over the Atlantic basin. McDomonnell and

Holbrook (2004) used a Poisson regression model of tropical cyclogenesis for the Australian-

Southwest Pacific Ocean region.

3.4.3 Reconstruction of Hurricane Landfall Frequency from Leading EOF Modes of HTDF

The EOF analysis of the HTDF fields indicated the existence of three leading spatial patterns

(EOFs) in Atlantic hurricane tracks. The first three EOF Modes represent 53.08% of the total

variance. Correlation coefficients between the first three EOF components and the number of

Hurricanes in the North Atlantic Ocean were calculated. Mode 1 is well correlated with the total

number of hurricanes (R=0.74), suggesting a strong connection between the first HTDF EOF and

the overall hurricane frequency. The correlation between HTDF EOF3 and the total number of

hurricanes is negative (R= −0.33), meaning more hurricanes would move westward toward the

southeast US coast when total hurricanes were about normal. EOF2 is not sensitive to the total

number of hurricanes, indicating that it describes the spatial variation of hurricane frequency,

other than the total number. The total hurricane time series can be reconstructed with the first

three EOFs of the HTDF using multiple regression methodology. The multiple regression model

allows the simultaneous testing and Modeling of multiple independent variables that learn more
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about the relationship between several independent or predictor variables and a dependent or

criterion variable. 

The model for a linear multiple regression takes the form:

y = a0 + a1x1 + a2x2 + … + apxp or Y = XA

And we wish to estimate the a0, a1, …  ap, by obtaining

^ ?

y1 = b0 + b1x1 + b2x2 + … + bpxp   

The b's are termed the "regression coefficients". Note that in this equation, the regression

coefficients represent the independent contributions of each independent variable to the

prediction of the dependent variable.  According to the principles of linear least squares, the

solution is: b =(X'X)-1X'Y

The correlation coefficient between the observed and reconstructed total hurricane frequency is

0.782 (Fig 3.4.1a). A positive correlation (R=0.382) is identified between EOF1 and the number

of  hurricanes making landfalls along the east coast of the US. While EOF2 component is not

significantly correlated to the total basin-wide hurricane number, it shows a strong negative

correlation with landfall hurricane numbers (R= −0.452). The correlation between Mode 3 and

the number of landfall hurricanes is strong (R=-0.661) and therefore appears to be important as

an indicator of the landfall hurricane frequency. An effort was also made to reconstruct the

number of landfall hurricanes using the top three EOFs of the HTDF. The overall correlation

coefficient between the reconstructed and the observed land-falling hurricane number is 0.738

(Fig 3.4.1b). Above fact implies that the first leading EOF components represent dominant

feature of the total and landfall hurricane variability.
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3.4.4 Probabilistic Prediction of Annual Landfall Atlantic Hurricane Frequency

To create a credible tropical cyclone prediction scheme, the objective statistical Jacknife

technique is used to verify if each predictor has a statistically significant correlation with the

Atlantic tropical cyclone landfall frequency. Table 3.4.1-3 list the climatic indices that used as

qualified predictors for predictions to be made, respectively, on April 1, June 1, and August 1 for

Table 3.4.1 Correlation between April 1 predictors and response variables (Explanation

same as Table 3.3.1, Prob > |r| under H0: Rho=0) (N=55, 1950 - 2004)

Correlation 
coefficient

DM (Feb-Mar) ENSO (May-Jun) NAO (Jan – Mar)

Landfall hurricanes 0.3792
(0.0039)

-0.3911
(0.0029)

-0.2803
(0.0364)

Landfall hurricanes
and tropical storms

0.3722
(0.0047)

-0.4128
(0.0016)

-0.2910
(0.0296)

Hurricanes passed
West of 75°W

0.4653
(0.0003)

-0.3715
(0.0048)

-0.3826
(0.0036)

Table 3.4.2 Correlation coefficients (R) between June 1 predictors and response variables

(Explanation same as Table 3.4.1

Correlation 
coefficient

DM (Jan-May) ENSO (May-Jun) NAO (Jan – Mar)

Landfall hurricanes 0.4783
(0.0002)

-0.3911
(0.0029)

-0.2798
(0.0368)

Landfall hurricanes
and tropical storms

0.4243
(0.0011)

-0.4128
(0.0016)

-0.2220
(0.1001)

Hurricanes passed
West of 75°W

0.5422
(<0.0001)

-0.3715
(0.0048)

-0.4157
(0.0014)
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   Table 3.4.3 Correlation coefficients (R) between August 1 predictors and response

variables (Explanation same as Table 3.4.1

Correlation 
coefficient

DM (Jan-Jun) ENSO (May-Jun) NAO (Jan –
Jun)

Landfall hurricanes 0.5702
(<0.0001)

-0.3911
 (0.0029)

-0.2884
 (0.0311)

Landfall hurricanes
And tropical storms

0.5362
(<0.0001)

-0.4128
 (0.0016)

-0.2634
 (0.0498)

Hurricanes passed
West of 75°W

0.5693
(<0.0001)

-0.3715
 (0.0048)

-0.4154
 (0.0015)

the period of 1950 - 2004. For each predictor, the p-value (representing the significance level) of

the correlations between each predictor and the prediction (response) variable is first computed.

Using p<0.05 as the desired threshold p-value for adding a new predictor to the regression

Model, predictors, which are qualified for the prediction model, are carefully chosen through the

statistical significance t-test. The following parameters are included in the prediction model:

1) Atlantic SST DM – Tropical Atlantic SST Dipole Mode;

2) NAO – North Atlantic Oscillation;

3) ENSO – El Nino Southern Oscillation (Nino 3 SST anomaly).

With these parameters, a Poisson regression model incorporating the cross-validation (or

Jacknife) procedure was applied for each predicting (response) variable. The assumption with

any statistical methodology is that the atmosphere would continue to behave in the future as it

had been in the past. In the following, the prediction results will be presented from the various

regression models for the period 1950-2004.



45

a) Annual number of landfall hurricanes in the East Coast of the U.S.

A hurricane landfall is defined as the passage of the hurricane eye across the coastline or the

contact of the hurricane eye wall on the coastline (Xie, et al., 2005a). Tables 3.4.1-3 list the

predictors selected for April 1, June 1 and August 1 predictions and their correlation to the

annual U.S. East Coast landfall frequency of the North Atlantic hurricanes. The prediction

(response) variables are not correlated with the ENSO indices prior to the April 1 and June 1

prediction date (January-March and January-May Nino 3 SSTA, respectively). However, they

are significantly correlated with the early summer (May-June) Nino 3 SSTA (Tables 3.4.1-3).

Thus, in order to consider the effect of ENSO on the annual landfall hurricane frequency along

the U.S. East Coast for the predictions made on April 1 and June 1, one must use predicted

ENSO indices for May and June. Otherwise, based on the p<0.05 selection criteria, the ENSO

indices observed prior to the prediction date would drop out from the April 1 and June 1

prediction Model.

Assuming that May-June ENSO predictions are “perfect” and available on April 1 or June 1, we

will include May-June ENSO indices along with the Atlantic SST DM and NAO in the

prediction model. Invoking the Poisson process (Grimmett, 1992), the probability for 0, 1, 2, or 3

landfall hurricanes can be predicted on April 1, June 1, and August 1, respectively. The results

are summarized in Table 3.4.4. One way to interpret the probability predictions is to decide the

number of landfall hurricanes for a given year using the largest probability and ignoring all other

probabilities. If we use this method to determine the predicted landfall hurricane numbers, the

observations and April 1 predictions (Fig 3.4.2a) would have an overall correlation coefficient of

0.55, with a standard deviation of 0.46. The prediction made on June 1 (Fig 3.4.2b) showed an
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Table 3.4.4 Predicted Probabilities (%) of Hurricane Landfall Frequency. ‘N’ represents

the number of landfall hurricanes. ‘Obs’ represents observed landfall hurricane number

N=0 N=1 N=2 N=3
Year Apr Jun Aug Apr Jun Aug Apr Jun Aug Apr Jun Aug Obs.
1950 18 17 24 30 30 34 26 26 24 15 15 11 2
1951 25 22 22 34 33 33 23 25 24 10 12 12 0
1952 23 22 7 34 33 19 24 25 24 11 12 21 1
1953 34 28 27 36 35 35 19 22 23 6 9 9 2
1954 13 9 9 27 22 21 28 26 26 18 20 20 3
1955 4 4 4 14 14 14 21 21 21 22 22 22 3
1956 14 16 29 28 29 35 26 26 22 17 16 9 0
1957 41 41 42 36 36 36 16 16 15 4 4 4 0
1958 20 19 20 32 31 32 25 26 25 13 14 13 2
1959 32 32 33 36 36 36 20 20 19 7 7 7 1
1960 13 22 13 27 33 27 28 25 27 18 12 18 1
1961 32 29 27 36 36 35 20 21 22 7 8 9 1
1962 17 18 28 30 31 35 26 26 22 15 14 9 1
1963 27 30 35 35 36 36 22 21 19 9 8 6 1
1964 13 16 19 26 29 31 27 26 26 18 16 14 2
1965 41 42 48 36 36 35 16 15 12 4 4 3 1
1966 19 21 30 31 33 36 26 25 21 14 12 8 2
1967 31 32 34 36 36 36 21 20 19 8 7 6 0
1968 25 23 37 34 34 36 23 24 18 10 11 5 1
1969 36 39 38 36 36 36 18 16 17 6 5 5 1
1970 17 19 25 30 32 34 26 25 23 15 13 10 0
1971 21 25 26 33 34 35 25 23 23 12 10 10 2
1972 54 56 64 33 32 28 10 9 6 2 1 0 0
1973 40 43 39 36 36 36 16 14 16 5 4 5 0
1974 36 41 55 36 36 32 18 16 9 6 4 1 0
1975 22 24 26 33 34 35 25 24 23 12 11 10 1
1976 43 45 52 36 35 34 14 14 11 4 3 2 1
1977 36 39 34 36 36 36 18 16 19 6 5 6 1
1978 23 25 39 34 34 36 24 23 16 11 10 5 0
1979 36 36 32 36 36 36 18 18 20 6 6 7 1
1980 40 39 39 36 36 36 16 17 17 4 5 5 0
1981 31 31 37 36 36 36 20 20 18 8 8 5 0
1982 42 42 52 36 36 33 15 15 10 4 4 2 0
1983 62 63 59 29 28 30 6 6 8 1 1 1 0
1984 33 34 45 36 36 35 20 19 13 7 7 3 1
1985 25 28 29 34 35 35 23 22 22 11 9 9 2
1986 44 46 48 36 35 35 14 13 12 4 3 3 1
1987 51 53 43 34 33 36 11 10 15 2 2 4 1
1988 24 25 17 34 34 30 24 23 26 11 10 15 0
1989 44 45 28 36 35 35 14 14 22 3 3 9 1
1990 49 48 44 34 35 36 12 12 14 2 3 4 1
1991 47 49 56 35 34 32 13 12 9 3 2 1 1
1992 52 55 57 33 32 32 11 9 8 2 1 1 1
1993 57 56 61 32 32 29 9 9 7 1 1 1 0
1994 44 45 49 36 35 34 14 14 12 3 3 2 0
1995 35 31 22 36 36 33 18 20 24 6 7 12 2
1996 31 28 28 36 35 35 21 22 22 8 9 9 2
1997 48 46 54 34 35 33 12 13 9 2 3 2 0
1998 13 48 30 26 35 36 27 12 21 18 3 8 1
1999 25 22 13 34 33 26 23 24 27 10 12 18 2
2000 26 27 28 35 35 35 23 22 22 10 9 9 1
2001 32 34 19 36 36 32 20 19 25 7 7 13 1
2002 38 37 45 36 36 35 17 17 13 5 5 3 1
2003 32 31 21 36 36 33 20 21 25 7 8 13 2
2004 10 7 7 23 19 19 26 25 25 20 21 21 3
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 overall correlation of 0.61 between observed and predicted hurricane landfall frequencies with a

standard deviation of 0.50. This is a slight improvement over the prediction made on April 1.

Update on August 1 (Fig 3.4.2c) showed a slightly better correlation (R=0.64) with the

observations with a standard deviation of 0.56. The hit rate (defined as the number of years with

a correct prediction divided by the total 55 years) for the April 1, June 1 and August 1

predictions are, respectively, 44%, 44% and 46%. Now consider the potential effect of the errors

associated with the ENSO predictions on the April 1 and June 1 landfall hurricane prediction

schemes. An extreme case is when the predictions are so unreliable so we entirely ignore the

ENSO effect (i.e., drop the ENSO indices from the prediction equations). Using the maximum

probability method to determine the predicted annual landfall hurricane numbers, the

observations and April 1 predictions would have an overall correlation coefficient 0.45, with a

standard deviation of 0.76. The prediction made on June 1 showed an overall correlation of 0.55

between observed and predicted hurricane landfall frequencies with a standard deviation of 0.71.

Both showed a slight degradation over the corresponding predictions using “perfect ENSO

predictions”, suggesting that good predictions of Nino 3 SST anomalies for May and June prior

to the prediction date (April 1 and June 1, respectively) can improve landfall hurricane

predictions on those dates.
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Figure 3.4.2 Comparison between the observed and predicted annual frequencies of

landfall hurricane along the U.S. East Coast: a) For April 1 prediction; b) For June 1

prediction; c) For August 1 prediction.
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b) Number of landfall hurricanes and landfall storms that had been hurricanes

Next consider landfalls of tropical cyclones that had at least reached hurricane intensity during

their life cycle prior to landfall. I refer to these landfall tropical cyclones as TLH, thereafter, and

apply the prediction model to the TLH. The predictors and their correlation with the TLH

frequency are listed in Tables 3.4.1-3. Table 3.4.5 lists the predicted probabilities for 0, 1, 2, 3,

and 4 tropical cyclones to make landfall along the U.S. East Coast. Again using the maximum

predicted probability to determine the predicted landfall numbers, it came up with the predicted

TLH numbers in Figs 3.4.3a-c, based on April 1, June 1 and August 1 predictions, respectively.

Sequential improvements can be achieved from April 1, to June 1, and to August 1 predictions as

shown in the prediction-observation correlation coefficients and standard deviations. The

correlations were 0.55, 0.54, 0.58, and the standard deviations were 0.60, 0.57, and 0.65,

respectively, for the April 1, June 1 and August 1 predictions. The hit rate (correct years divided

by 55 years) for the April 1, June 1 and August 1 predictions are, respectively, 41%, 45% and

52%.
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Table 3.4.5 Predicted Probabilities (%) for Landfall Hurricanes and Tropical Storms (‘N’

represents landfall hurricanes and tropical storms. ‘Obs’ represents observations)

N=0 N=1 N=2 N=3 N=4
Year Apr Jun Aug Apr Jun Aug Apr Jun Aug Apr Jun Aug Apr Jun Aug Obs.

1950 12 9 13 26 22 27 27 26 28 18 20 18 9 11 9 3
1951 22 16 16 33 29 29 25 26 26 12 16 15 4 7 7 1
1952 21 14 4 32 28 13 25 27 21 13 17 22 5 8 17 1
1953 25 21 19 34 32 31 23 25 26 10 13 14 3 5 5 2
1954 7 4 4 20 14 13 25 22 21 21 22 22 13 16 17 3
1955 2 3 3 8 10 10 15 18 18 20 21 21 19 18 18 3
1956 8 9 19 20 22 31 25 26 26 21 20 14 13 11 5 0
1957 38 32 33 36 36 36 17 20 19 5 7 7 1 2 1 0
1958 19 15 16 31 28 29 26 26 26 14 16 16 6 7 7 1
1959 13 21 22 26 33 33 27 25 24 18 12 12 9 4 4 3
1960 13 16 9 28 29 22 27 26 26 17 16 20 8 7 11 1
1961 23 20 17 34 32 30 24 25 26 11 13 15 4 5 6 2
1962 16 12 18 29 25 31 26 27 26 16 18 14 7 9 6 2
1963 16 22 27 29 33 35 26 24 22 16 12 9 7 4 3 1
1964 7 9 10 20 21 24 25 26 26 21 20 19 13 12 11 3
1965 35 34 40 36 36 36 19 19 16 6 7 5 1 1 1 1
1966 11 15 21 24 28 33 26 26 25 19 17 12 10 8 4 3
1967 17 21 22 30 33 33 26 25 25 15 12 12 6 4 4 1
1968 17 16 27 30 29 35 26 26 23 15 16 10 6 7 3 2
1969 27 32 31 35 36 36 22 20 21 9 7 8 3 2 2 1
1970 8 12 16 20 25 29 25 27 26 21 18 16 13 9 7 0
1971 11 16 18 24 29 30 26 26 26 19 16 15 10 7 6 2
1972 45 44 53 35 36 33 14 14 10 3 3 2 0 0 0 1
1973 28 29 26 35 36 35 22 21 23 9 8 10 2 2 3 1
1974 27 28 43 35 35 36 23 22 14 10 9 4 3 2 0 0
1975 15 14 16 28 27 29 26 27 26 16 17 16 7 8 7 1
1976 32 31 36 36 36 36 20 20 18 7 7 6 2 2 1 1
1977 27 30 27 35 36 35 22 21 23 9 8 10 3 2 3 1
1978 19 16 28 32 29 35 25 26 22 13 16 9 5 7 3 0
1979 24 28 25 34 35 34 24 22 24 11 9 11 4 3 3 2
1980 26 29 30 35 36 36 23 21 21 10 8 8 3 2 2 0
1981 24 22 26 34 33 35 24 25 23 11 12 10 3 4 3 1
1982 28 32 42 35 36 36 22 20 15 9 7 4 2 2 0 0
1983 59 54 50 31 33 34 8 10 12 1 2 2 0 0 0 0
1984 26 20 31 35 32 36 23 25 20 10 13 8 3 5 2 1
1985 11 18 20 25 31 32 26 26 25 19 14 13 10 6 5 3
1986 35 33 35 36 36 36 18 20 19 6 7 6 1 2 1 1
1987 41 43 34 36 36 36 15 14 19 4 4 6 0 0 1 1
1988 18 13 8 31 27 21 26 27 26 15 17 20 6 8 12 0
1989 31 29 14 36 35 27 21 22 27 8 9 17 2 2 8 2
1990 38 34 29 36 36 35 17 19 22 5 7 9 1 1 2 1
1991 40 38 45 36 36 35 16 17 14 5 5 3 1 1 0 1
1992 39 43 44 36 36 36 16 15 14 5 4 3 1 0 0 1
1993 49 44 50 34 35 34 12 14 11 2 3 2 0 0 0 0
1994 33 32 35 36 36 36 19 20 18 7 7 6 1 2 1 0
1995 23 20 14 33 32 28 24 25 27 12 13 17 4 5 8 2
1996 19 19 19 32 31 31 25 26 26 14 14 14 5 5 5 3
1997 34 37 44 36 36 35 19 18 14 6 6 3 1 1 0 0
1998 35 37 22 36 36 33 18 17 25 6 5 12 1 1 4 2
1999 18 14 7 31 27 19 26 27 24 14 17 21 6 8 14 3
2000 18 16 16 31 29 29 26 26 26 14 16 16 6 7 7 1
2001 25 25 14 34 34 28 23 23 27 11 11 17 3 3 8 2
2002 25 27 33 34 35 36 23 23 19 10 10 7 3 3 1 1
2003 20 20 13 32 32 26 25 25 27 13 13 18 5 5 9 2
2004 5 5 4 15 15 14 22 23 22 22 22 22 16 16 16 4
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Figure 3.4.3 Comparison between the observed and predicted annual frequencies of

landfall hurricanes and tropical storms that had been hurricanes along the U.S. East

Coast: a) For April 1 prediction; b) For June 1 prediction; c) For August 1 prediction.
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c) Number of hurricanes that crossed the west of 75°W Zone 

Hurricanes that passed west of 75°W not only have a better chance to strike the U.S. East Coast

as 57% the hurricanes that cross west of 75°W Zone made landfalls between 1950 and 2004, but

also affect the coastal ecology even if they don’t make landfall. Thus, it is of value to also predict

these “coast bound” hurricanes. The predictors are listed in Tables 3.4.1-3. Figs 3.4.4a-c

compares the predicted hurricane numbers as determined by the maximum predicted probability

(Table 3.4.6) with observations. Correlations between observed and April 1, June 1 and August

1 predictions are 0.63, 0.64 and 0.70, with standard deviations of 0.82, 0.86, and 0.65,

respectively.
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Figure 3.4.4 Comparison between the observed and predicted annual frequencies of

hurricanes that passed west of the 75°W: a) For April 1 prediction;

 b) For June 1 prediction; c) For August 1 prediction.
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Table 3.4.6 Predicted Probabilities (%) for Hurricanes Passed West of 75°W (‘N’
represents the number of hurricanes with predicted probability that passed west of 75°W.

‘Obs’ represents observed landfall hurricane number)

N=0 N=1 N=2 N=3 N=4 N=5
Year Jun Aug Apr Jun Aug Apr Jun Aug Apr Jun Aug Apr Jun Aug Apr Jun Aug

1950 6 11 12 17 25 26 24 26 27 22 19 18 15 10 9 8 4 3 3
1951 9 9 8 22 22 20 26 26 25 20 20 21 12 12 13 5 5 6 4
1952 9 1 1 22 6 7 26 13 14 20 18 19 12 19 19 5 16 15 3
1953 15 9 12 28 22 26 26 26 27 16 20 18 8 12 9 3 5 3 1
1954 3 3 3 11 11 12 19 19 20 22 21 22 18 18 18 12 12 11 3
1955 0 0 0 3 3 3 8 8 8 14 13 13 18 17 17 17 17 17 5
1956 3 13 16 12 27 29 20 26 26 22 18 16 17 8 7 11 3 2 1
1957 18 23 25 30 33 34 26 24 23 15 12 10 6 4 3 2 1 1 0
1958 5 4 5 15 14 16 22 21 23 22 22 22 16 16 15 9 10 9 4
1959 14 16 20 28 29 32 27 26 25 17 15 13 8 7 5 3 2 1 1
1960 6 2 2 17 8 10 23 16 18 22 20 21 15 19 18 8 14 13 2
1961 17 11 16 30 24 29 26 26 26 15 19 16 6 10 7 2 4 2 3
1962 4 10 13 14 23 26 22 26 27 23 19 18 17 11 9 10 4 3 2
1963 7 13 16 20 26 29 25 27 26 21 18 16 13 9 7 6 3 2 2
1964 5 7 9 14 19 22 23 24 26 22 21 20 16 14 12 10 7 5 3
1965 18 24 29 30 34 36 26 24 21 15 11 8 6 4 2 2 1 0 1
1966 6 9 12 18 22 26 24 26 27 22 20 18 14 12 9 8 5 3 2
1967 14 17 23 28 30 34 27 26 24 17 15 11 8 6 4 3 2 1 1
1968 11 16 20 24 29 32 26 26 25 19 15 13 10 7 5 4 2 1 2
1969 14 12 18 28 26 31 27 27 26 17 18 14 8 9 6 3 3 2 3
1970 5 8 12 16 20 25 23 25 26 22 21 18 15 13 9 8 6 4 2
1971 8 10 10 21 23 24 25 26 26 21 19 19 12 11 10 6 4 4 1
1972 38 49 59 36 34 30 17 12 8 5 2 1 1 0 0 0 0 0 1
1973 32 23 28 36 33 35 20 24 22 7 12 9 2 4 3 0 1 0 0
1974 19 38 44 32 36 36 25 17 14 13 5 3 5 1 0 1 0 0 2
1975 10 13 13 23 26 26 26 27 27 20 18 18 11 9 9 5 3 3 2
1976 28 38 44 35 36 36 22 17 14 9 5 3 2 1 0 0 0 0 1
1977 19 13 15 32 27 28 25 26 26 13 18 16 5 9 7 1 3 2 0
1978 10 18 24 23 31 34 26 26 24 19 14 11 11 6 3 4 2 1 1
1979 18 10 15 31 24 28 26 26 26 14 19 16 6 11 7 2 4 2 2
1980 20 16 21 32 29 32 25 26 25 13 15 13 5 7 5 1 2 1 1
1981 14 17 21 28 30 33 27 26 25 17 15 12 8 6 4 3 2 1 0
1982 24 34 39 34 36 36 24 19 17 11 6 5 3 1 1 1 0 0 0
1983 50 41 49 34 36 34 11 15 12 2 4 2 0 1 0 0 0 0 1
1984 21 31 35 33 36 36 25 21 19 12 8 6 4 2 1 1 0 0 1
1985 11 12 13 25 25 26 26 26 27 19 19 18 10 10 9 4 4 3 3
1986 29 29 36 36 35 36 21 22 18 8 9 6 2 2 1 0 0 0 1
1987 32 22 26 36 33 35 20 25 23 7 12 10 2 4 3 0 1 0 1
1988 15 7 8 28 19 21 26 25 25 16 21 21 7 14 12 2 7 6 3
1989 33 22 24 36 33 34 19 24 24 7 12 11 1 4 3 0 1 1 1
1990 37 32 38 36 36 36 18 20 17 6 7 5 1 2 1 0 0 0 0
 1991 30 38 45 36 36 35 21 17 14 8 5 3 2 1 0 0 0 0 1
1992 35 42 51 36 36 34 19 15 11 6 4 2 1 0 0 0 0 0 1
1993 42 45 55 36 35 32 15 13 9 4 3 1 0 0 0 0 0 0 1
1994 31 31 40 36 36 36 20 21 16 7 8 4 2 2 1 0 0 0 0
1995 22 10 12 33 23 25 24 26 26 12 19 18 4 11 10 1 5 4 2
1996 14 10 13 27 23 26 27 26 27 17 20 18 8 11 9 3 5 3 4
1997 29 38 41 36 36 36 21 17 15 8 5 4 2 1 1 0 0 0 0
1998 33 16 14 36 29 28 20 26 27 7 16 17 2 7 8 0 2 3 3
1999 11 4 6 25 14 17 26 22 23 19 21 22 10 16 15 4 10 8 4
2000 14 16 19 28 30 31 27 26 26 17 15 14 8 6 5 3 2 1 0
2001 16 6 6 29 17 18 26 23 24 16 22 21 7 15 14 2 8 7 1
2002 17 28 34 30 35 36 26 22 19 15 9 6 6 2 1 2 0 0 3
2003 16 10 10 29 23 23 26 26 26 16 20 19 7 11 11 2 5 5 2
2004 1 8 1 6 20 7 13 25 14 18 21 19 19 13 19 16 6 15 5
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3.4.5 Alternative Interpretations of the Predicted Probability

On average, one Atlantic hurricane made landfall along the U.S. East Coast from 1950 to 2004.

During this period, there were three years (1954, 1955, and 2004) during which three hurricanes

made landfalls each year (5% probability), and eleven years with two landfall hurricanes (20%

probability), and twenty-four years with one landfall hurricane per year (44% probability). In

seventeen of the 55 years from 1950 to 2004, there were no landfall hurricanes from the Atlantic

Ocean (31% probability). If predicting the annual landfall Atlantic hurricanes along the U.S. East

Coast is to pick the most likely number among 0, 1, 2, and 3, any prediction Model needs to

show a better hit rate than that could be achieved from guessing based on the climatological

probability. Since climatology indicates one landfall Atlantic hurricane along the U.S. East Coast

per year, a simple guess from climatology (one landfall hurricane) would achieve a mean

prediction error of 0 to 1 storm in 52 out of the 55 years (94%) from 1950 to 2004 (Table 3.4.7)

that if one uses the

Table 3.4.7 Statistics for landfall hurricane predictions along the East Coast of the U.S

Ratio (Percentage) April 1 June 1 August 1
Overall correct prediction ratio 22/55 (40%) 23/55 (42%) 26/55 (47%)
Prediction within 0-1 error-range 52/55 (94%) 54/55 (98%) 55/55 (100%)
Prediction within 2-3 error-range 3/55 (6%) 1/55 (2%) 0/55 (0%)
Correct prediction ratio in below normal
landfall (0-1) years

24/41 (58%) 24/41 (59%) 25/41 (61%)

Correct prediction ratio in normal landfall
(0-2) years

12/34 (35%) 12/34 (35%) 15/34 (44%)

Correct prediction ratio in above normal
landfall (2-3) years

1/14 (7%) 1/14 (7%) 1/14 (7%)

largest predicted probability to determine the hurricane landfall numbers for each year, the

prediction made on April 1 would have an error of 0-1 storm in approximately 94% of the years,
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the same as climatology, whereas the June 1 and August 1 predictions would have 98% and

100% chance fall within 1 storm error margin, respectively.

None of the predictions had any meaningful success in predicting the above normal events (2-3

landfall storms) if they were determined by the largest probability alone. In fact, only correct in

7% of the years, comparing with a successful rate of 25% based on climatology. Similarly, there

is a 75% chance of correctly guessing the below normal or normal landfall numbers (0-1 landfall

storms) based on climatology, but even the best predictions made on August 1 showed only a

61% successful rate in this category. Thus, if one uses the conventional wisdom of determining

the predicted annual hurricane landfall frequency based on the largest predicted probability, one

would conclude that the model has no or little skill over climatology.

Now, let’s think about the issue from a different perspective. Based on the climatology, there is

only a 5% chance to have three landfall Atlantic hurricanes along the U.S. East Coast, would one

ignore the Model if the Model suggests that for a given year the probability for three hurricanes

to make landfall along the U.S. East Coast exceeds four times the normal probability?

Even though that is still only better than a 20% chance, and may not be the largest predicted

probability, one can argue that a 300% increase in the probability of having a busy landfall

hurricane season is an important signal. In fact, there were four years (1952, 1954, 1955, and

2004) in which the August 1 prediction of landfall hurricanes showed a greater than 20%

probability (i.e., quadrupled probability) to have three landfall hurricanes. Three of the four years

(1954, 1955, and 2004) were verified with three landfall hurricanes along the U.S. East Coast. In

fact, all three years that had three landfall hurricanes were predicted if one chooses 20% as the

threshold probability for three landfall hurricanes. Thus, if one uses the 20% probability as the
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threshold value to make decisions for predicting three landfall hurricanes for a given year, the

successful rate increases from just 7% to 75%, handily beating the climatology.

Let’s analyze the case of two landfall hurricanes. In the 55 years from 1950 to 2004, there were

11 years when two hurricanes made landfall along the U.S. East Coast. If pick the top 12

predicted probabilities in the two landfall hurricane column from the August 1 prediction table

(Table 3.4.4) excluding the two years (1952 and 1954) that were selected previously as three

landfall hurricane years, 6 of the remaining 10 years were verified with 2 landfall hurricanes,

indicating a 60% successful rate, which is substantially higher than the climatological probability

of 20%. If one uses the same procedure to predict active landfall hurricane years (i.e., years with

at least 2 landfall hurricanes), the successful rate is 65%. That is 260% of the climatological

probability (25%).

Now consider the prediction of below normal landfall hurricane number, i.e., predicting years

when there were no landfall Atlantic hurricanes along the U.S. East Coast. According to

climatology, there is a 31% probability (or 17 out of the 55 years) of no landfall Atlantic

hurricanes along the U.S. East Coast. The Model would have to show that there is a better than

the normal 31% chance to really indicate an increased likelihood of no landfall hurricane in a

given year. Let’s use 40% as a convenient cutoff probability value. There were 20 years the

August 1 prediction suggested that there was at least a 40% probability of no landfall hurricanes.

Of the 20 years, 11 (or 55%) had indeed no landfall hurricanes, and the remaining 9 years were

normal (i.e., 1 landfall hurricane). None of the 20 years had above normal landfall hurricanes.

That is a remarkable success comparing with climatology. If we treat the remaining 21 years that

were not picked for 0, 2, or 3 landfall hurricane years as “normal” years (1 landfall hurricane),

57% (or 12 out of 21 years) of the time would be correct, comparing with a climatology of 44%
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probability. Thus, it is fair to argue that the Model does have use in prediction if one finds a

proper way to interpret the probability predictions.

This is also true for April 1 and June 1 predictions, as well as for the predictions of landfall TCs

that had at least reached hurricane intensity in the North Atlantic Ocean, and for the hurricanes

that passed west of 75°W.

3.5 Conclusions

In this section, for the first time, Atlantic hurricane track behavior has been studied using a

combination of EOF analysis and HTDF. HTDF provides a rich array of information for the

hurricane behavior in terms of EOF analysis. A striking feature in this analysis is that each of the

three dominant EOF Modes of HTDF demonstrates correlations with other local and remote

factors that are related to Atlantic hurricane activities. These correlations reveal some important

facts that appear to be of use in hurricane forecasting:   

1) The spatial distributions of the dominant EOF Modes of HTDF represent environmental

factors that control hurricane track patterns.  Mode1 is associated with the frequency and

intensity of hurricanes in the North Atlantic basin and it is well correlated with a number of

local and remote factors, including the ENSO index. The ENSO index has a negative

correlation with the first HTDF EOF Mode. The significance of the correlation exceeds the

95% significance level. There are fewer Atlantic hurricanes spawned in strong El Nino years

and above average numbers of hurricanes during La Nina years.   

2) HTDF Mode2 is one of the primary factors correlated with the east-west track pattern.

Therefore, it is especially relevant to hurricane landfall frequency along the US. East Coast.

The NAO (AO) index is found to be strongly associated with this Mode, suggesting the
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possibility of using NAO (AO) index as one of the predictors for hurricane landfall

frequency along the US East Coast. When the NAO (AO) is in a negative (positive) phase,

there tends to be more (fewer) hurricanes making landfall along the U.S. East Coast.

3) Mode 3 depicts the tropical cyclone track pattern in the north-south direction. It is negatively

correlated with the number of hurricane landfalls and local factors, such as Atlantic SST and

the vertical wind shear index over the MDR, and positively correlated with remote factor

such as the ENSO index.  The NAO index is also well correlated with HTDF Mode3,

suggesting the possibility of using NAO index as one of the predictors for hurricane landfall

frequency along the East Coast of the United States.

4) Based on statistical analysis of Atlantic HTDF and its relationship with ENSO, AO, NAO,

VWS, WSR, QBO and tropical Atlantic SST dipole Mode, statistical Models were presented

to predict the probability of 0 to 3 annual landfall Atlantic hurricanes and TCs on April 1,

June 1 and August 1 using Nino 3 SSTA, NAO index and Atlantic SST DM as input

variables. If one determines the predicted landfall frequency based on the largest predicted

probability for 0, 1, 2, or 3 landfall hurricanes, the Model showed no or little success.

However, comparisons of observed and Model predicted landfall hurricanes and TCs

demonstrate solid prediction skill if one interprets the predicted probability based on the

increased or decreased likelihood to have below normal or above normal landfall hurricanes

comparing with the climatology.



60

3.6 References  

Anderson, J.R., and J.R. Gyakum, 1989: A diagnostic study of Pacific basin circulation regimes

as determined from extratropical cyclone tracks. Mon. Wea. Rev, 117: 2672-2686.

Anthes, R. A., 1982: Tropical Cyclones: Their evolution, structure and effects. Meteor. Monogr.,

Vol. 19, No. 41. Amer. Meteor. Soc., 208 pp.

Avila, L. A., 1991: Atlantic tropical systems of 1990. Mon. Wea. Rev., 119, 2027-2696.

Avila, L. A., and R. J. Pasch, 1992: Atlantic tropical systems of 1991. Mon. Wea. Rev., 120:

2688–2696.

Barros, A. P., and T. J. Lang, 2003: Monitoring the monsoon in the Himalayas: Observations in

central Nepal, June 2001. Mon. Wea. Rev., Vol. 131, 7: 1408-1427.

Bell, G. S., 2004: The 2003 North Atlantic Hurricane Season – A Climate Perspective. Climate

Prediction Center/NOAA/NWS/NCEP Hurricane Research Division/NOAA/OARNational

HurricaneCenter/NOAA/NWS/NCEP. [Available online at http://www.cpc.ncep.noaa.gov

/products/expert_ assessment hurrsummary_2003.pdf]

Bove, M.C., J.B. Elsner, C.W. Landsea, X. Niu, and J. O'Brien, 1998: Effect of El Niño on U.S.

Landfalling Hurricanes, Revisited, Bull. Amer. Meteorol. Soc. 79: 2477-2482.

Bradley, E and G. Gong, 1983: A Leisurely Look at the Bootstrap, the Jackknife, and Cross

Validation. The American Statistician, Vol. 37, 1: 36-48.

Briegel, L. and Frank W., 1997: Large-Scale Influencees on Tropical Cyclogenesis in the western

North Pacific. Mon. Wea. Rev., 125: 397-1413 

Carissa A. T. et al. 2002: Regional effects of ENSO on U.S. hurricane landfalls. Technical

report, Center for ocean-atmospheric prediction studies, Florida State Univ.

http://www.cpc.ncep.noaa.gov /products/expert_ assessment
http://www.cpc.ncep.noaa.gov /products/expert_ assessment


61

Carr, L.E. and R.L. Elsberry, 1990: Observational Evidence for Predictions of Tropical Cycl-one

Propagation Relative to Environmental Steering. J. Atmos. Sci., 47: 542-546.

Chan, J.C.L. and W.M. Gray, 1982: Tropical Cyclone Movement and Surrounding Flow

Relationships. Mon. Wea. Rev., 110: 1354-1374

Chan, J.C.L., 1985: Tropical cyclone activity in the northwest Pacific in relation to the El

Ni~no/Southern Oscillation phenomenon. Mon Weather Rev 113: 599-606

Chan, J.C.L., 1995: Tropical cyclone activity in the western North Pacific in relation to the

stratospheric quasi-biennial oscillation. Mon. Wea. Rev., 123: 2567–2571.

Chan, J. C. L., 2000: Tropical cyclone activity over the west North Pacific associated with El

Niño and La Niña Events. J. Climate, 13: 2960-2972. 

Chang, P., L. Ji and H. Li, 1997: A decadal climate variation in the tropical Atlantic Ocean from

thermodynamic air-sea interactions. Nature, 385: 516 – 518.

Chen, L.T., 2001: The Role of the Anomalous Snow Cover over the Qinghai-Xizang Plateau and

ENSO in the Great Floods of 1998 in the Changjiang River Valley. CHINESE JOURNAL OF

ATMOSPHERIC SCIENCES. Vol.25 No.2 P.184-192

Chen, T.C., Weng, S.P., Yamazaki, N, Kiehne, S.1998: Interannual variation in the tropical

cyclone formation over the western North Pacific. Mon. Wea. Rev., 126: 1080-1090

Cheng X, Nitsche G. and Wallace, J.M., 1995: Robustness of low-frequency circulation patterns

derived from EOF and rotated EOF analyses. Journal of Climate 8: 1709-1713   

Czaja, A and C. Frankignoul, 2002: Observed impact of Atlantic SST anomalies on the North

Atlantic Oscillation. J. Climate, Vol. 15: 606-623

Elsberry, RL and LE Carr III 2000: Consensus of dynamical tropical cyclone track forecasts –

errors versus spread. Mon. Wea. Rev., 128: 4131-3138.



62

Elsner, J. B., K.-b. Liu, and B. Kocher, 2000: Spatial variations in major U.S. hurricane activity:

Statistics and a physical mechanism. J. Climate, 13, 2293–2305.

Elsner, J. B., & B. H. Bossak, 2001a: Bayesian analysis of U.S. hurricane climate. J. of Climate,

14: 4341-4350.

Elsner, J. B., B. H. Bossak, & X.-F. Niu, 2001b: Secular changes to the ENSO-U.S. hurricane

relationship. Geophysical Research Letters, 28, 4123-4126.

Elsner, J. B., & S. P. Kavlakov, 2001c: Hurricane intensity changes associated with geomagnetic

variation. Atmospheric Science Letters, 2: 86-93.

Fall S., F. H. Semazzi, D. D. Niyogi, R. O. Anyah and J. Bowden, 2006: The spatiotemporal

climate variability over Senegal and its relationship to global climate. Int. J. Climato. (accepted)  

Goldenberg, S.B. and LJ Shapiro, 1996: Physical Mecahnisms for the Association of El Niño and

West African Rainfall with Atlantic Major Hurricane Activity. J. Climate, 9(6): 1169-1187 

Goldenberg, S.B., C.W. Landsea, A.M. Mestas-Nuñez, and W.M. Gray "The recent increase in

Atlantic hurricane activity : Causes and implications" Science 2001 293(5529) 474-479

Gray, W.M., 1968: Global View of the Origin of Tropical Disturbances and Storms. Mon. Wea.

Rev., 96: 669-697

Gray, W. M., 1984: Atlantic seasonal hurricane frequency. Part1: El Niño and 30 mb quasi-

biennial oscillation influences. Mon. Wea. Rev., 112, 1649–1668.

Gray, W. M., C. W. Landsea, P. W. Mielke, Jr., and K. J. Berry, 1992: Predicting Atlantic

Seasonal Hurricane Activity 6-11 Months in Advance. Wea. Forecasting, 7, 440-455. 

Gray, W. M., C. W. Landsea, P. W. Mielke, Jr., and K. J. Berry, 1993: Predicting Atlantic basin

seasonal tropical cyclone activity by 1 August. Wea. Forecasting, 8: 73-86. 



63

Gray, W. M., C. W. Landsea, P. W. Mielke, Jr., and K. J. Berry, 1994a: Predicting Atlantic Basin

Seasonal Tropical Storm Activity by June 1. Wea. Forecasting, 9, 103-115. 

Gray, W. M., J. D. Sheaffer, and C. W. Landsea, 1996: Climate trends associated with

multidecadal

variability of Atlantic hurricane activity. Hurricanes: Climate and Secioeconomic Impacts, 15-

53.

Gray, W.M., 1998: The Formation of Tropical Cyclones. Meteor. Atmos. Phys. 67: 37-69

Grimmett, G. and Stirzaker, D. 1992: Probability and Random Processes, 2nd ed. Oxford,

England: Oxford University Press.

Hanley, D., J. Molinari, and D. Keyser, 2001: A Composite Study of the Interactions between

Tropical Cyclones and Upper Tropospheric Troughs. Mon. Wea. Rev., 129, 2570-2584.

Harr, P. A., and R. L. Elsberry, 1991: Tropical cyclone track characteristics and large-scale

circulation anomalies. Mon. Wea. Rev., 119: 1448–1468.

Harr P.A., Elsberry R. L., 1995: Large-scale circulation variability over the tropical western

North Pacific: Part I: Spatial patterns and tropical cyclone characteristics. Mon. Wea. Rev. 123:

1225-1246

Kaiser,H. F., 1958, The varimax criterion for analytic rotation in factor analysis. Psychometrika

23: 187-200

Kanamitsu, V. Kousky, H. van den Dool, R. Jenne, M. Fiorino, 2001: The NCEP-NCAR 50-

Year Reanalysis: Monthly Means CD-ROM and Documentation. Bull. Amer. Meteor. Soc., 82:

247-268.

Kasahara, A., 1959. A Comparison Between Geostrophic and Non-Geostrophic Numerical

Forecasts of Hurricane Movement with the Barotropic Steering Model. J. Meteor, 16, 371-384



64

Kelly KA. 1988. Comment on ‘Empirical orthogonal function analysis of advanced very high

resolution radiometer surface temperature patterns in Santa Barbara Channel’ by G.S.E.

Lagerloef and R.L. Bernstein. Journal of Geophysical Research 93: 15753–15754.

Kistler, R., E. Kalnay, W. Collins, S. Saha, G. White, J. Woollen, M. Chelliah, W. Ebisuzaki, M. 

Kleinbaum, D. G., Kupper L. L., and Muller K. E., 1988: Applied Regression Analysis and

Other Multivariate Methods. 2d ed. PWS-KENT Publishing, 718.

Klotzbach, J. P., and W. M. Gray, 2004: Updated 6–11-Month Prediction of Atlantic Basin

Seasonal Hurricane Activity. Weather and Forecasting, 19: 917-934

Knaff, J. A., 1993: Evidence of a stratospheric QBO modulation of tropical convection.

Atmospheric Science Paper. No. 520, Colorado State University, Ft. Collins, CO. 80523

Knappenberger P. C., Michaels P. J., 1993: Cyclone tracks and wintertime climate in the mid-

Atlantic region of the USA. International Journal of Climatology 13: 509 – 531

Kripalani, R. H., A. Kulkarni, and S. S. Sabade, 2003: Western Himalayan snow cover and

Inidian monsson rainfall: A re-examination with INSAT and NCEP/NCAR data. Theor. Appl.

Climatol. 74: 1-18

Lander M. A., 1994: An exploratory analysis of the relationship between tropical storm

formation in the western north Pacific and ENSO. Mon. Wea. Rev. 122: 636-651

Lander, M. A., 1996: Specific tropical cyclone track types and unusual tropical cyclone motions

associated with a reverse-oriented monsoon trough in the western north Pacific. Wea.

Forecasting, 11, 170–186

Lander, M. A. and C. P. Guard, 2001: Western North Pacific, North Indian Ocean, and Southern

Hemisphere tropical cyclones of 1997. Mon. Wea. Rev., 129, 3015–3036.



65

Landsea, W. C. and Gray, W, 1991: The strong association between western sahel monsoon

rainfall and intense Atlantic hurricanes. J. Climate. Vol. 5, No. 5.

Landsea, W. C., G. D. Bell, W. M. Gray, and S. B. Goldenberg, 1998: The extremely active 1995

Atlantic hurricane season: Environmental conditions and verification of seasonal forecasts. Mon.

Wea. Rev. 126: 1174-1193.

Landsea, C.W., R.A. Pielke Jr., A.M. Mestas-Nuñez, and J.A. Knaff, 1999: Atlantic basin

hurricanes: Indices of climatic changes, Climatic Changes 42, 89-129.

Lee, T. and P. Cornillon, 1995: Temporal variation of meandering intensity and domain-wide

lateral oscillations of the Gulf Stream. Journal of Geophysical Research, Vol. 100: 13603-13613. 

Li, C., 1986: El Nino and typhoon action over the western Pacific. Kexue Tongbao 31:538-542

Liebmann, B., H. H. Hendon, and J. D. Glick, 1994: The relationship between tropical cyclones

of the western Pacific and Indian Oceans and the Madden-Julian oscillation. J. Meteor. Soc.

Japan, 72, 401–411.

Lin, H., J. Derome, R.J. Greatbatch, K.A. Peterson and J. Lu, 2002: Tropical links of the Arctic

Oscillation. Geophys. Res. Lett., Vol. 29. No20, 1-12 

Lorenz, E. N., 1956: Empirical orthogonal functions and statistical weather prediction. Sci. Rep.

No. 1, Statistical Forecasting Project, M.I.T., Cambridge, MA, 48 pp

Luo, Yong and Ning, Zeng, 1998: The severe flooding over China in the summer of 1998 and

climate anomalies, China Meteorological Press, Beijing, China, 139 pp, (in Chinese).

Malkus, J. S., and H. Riehl, 1960: On the dynamics and energy transformations in steady-state

hurricanes. Tellus, 12: 1-20.



66

Marshall, J. et al., 2001: North Atlantic climate variability: phenomena, impacts and

mechanisms. Internal Journal of Climatology 21: 1863-1898. 

Matsuura, T., Yumoto, M. and Iizuka, S. 2003: A mechanism of interdecadal variability of

tropical cyclone activity over the western North Pacific. National Research Institute for Earth

Science and Disaster Prevention, 3-1, Tennôdai, Tsukuba, Japan.

Mestas-Nunez, A.M., 2000: Orthogality properties of rotated empirical Modes. Int. J. Climatol.

20: 1509-1516    

Meyers, S. D., J. J. O’Brein, and E. Thelin, 1997: Reconstruction of monthly SST in the tropical

Pacific Ocean during 1886-1993 using adaptive climate basis functions. Climatic Change, 42:

89-129.

Mo, K., Bell, D. G., and Thiaw, M. W. 2001: Impact of sea surface temperature anomalies on the

Atlantic tropical storm activity and west African rainfall. J. of the Atmo. Sci. 3477-3496

Montgomery, M. T., and B. F. Farrell, 1993: Tropical cyclone formation. J. Atmos. Sci., 50: 285-

310.

O'Brien, J. J., T.S. Richards, and A.C. Davies, 1996: The effect of El Niño on U.S. landfalling

hurricanes, Bull. Amer. Meteor. Soc. 77, 773-774  

Peng, S., A.W. Robinson, A. W., S. Li and M. P. Hoerling, 2004: Tropical Atlantic SST forcing

of coupled North Atlantic seasonal response. J. Climate, Vol. 18, No.3: 480-496

Ramage, C. S.; 1974: Monsoonal influences on the annual variation of tropical cyclone

development over the Indian and Pacific Oceans. Mon. Wea. Rev., 102: 745-753.

Rasmusson EM, Arkin PA, Chen W-Y. and Jalickee JB. 1981: Biennial variations in surface

temperature over the United States as revealed by singular decomposition. Monthly Weather

Review 109: 587–598



67

Richman, M.B., 1985, Rotation of principal components. J .of Climatology, 6: 293-335

Roger A. Pielke  and C N. Landsea, 1999: La Niña, El Niño, and Atlantic Hurricane Damages in

the United States. Bulletin of the American Meteorological Society. Vol. 80, 10: 2027-2033.

Sadler, I. C., 1976: A role of the tropical upper troposphere in early season typhoon

development. Mon. Wea. Rev., 104: 1266-1278.

Sadler, J. C., 1978: Mid-season typhoon development and intensity changes and the tropical

upper tropospheric trough. Mon. Wea. Rev., 106: 1137-1152.

Servain, J., 1991: Simple climate indices for the tropical Atlantic Ocean and some applications.

J. Geophys. Res., 96, 15137 – 15146.

Shapiro, L. J., 1982: Hurricane climatic fluctuations. Part II: Relation to large-scale circulation.

Mon. Wea. Rev., 110: 1014-1023.

Shapiro, L. J., 1987: Month-to-month variabilty of the Atlantic tropical circulation and its

relationship to tropical storm formation. Mon. Wea. Rev., 115, 1598–1614.

Shapiro, L.J. and S.B. Goldenberg, 1998: Atlantic Sea Surface Temperature and Tropical

Cyclone Formation. J. Climate, 11: 578-590.

Sobel, A. H. and E. D. Maloney, 2000: Effect of ENSO and MJO on the western North Pacific

tropical cyclones. Geophys. Res. Lett., 27, 1739–1742

Sutton, R. T., S. P. Jewson, and D. P. Rowell, 2000: The elements of climate variability in the

tropical Atlantic region. J. Climate, Vol. 13, 3261-3284.

Tarataglione A. C. et al. 2002: Regional effects of ENSO on U.S. hurricane landfalls. Technical

report, Center for ocean-atmospheric prediction studies, Florida State University

Thompson W.J. and Wallace, J. M., 2000: Annular Modes in the Extratropical Circulation. Part

I: Month-to-Month Variability. J. Climate, 13: 1000–1016



68

Thompson W.J., Wallace, J. M. and Hegerl, G. C., 2000: Annular Modes in the Extratropical

Circulation. Part II: Trends. J. Climate, 13: 1018–1036

Wallace, J.M., 2000:  North Atlantic Oscillation/Annular Mode: Two paradigms One

Phenomenon, Quart. J. Royal Met. Soc.

Xie, L., T. Yan, L. Pietrafesa, J. Morrison, and T. Karl, 2005a: The climatology and interannual

variability of regional landfall hurricane frequency and its association with North Atlantic

hurricane tracks. J. Climate Vol.18: 5370-5381

Xie, L., T. Yan and L. Pietrafesa, 2005b: The effect of Atlantic sea surface temperature dipole

Mode on hurricanes: Implications for the 2004 Atlantic hurricane season, Geophysical. Research.

Letter. No.3, L03701

Zhang, Yongsheng, 2004: International Variations of Onset of the Asian Summer Monsoon over

Indo-China and the Tropical Pacific SSTs. 11th Conference on Interaction of the Sea and

Atmosphere, May 11-17, 2004



69

4. Western North Pacific Typhoons

The western North Pacific (WNP) is usually quite active with storms year after year. The average

number of observed WNP named tropical cyclones during 1945-2004 in the peak season is 17.3

with a standard deviation of 3.5. The minimum number of tropical cyclones in the peak season

during this historical period is 9 and the maximum is 26. Typhoon is more favorably generated

over the tropical Western North Pacific around 10ºN where the cyclonic vorticity and

convergence anomalies appear near the surface. Geographic domain used in this study is from

5°N-50°N, 105°E-170°E. 

4.1 Spatial and Temporal Distribution of Dominant EOF Components of Typhoon Track

Density Function (TTDF) in Western North Pacific Ocean

The construction of TTDF follows the same procedure as described in Chapter 2. Data for

western North Pacific typhoon tracks (1945-2004) was derived from National Hurricane Center

(NHC) of the United States. One ‘typhoon year’ is defined from June 1 to December 31. As the

typhoon track density field is constructed, the nonseasonal anomaly field was calculated by

subtracting the climatology from the 60-year (1945-2004) data set at each grid box. The spatial

distributions of mean and standard deviation of the TC track density anomaly field are displayed

in Figs 4.1.1a-b. 

Next, the EOF components of the TTDF within the study domain were carried out with daily

time resolution on the 2ºx2º analysis grid using an iterative singular decomposition technique

where a first guess field is repeatedly projected through the dataset in time and then space until

convergence is reached. After an EOF has been found, the corresponding variance is removed
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and the process is repeated to find the next most important EOF. The top three EOF Modes of

TTDF explain 20.52%, 13.46% and 10.97% of the total variance, respectively (Figs 4.1.2a-c).

A reliable way to access the statistical significance of EOF components is to perform a Monte

Carlo experiment. In Anderson and Gyakum (1989), they randomly assign scrambling starting

data for each of the cyclones in the dataset and compared the residual variances of the dominant

EOFs with their counterparts. My experiment is designed to randomly generate subsets of the

original dataset (constraint subset sizes larger than ¼ of the original size), and compare the EOFs

for different subsets against the ones for the full dataset using spatial correlation coefficients.

Results indicated that the first three EOFs retain their rank in the hierarchy and exhibit

substantial levels of similarity -93 of the 100 Monte Carlo control runs matches their

counterparts by a spatial correlation coefficient of at least 0.9, representing a substantial

statistical significance of the first three leading EOFs.

4.2 Rotation of the Empirical Eignvectors 

EOF Modes can be unphysical when data has a nonlinear structure, however eignvectors can be

rotated to give more physical states. In general, a rotation is a linear transformation of the

Modes, which attempts to find out a new location for the coordinate axis such that projections of

the variable onto those axes simplify the spatial or temporal structure of the empirical Modes.

Rotation can be orthogonal or oblique. In most applications, the rotation is used to simplify the

spatial structure by isolating regions with similar temporal variability (Kaiser, 1958, Richman,

1985, Mestas-Nunez, 2000). The resulting rotated space patterns are generally more robust than

their unrotated counterparts (Cheng et al., 1995). There are several different rotation criterions in
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the literature. VARIMAX rotation (Kaiser, 1958) is one of the most commonly used types of

rotation, which minimizes the 'simplicity' function: 

                                   

Maximizes if Ei,k are all 0 or 1. , where T satisfies TTT = I.  

When performing the factor rotation, one must first choose a value for the truncation to

determine how many original EOF eignvectors is necessary to be involved in the rotation. Fig

4.2.1 demonstrates the variance explained by the first five unrotated EOFs, and the variance for

rotations when M takes the value 2, 3, 4, and 5. Fortunately, for this analysis, the truncation point

is not sensitive to the choice. The first three rotated EOFs explain the similar amount of

variances as those when first four or five EOFs involves in the rotation. Additionally, the space

and time structures of the first three rotated EOFs are nearly identical to cases when M takes 4 or

5. M=3 is therefore selected to be the truncation point. 

VARIMAX was applied to the first three empirical eignvectors and those rotated EOF spatial

patterns are displayed in Figs 4.2.2a-c. The variance percentage for Mode 1 changes from

20.52% to 18.17%, Mode 2 from 13.46% to 13.78%, and Mode 3 from 10.97 to 12.01%. The

spatial distribution pattern of the first rotated EOF Mode looks very similar to its unrotated

counterpart except that phase is reversed. It is dominated by a large negative amplitude center in

the middle of the research domain. As EOF Mode 1 accounts for ~18% of the total variability, it
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Figure 4.2.1 Variance explained by the first five unrotated EOFs, and the variance for

rotations when M takes the value of 2, 3, 4 and 5, respectively

is the most important component that associates with overall typhoon frequency. The rotated

spatial pattern of Mode 2 basically depicts a N-S dipole-like structure with a high positive center

near the south boundary, and a negative center centered south of Japan. Spatial distribution of

Mode 3 displays an E-W dipole in place of its SE-NW counterpart.  Amplitudes are negative

(low) in the west portion and tend to be positive (high) in the east portion. It describes the east-

west gradient of the track density. Low amplitudes near the coast imply high landfall possibility,

whereas high amplitude off the coast suggests a low landfall possibility. Fig 4.2.3 demonstrates

the first three EOF time series before and after rotation. In the following sections, time series of

the first three rotated EOF Modes are utilized to investigate the typhoon track behavior.
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Figure 4.2.3 Time series of the amplitudes (weights) of the three unrotated leading TTDF
EOFs and rotated EOFs. Red line represents rotated TTDF EOFs. (a) EOF1. (b) EOF2. (c)

EOF3.
      

4.3 Correlation between Total/Landfall Typhoon Frequency and the Leading TTDF EOF

Modes

The first three rotated EOF Modes represent 43.96% of the total EOF variances. Figs 4.3.1a-c

represents the comparison between the total typhoon and the dominant EOF time series. The first

EOF Mode negatively correlates with the total number of typhoons (R=-0.71, p<0.0001),

suggesting it describes the overall basin-wide typhoon occurrence frequency. Correlation

between the second EOF Mode and the total typhoon number is positive (R= 0.57, p<0.0001).
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Figure 4.3.1 Total typhoon number (black) and the first three dominant EOF time series
(red) (a) EOF1. (b) EOF2, and (c) EOF3

Since the spatial pattern of the second EOF Mode represents an N-S dipole, the above relation

suggests that the southern location of typhoon track is associated with higher typhoon frequency.

However, the Mode 3 of EOF is not sensitive to the total typhoon number. It describes the spatial

variation of typhoon frequency other than the total typhoon number. 

The correlation between China (including Taiwan and Hainan) landfall typhoons and the first

three dominant EOF Modes of TTDF are also investigated. Other than its significant effect on

total basin-wide typhoon frequency, Mode 1 also demonstrates a significantly negative

correlation with landfall typhoon number (R=-0.26, p=0.043). The second Mode of EOF

demonstrates a weak positive correlation with landfall typhoon number (R=0.189, p=0.145),

which suggests the typhoon tracks in south portion of the study domain have higher potential to
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make landfalls. While the third Mode of EOF has a weak negative correlation with landfall

number (R=-0.172), suggesting that the negative phase of EOF 3 is associated with TC tracks

located near east China coast. The weak significance is partially due to the counting

methodology of the landfall typhoons. In this study, landfall typhoon number refers to any

typhoon whose center either crossed the East China (including Taiwan and Hainan) coastline or

moved within 0.5°latitude (approximately 50 km) of the coastline.

4.4 Track Spatial Patterns Associated with the Dominant TTDF EOFs

Due to the existence of subtropical ridge that extends east-west poleward of the storm, tropical

cyclones in the tropical WNP (typically equatorward of 20°-25°N), usually move westward with

a slight poleward component. To further diagnose the WNP TC track pattern and the climate

factors that influence these patterns, we examined the cyclone track behavior for the period when

the dominant EOF(s) of TTDF takes a large positive (negative) amplitude value. Type i+ case

refers to periods where EOF i has a large positive amplitude (larger than ½ of the maximum);

Type i- refers to periods when EOF i has a large negative amplitude (less than ½ of the

minimum), where i takes 1, 2 and 3. The periods we have chosen is the largest amplitude cases

where anomaly is extended to the whole life span of the specified typhoons   

Figs 4.4.1a-b demonstrates the track patterns during EOF1 low (high) time periods. More than

90% typhoons captured by EOF 1 low cluster in the middle ocean of the west Pacific, which

primarily have four different climatological characteristics as compared with typhoons associated

with EOF 1 high: the life span, the intensity, the intra-seasonal variability, and the location.

Typhoon tracks associated with EOF1 low usually have long life span, lasting average of

approximately 5.2 days, 33% of them are intense typhoon (Saffir-Simpson Category 3-5).
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Average life–span for typhoons associated with EOF 1 high is only about 3.5 days and less than

15% are intense typhoons. 

Figure 4.4.1 Composite typhoon tracks associated with TTDF Mode 1+ and Mode 1-. Track

patterns associated with (a) Mode 1+ and (b) Mode 1-.   Mode 1+ case refers to periods

where EOF 1 has a large positive amplitude (larger than ½ of the maximum); Mode 1-

refers to periods when EOF 1 has a large negative amplitude (less than ½ of the minimum).

Typhoons associated with EOF1 low, propagate longer distance toward northwest and normally

with big curves while 95% typhoons associated with EOF1 high origin from the southwest

portion of the study domain and generally propagate shorter distance with little curve. The intra-

seasonal variability of typhoons associated with EOF1 high and low is much different. About

35% of case 1- typhoon activity occurs during September alone while only 6% case 1+ typhoons

occur in September.  Most case 1- typhoons occur in June (57%) and July (10%), only 14%
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occurs from October to December, comparing case 1+ typhoons only about 10% during June-

July and 55% during October-December.    

During period associated with high Mode 2 amplitude (> ½ Max), majority of typhoon tracks

distribute in the southwest portion of the study domain (Fig 4.4.2a), about 21% of them making

landfalls. However, tracks associated with low Mode 2 (< ½ Min) cluster primarily in the north

portion of the domain off southeast Japan coast (Fig 4.4.2b. Mode 2 seems to be associated with

typhoon movement in north-south direction, and to some extend, has impacts on landfall

typhoons in the southeast coast of China.     

Figure 4.4.2 Same as in Figure 4.4.1, but for Mode 2+ and Mode 2-

EOF 3 track patterns associated with case 3+ and 3- are displayed in Fig 4.4.3a and Fig 4.4.3b.

During the low EOF3 period, about 20% typhoons made landfalls on east China and southeast

Japan coast (Fig 4.4.3b) while 90% tracks associated with high amplitude EOF3 distributed off
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East China coast (Fig 4.4.3a). This fact suggests that the EOF3 Mode is associated with typhoon

movement in east-west (landward–seaward) direction.

Figure 4.4.3 Same as in Figure 4.4.1, but for Mode 3+ and Mode 3-

4.5 Factors Associated with First Three EOF Components of TTDF  

a) Correlation with El Niño-Southern Oscillation (ENSO) The El Niño/Southern Oscillation

(ENSO) has been recognized as an important manifestation of the tropical ocean-atmosphere-

land coupled system. The ENSO-NWP TC relation has been a major focus of the studies on

tropical cyclongenesis and tracks. One of the ENSO-NWP TC relations that is well documented

is the ENSO impact on the mean location of TC genesis and tracks (Pan, 1982; Chan, 1985,

2000; Wang and Chan, 2002; Chia and Ropelewski, 2002). During a strong El Niño event,

convective activity is reduced because of the slightly-lower-than-normal sea surface

temperatures in the Western North Pacific and the South China Sea. The monsoon trough over
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the WNP extends farther east than normal, inducing an increase in low-level shear vorticity due

to anomalous westerly winds over the southeast portion of the WNP (Chen and Weng, 1998). It 

therefore helps to create a favorable condition for TC activity over the southeast quadrant of the

WNP. Wang and Chan (2002) noticed an enhanced tendency of those tropical cyclones forming 

Figure 4.5.1 Locations of the initial positions of tropical cyclones during (a) strong El Nino

years, and (b) strong La Nina years. Sea-surface temperature anomalies are contoured (ºC)

with positive values shaded (from Wang and Chan, 2002)
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in the southeastern portion of the WNP (0 - 17°N, 140 – 180°E) during the strong El Niño year

(Figs 4.5.1a-b). A rather strong and persistent ridge of high pressure, which is usually situated to

the south of Japan and helps to steer tropical cyclones westward, tends to weaken significantly.

As a result, tropical cyclone tracks take on a more northeasterly path early in their lifespan that

make a curve northeastward and reach further north. In strong La Niño years, however fewer

tropical cyclones reach such northeastern latitudes and more TCs develop over the western

portion of the WNP. 

The relationship between ENSO and the number of WNP TC has been extensively investigated.

Many studies concluded that the interannual variation of the TC number in the WNP is strongly

associated with ENSO event (Chan, 1985; Wu and Lau, 1992; Lander, 1994; Chen et al. 1998;

Chan, 2000; Wang and Chan, 2002). The frequency of tropical cyclone in the WNP (primarily

west of 150°E) decreases in the following summer of El Niño year corresponding to a

longitudinal shift of the Walker circulation (Chan 1985; Wu and Lau 1992; Chan 2000).

However, Lander (1994) and Ramage (1981) refuted this conclusion and suggested that although

there is an eastward shift of storms in the warm phase of ENSO, total typhoon counts are actually

not significantly different. Studies have not been consistent in all cases primarily due to

differences in both data and technique. There has been no convincing evidence that the ENSO

impacts the total number of tropical cyclones over the WNP. Therefore, it is interesting to exam

the correlation between ENSO and the dominated EOF components of TTDF to interpret the role

of ENSO on TC genesis in the WNP. 

ENSO monthly indices (1945 – 2004) utilized in this study are from Japan Meteorological

Agency (JMA), which is a 5-month running mean of spatially averaged SST anomalies over the

tropical Pacific (4°S-4°N and 150°-90°W) (Meyers et al. 1999) that selects well the known
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ENSO events.  Relations between the first three dominant EOF components of TTDF and the

ENSO event were examined. The summary of ENSO indices from March to September

demonstrates significant correlation with the first and third EOF Modes of the TTDF as shown in

Fig 4.5.2a and Fig 4.5.2c. 

Figure 4.5.2 Relationship between ENSO and TTDF EOF components: (a) ENSO and

TTDF Mode 1 (b) ENSO and TTDF Mode 2 (c) ENSO and TTDF Mode 3. Solid (blue) and

dashed (red) lines represent ENSO and TTDF Modes, respectively
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All those correlation coefficients exceeded the 95% confidence level or p-value < 0.05. As

discussed in Chapter 2, the negative EOF Mode 1 of TTDF is associated with more overall

typhoon activity in the WNP (Fig 4.2.2a). The third Mode of TTDF explains the track

propagation in E-W direction (Fig 4.2.2c). Positive phase of TTDF Mode 3 is associated with

more typhoon tracks cluster in eastern portion of the study domain, i.e. the high ENSO monthly

indices from March to September are associated with an increased overall TC frequency in the

WNP centered around (25ºN, 140ºE). However, the positive correlation between TTDF Mode 3

and ENSO indicates that TC tracks cluster in more eastern portion of the WNP when ENSO is in

warm phase, while when ENSO indices take negative values, TC tracks cluster in a more

westerly location. This result is consistent with observation (Wang and Chan, 2002). The second

Mode of TTDF demonstrates no significant relation with ENSO (Fig 4.5.2b), indicating that

ENSO has no significant impact on typhoon track propagation in N-S direction. 

b)  Correlation between WNP typhoon activity and East Asian Summer Monsoon (EASM)

A number of studies have examined the large-scale coupling between the East Asian monsoon

and the sea surface temperature (SST) anomalies associated with El Nino and La Nina. For

example, Nigam (1994) studied the dynamical basis for the Asian summer monsoon rainfall-El

Nino linkage through diagnostic calculations with a linear steady-state multi-layer primitive

equation Model. His diagnostic analysis suggests that the orographically forced circulation

anomaly due to the changes in the zonally averaged basic-state are important in modulating the

low-level moisture flux convergence and hence monsoon rainfall. Anomalous Asian summer

monsoon rainfall appears to impact El Nino/La Nina development through the modulation of the

near-surface flow over the tropical Pacific (Meehl 1994; Webster and Yang 1992; Yasunari

1991). Yasunari (1991) showed evidence that anomalies in rainfall and circulation associated
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with the monsoon-El Nino/Southern Oscillation (ENSO) system tend to be phase-locked to the

annual cycle with the anomalies changing sign during the late spring to early summer period.

Typhoons in the WNP are most active during the EASM. WNP typhoons may be considered as a

component of the EASM as they contribute substantial amounts of rainfall and have major

impacts on the region. In review of tropical cyclone genesis, McBride (1995) found that the

genesis location of tropical cyclones not only determined by regional SST but also by monsoon

trough location. The monsoon trough plays an important role for the interannual variation in

tropical cyclone genesis frequencies, since “most cyclones form in the shear zone between

monsoonal (usually cross-equatorial) westerlies and the trade easterlies” (Sadler, 1967).

“Enhancement of the flow on either side of this monsoon trough increases the low-level relative

vorticity and makes conditions more favorable for typhoon genesis” (Frank 1987). In early

summer, the monsoon circulation consists of the Mei-yu front that extends from southern China

to Japan. During the active typhoon seasons, the monsoon trough always exists in the western

tropical Pacific (McBride 1995). It is likely that any mechanism causing the interannual variation

of the atmospheric circulation around the monsoon trough may affect the tropical cyclone

genesis frequencies over the western North Pacific (Frank, 1987 and Lighthill et al. 1994).

Further evidence of the relationship between disturbances in the monsoon trough and tropical

cyclone formation was provided by Chang et al. (1996). They identified periods of enhanced

northwestward-moving disturbances with the presence of one or more tropical cyclones in the

monsoon trough. 

The mechanism that ENSO influences on TC activity is likely through the EASM. ENSO is the

primary source of interannual variability in the framework of monsoon influences on tropical
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cyclone activity (Wu and Wang, 2002; Harr, 2004). The extension of the monsoon trough in the

central North Pacific is closely related to ENSO events (Clark and Chu 2002). In the El Niño

year, the TC frequency in the central North Pacific is three times greater than that in the La Niña

hurricane season. Clark and Chu (2002) evidenced that the monsoon trough intrudes to near 180°

during the El Niño summer or autumn while the monsoon trough intrudes to near 145°E during

the La Niña autumn. Briefly, the monsoon trough extends farther eastward in the El Niño

hurricane season than in the La Niña hurricane season. The change in the ENSO related EASM

summer circulation anomaly is attributed to changes in the location and intensity of anomalous

convection over the WNP (Wu and Wang, 2002). During an El Niño event a low-level cyclonic

anomaly is formed over the WNP resulting from a Rossby wave response to the enhanced

condensational heating over the equatorial central Pacific (Lau, 2006). The cyclone anomaly

induces cold temperature tendencies along a zonal belt extending from northern China to the

WNP due to advective processes, and a negative vorticity over the subtropical northwestern

Pacific is therefore developed. These pre-conditions set the stage for the establishment of a

strong anticyclone anomaly over the Philippine Sea where some typhoons are originated. The

strength and location of the negative vorticity affect the TC genesis and tracks. Majority of

previous studies focused on investigating the depiction of the anomalous circulation associated

with an ENSO event on the winter season, while the development of the anomalous circulation

during other seasons is often neglected. It is therefore unable to determine if there is a possible

interannual variation of the atmospheric circulation over the western North Pacific that would

result in interannual variation of the monsoon trough, and in turn, on the interannual variation of

tropical cyclone genesis frequencies. Here, the relation between the EASM and ENSO during

spring and summer was investigated. The EASM index is defined by the 200hPa wind speed
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averaged over (27-37ºN, 110-150ºE) minus that over (42-52ºN, 110-150ºE) (Lau, et al, 2000).

This WNP-EASM index is highly representative of the dominant EOF Modes of the low-level

circulation anomalies over the East Asian regions. Fig 4.5.3 demonstrates that the EASM and

ENSO are significantly correlated. They could not be considered as independent factors for TC

activity. Other than ENSO, the EASM may also be affected by other climate factors as will be

discussed in following section. 

Figure 4.5.3 ENSO (March-September) and EASM time series.  Correlation coefficient is -

0.356 (p=0.0493). The positive (negative) EASM indices represent wet (drought) years.

c) Snow cover on the Qinghai and Tibetan Plateau (QTP)

Snow cover on the Tibetan Plateau has been the focus of considerable attention a century ago

since the inverse relationship between winter snow cover on the Tibetan Plateau and the intensity

of subsequent Indian summer monsoon rainfall was first suggested (Blandford, 1884). Qinghai

and Tibetan Plateau provides the highest and the most sensitive Earth's platform for study of

weather and climate aspects, and is therefore eminently suited to monitor the signals of global
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climate changes. In winter the QTP is a heat source while in summer it acts as a heat sink. Snow

has properties of high albedo, high thermal emissivity (Sellers 1965), small roughness length

(Garratt 1992), and low thermal conductivity. These properties make snow an important factor in

modulating local and remote climate through changes in the quantities of latent heat release

(Walsh et al. 1982; Barnett et al. 1989; Groisman et al.1994) and changes in atmospheric

circulation as well (Barnett et al. 1989; Yasunari 1991; Vernekar et al., 1995). The spatial extent

of the QTP snow cover during winter and spring is considered to be an important slowly varying

boundary condition for the subsequent development of monsoon circulation (Kripalani, 2003;

Wu and Qian, 2003). The atmospheric diabetic heating over and around the Qinghai and Tibetan

Plateau is an essential element of the Asian summer monsoon system (Wang, et. al, 2004). 

The QTP snow and East Asian monsoon relation has been extensively investigated (Chen and

Yan, 1981; Xu, et al. 1994; Wei and Luo, 1994; Yang and Xu, 1994; Zhai and Zhou, 1997; Wu

and Qian, 2003; Chen, et al., 2001). Accumulated empirical evidences indicate that this relation

is rather complex (Wu and Qian, 2003). Chen and Yan (1979) reported an in-phase relation

between the winter snow anomaly in the central Tibetan Plateau (TP) and subsequent May and

June rainfall over south China. Zhang and Tao (2001) reported that heavy snow accumulation,

acting as an anomalous mid-tropospheric cooling source, reduces the heating over the QTP and

results in a following weak East Asian summer monsoon (EASM). Wu and Qian (2003) and

Chen et al (2000) suggest a positive correlation between Tibetan winter snow and subsequent

summer precipitation over the middle and lower reaches of the Changjiang River but a negative

correlation over southern China and northern China. There are some disagreements between

those conclusions and the early result reported by Chen and Yan (1979) (Wu and Qian, 2003).
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The QTP snow-EASM relation seems largely dependent on the choice of the monsoon indices

and the snow data applied. 

In this section, the relation between the QTP snow cover and East Asian summer monsoon

(EASM) is examined by utilizing a 29-year snow data set (1976-2004). This snow data is derived

from the Northern Hemisphere EASE-Grid Weekly Snow Cover and Sea Ice Extent from

Climate Data Center of the United States (Armstrong and Brodzik, 2002) and Rutgers University

Climate Lab (Robinson, et al., 1993; 2000). Snow data since 1976 is considered reliable due to

the availability of Integrated Mapping System relied primarily on visible satellite imagery. The

SC indices are the percentage of snow cover in each of the 1x1 grid cell in a monthly base. 

Fig 4.5.4a demonstrates a negative correlation between the EASM and the average (January- 

Figure 4.5.4 (a) Reverse relation between the EASM indices and the QTP (January-March)

snow cover. (b) Comparison between the QTP snow cover and the EASM time series. Snow

cover indices are taken within a specified QTP sub-domain: 38-43°N, 84-90°E Correlation

(R= -0.458) is significant at above the 95% confidence level with a p-value less than 0.01.
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March) snow indices in most of the QTP area. Fig 4.5.4b shows this reverse relation when

average snow cover indices are taken within a specified QTP sub-domain: 38-43°N, 86-90°E.

This correlation (R= -0.458) is significant above the 95% confidence level with a p-value less

than 0.01. It shows that the low snow cover year is usually associated with strong EASM.

Previous studies indicate that the monsoon environment variability over the EASM region

contributes to a large variability in TC formation and track patterns (Luo, et al., 1998; Chen,

2001; Chen, et al. 2004; Harr, 2004; Zhang, 2004). These impacts include: a) spatial and

temporal variation in periods of enhanced and reduced TC activity; and b) variations in TC

tracks due to the dominant large-scale monsoon circulation, which exerts a dominant control on

the steering flow of the WNP typhoons. Monsoon trough over the WNP and East Asian

contributes to a favorable dynamic condition for TC formation through its associations with an

increase in low-level relative vorticity, a decrease in vertical wind shear, and the presence of pre-

cursor disturbances (Harr, 2004). The monsoon trough also influences on subsequent TC track

types. Carr and Elsberry (1994, 1995) have identified TC track characteristics in terms of

synoptic patterns and regions associated with variations of the monsoon trough. In their

framework, each monsoon trough pattern is associated with a characteristic track type.

Transitions in track patterns result from changes in steering flow, which is defined by a specific

synoptic monsoon circulation. For example, a sudden poleward track change results from a surge

of monsoon westerlies around the south and southeastern periphery of the monsoon gyre toward

the westward-moving TC (Carr and Elsberry, 1995); a reverse-oriented monsoon trough is

characterized by northward-moving tropical cyclones (Lander 1996). Chen, et al. (2004) recently

argued that the TC and tropical depression (TD) frequency are interannually modulated by
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monsoon circulation over the WNP in response to a change in tropical Pacific sea surface

temperature (SST). They analyzed the 6-h TC/TD track records and NCEP–NCAR reanalysis

data for the period of 1979–2002. Results show that roughly 70% of WNP TC/TD geneses are

linked to the WNP monsoon gyres.

The EASM is a complex climate system that affects local and remote weather. The atmospheric

circulation and diabetic heating over and around the QTP are essential elements of this system.

These elements are highly associated with the spatial and temporal distribution of snow cover in

the QTP through changes in the quantities of latent heat release and its surrounding atmospheric

circulation, which further exert a dominant control on the formation and track pattern of TC in

the WNP. Therefore, the WNP-EASM monsoon could be primarily considered as a linkage to

connect the QTP SC with the typhoon activity in the WNP.   

Figs 4.5.5a-c illustrates the correlation maps between the mean SC (January-March) indices and

the first three EOFs of TTDF for the time period from 1976 to 2004. In north QTP area, Mode 1

positively correlates with the SC, while Mode 2 and SC in north and east portion of the QTP,

primarily demonstrate a negatively correlation. Mode 3 of TTDF negatively correlates with SC

in the small QTP region centered around (34ºN, 83ºE). Correlation could be significant at 95%

confidence level if SC indices are selected from specified sub-domains.

From the above analysis, a significant correlation is expected between the QTP SC and the

overall WNP TC activity. Fig.4.5.6a demonstrate the correlation between total typhoon number

and the QTP SC (January-March) indices during the years from 1976 to 2004. Fig. 4.5.6b

compares the total typhoon and the extracted mean SC indices from a sub-domain D1 (32-35°N,

88-92°E). The correlation coefficient is –0.446 (p<0.0138).



Figure 4.5.5 C
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orrelation maps between SC (January-March) indices and the first three

s for the time period from 1976 to 2004. (a) EOF1. (b) EOF2. (3) EOF3.
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a) Correlation map between total typhoon number and the QTP SC (January-

ices during the years from 1976 to 2004. (b) Comparison of the total typhoon

tracted mean snow cover indices from a sub-domain D1 (32-35°N, 88-92°E).

splays the correlation map between China landfall number and the SC (January-

s. Comparison between the extracted mean SC indices from the sub-domain D2

95°E) and the landfall number is shown in Fig. 4.5.7b (R=-0.451, p<0.0109). Note

yphoon and China landfall typhoon number are normalized. The above correlations

ow SC over the QTP during winter (January-March) is associated with a favorable



condition for both WNP typhoon genesis and China landfall frequency in the following summer,

primarily through the EASM.

Figure 4.5.7 (a

(January-M

landfall ty

La
tit

ud
e:

 N

75
30

32

34

36

38

40

42

197
-1

-0.5

0

0.5

1

N
or

m
al

iz
ed

 v
ar

ia
bl

es
a)
Longitude: E

-0.2

0 0.1
0.1

-0.3

-0.3

-0.4
-0.2

0.1

-0.2

-0.1

0.2

-0.1

80 85 90 95 100 105

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
b)
94

) Correlation map between China landfall typhoon number and the QTP SC

arch) indices during the years from 1976 to 2004. (b) Comparison of China

phoon and the extracted mean snow cover indices from a sub-domain D2

(33-37°N, 91-95°E) (R=-0.451, p<0.0109).

5 1980 1985 1990 1995 2000 2005
Year

landfall

snow cover

R=-0.446



95

d) Correlation with quasi-biennial oscillation (QBO)

The QBO is mean zonal wind of the tropical stratosphere at a height range of 20-30 km, with

easterly and westerly wind regimes alternating regularly with a period varying from 24 to 30

months (Holton, 1992). The driving force for the QBO is the vertical transfer of momentum from

the troposphere to stratosphere by Kelvin and Rossby-Gravity waves. Attempts have been made

to relate the phases of the QBO with the fluctuations in climate and weather (Gray, 1984;

Mukherjee, et al. 1985; Chan, 1995). A correlation between the slowly varying properties of the

stratospheric QBO phase and the seasonal trends in tropical cyclone frequency and intensity has

been established. Though the exact mechanism of the stratospheric QBO's influence on tropical

cyclones is still uncertain, the different phases of the QBO are known to be associated with shifts

in the number and intensity of tropical cyclones in the Atlantic Ocean (Gray, 1984; Gray, et al.

1992). This association is assumed to attribute to the upper tropospheric to lower stratospheric

vertical shear variations (Gray et al. 1992) and upper tropospheric static stability changes (Knaff

1993). During westerly phases of the QBO, a region of small vertical wind shear develops away

from the equator over the tropics, which allows more efficient convection and intensification of

thunderstorms. Low vertical shear promotes the development of tropical cyclones through the

troposphere and intense upward air movement at the center of a cyclonic circulation. According

to Gray, et al. (1992), approximately 2 times as many major hurricanes are observed in north

Atlantic while the stratospheric winds near the equator are in westerly phases. Forecasts have

been therefore provided (Gray et. al 1992) with the use of QBO phase several months before the

onset of the Atlantic hurricane season.

With spectral analysis techniques, Chan (1995) found that the westerly phase of the QBO is more

favorable for TC’s in the WNP due to similar mechanisms in the Atlantic. However, studies by
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Gray and Sheaffer (1989) and Collimore and Gray (1991) suggest that a modest reduction of the

total frequency of western Pacific tropical cyclones occur during the west phase of the QBO

which are opposite to the North Atlantic observations. The opposite association between tropical

cyclone frequency and phase of the QBO in the North Atlantic and the western Pacific may be

attributed to differences in upper tropospheric zonal wind regimes in the two oceans. In the

North Atlantic, tropical cyclones usually form in a region of low-level westerlies and upper-level

easterlies. The development of tropical cyclone is inhibited by the increased upper-tropospheric

easterlies during the easterly QBO phase and enhanced by the weaker vertical shear during the

westerly QBO phase. The opposite occurs in the western Pacific, where the 200hPa zonal

easterly winds are typically strong during the cyclone season. Vertical shear is slightly reduced

in the upper troposphere during the easterly phase of QBO.

In this study, an investigation of the possible linkage of the QBO with the dominant EOF Modes

of TTDF has been made. Since winds in the lower equatorial stratosphere vary a little in

longitude, the QBO monthly indices applied here are the zonal-averaged winds at 30hPa taken

from over the equator, which are formally known as Singapore Winds. It was derived from the

Climate Data Assimilation System (CDAS) Reanalysis data of the United States available at the

Climate Prediction Center official website: http://www.cpc.ncep.noaa.gov/data /indices. 

As illustrated in Table 4.5.1 the QBO monthly indices (January-May) are significantly linked to

the first EOF Mode of TTDF at above 99% confidence level. This fact indicates that the QBO

indices prior to the active TC season could be a valuable signal for prediction of the WNP

typhoon activity. The positive relation between TTDF Mode 1 and the QBO indices reveals a

reverse linkage between the overall typhoon activity and the pre-typhoon season (January-May)

http://www.cpc.ncep.noaa.gov/data
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Table 4.5.1 Pearson correlation and P-value between QBO indices, TTDF EOF Modes,

China landfall (CLF) typhoon and total typhoon (TT) in the period of 1979-2004 (R=0.270

(blue) ~90% CLF; R=0.374 (red) ~95% CLF; R=0.478 (pink) ~99% CLF)

C

P Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

EOF1 .585
.001

.600

.001
.583
.001

.569

.002
.522
.005

.446

.020
.378
.052

.310

.116
.201
.315

.090

.655
-.046
.820

-.190
.343

EOF2 -.336
.087

-.358
 .067

-.365
 .061

-.403
.037

-.375
.054

-.333
.090

-.233
.242

-.142
.480

-.070
.729

-.002
.992

.064

.751
.092
.648

EOF3  .291
.141 

 .248
.212 

 .222
 .266

 .157
 .434

 .048
 .812

-.024
 .905

-.054
.789 

-.076
 .706

-.128
.525 

-.145
 .471

-.186
.353 

-.213
.286 

TT -.451
.018 

-.374
 .055

-.303
 .125

-.251
.207 

-.168
 .402

-.074
.714 

-.004
 .984

.041
.839 

.099
.623 

.148
.461 

.200
.317 

.237
.234 

QBO phase. Overall tropical cyclone frequency in the WNP increases during the easterly

(negative) phase of the QBO, while TC frequency decreases during westerly (positive) zonal

wind. However, the above correlation tends to be weaker after February though the QBO still

holds its strong correlation with the first and second Modes of TTDF in the following three

months (March-May). One explanation is that ENSO and other more powerful climatic factors

supersede the effect of QBO on TCs in the period after February. During neutral or weak/cold

event ENSO years, seasonal typhoon activity in WNP seems to be less predictable on the basis of

ENSO (Chan, 1995). With selected 15 neutral/weak ENSO years (not show), the relation

between total typhoon frequency and the QBO indices was re-examined, results show that the

QBO (January-February) indices correlate with TTDF Mode 1 at above 99% confidence level

(CFL), Mode 2 and the total TC frequency at above 95% CFL. Correlation coefficient between

overall typhoon number and QBO (January-February) indices is 0.57 (p-value<0.017). Therefore

the QBO-TC correlation provides a way for seasonal prediction of overall TC, which is
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especially valuable during neutral/weak ENSO years. Although QBO has significant influences

on the regional distribution of the overall tropical cyclone activity, and the QBO (April-May)

indices is also significantly correlated with the second TTDF Mode at 95% CLF (Table 4.5.1),

however its impact on ECC landfall frequency is not significant.

e) Correlation with 850hPa trade winds in the tropical west Pacific

The 850hPa trade winds primarily blow towards the equator from the northeast and southeast

deflected towards the west because of the earth’s west-to-east rotation. The prevailing north/

southeasterly trade winds are the dominant factor that governs tropical climate. Tropical cyclones

in WNP are strongly associated with tropical disturbances formed in tropical convergence zone

where the warm moist northeast trades and the southeast trades meet and uplift. As the air rises,

condensation takes place and latent heat released makes the air warmer and lowers its pressure, a

low-pressure zone is then formed. Warm moist air is drawn into this low-pressure zone to form

thick cumulonimbus clouds, which allows growth of tropical thunderstorm cells. Most tropical

disturbances die out, but some grow. As a tropical cyclone formed, it continues to move

northwestward along with the tropical trade winds, the more intense the tropical cyclone, the less

influence the trade winds have on the direction of the movement. Trade winds are also strongly

associated with tropical (easterly) waves (Zehnder, 1991), which are trough or cyclonic curvature

maximum in the trade wind easterlies and may reach maximum amplitude in the lower middle

troposphere with or without accompanied by thunderstorm clusters. Although there is still some

debate on this issue, these easterly waves are thought to originate or become amplified as a result

of meteorological conditions for tropical cyclone development (Gray, et al. 1992). In the WNP,
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trade winds connected tropical cyclones in two ways one is through the influence on the origin of

the tropical disturbances and the other is by conveying easterly waves from east to west.     

Zonal wind monthly indices (1979-2004) applied here was derived from the National Prediction

Center, which is the averaged 850hPa wind in the tropical west Pacific (135°E-180°W, 5°N-5°S).

As shown in Table 4.5.2, trade winds are linked significantly and stationary to the first and

second EOF Modes of the TTDF, and therefore the total typhoon frequency in the WNP.

Table 4.5.2 Pearson correlation between 850hpa trade wind indices, TTDF EOF Modes,

China landfall (CLF) typhoon and total typhoon (TT) in the period of 1979-2004 (R=0.270

(blue) ~90% CLF; R=0.374 (red) ~95% CLF; R=0.478 (pink) ~99% CLF)

C

P Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

EOF1 .036

.856

-.133

.508

.195

.330

.112

.578

.357

.066

.270

.173

.341

.082

.409

.034

.416

.031

.291

.141

.492

.009

.576

.002

EOF2 -.396

.041

-.273

.168

-.299

.130

-.482

.011

-.492

.009

-.404

.037

-.408

.035

-.394

.042

-.380

.051

-.341

.082

-.535

.004

-.579

.002

EOF3 .192

.337

.221

.268

.158

.431

.036

.859

.118

.558

-.128

.525

.161

.422

-.016

.937

.087

.666

.026

.898

.181

.366

.239

.230

CLF .083

.681

.203

.310

.010

.961

.128

.525

.110

.585

.042

.835

.215

.282

.204

.307

.213

.286

.308

.118

-.063

.755

-.079

0.695

TT -.079

.695

-.104

.606

-.308

.118

-.338

.085

-.403

.037

-.443

.021

-.417

.031

-.491

.009

-.498

.008

-.432

.024

-.525

.005

-.607

.001

TWI indices prior to the TC season also demonstrate significant correlation with the second

TTDF Mode, which implies a significant correlation with TC track in N-S direction. Westerly

phase of trade winds is associated with TC tracks accumulated in south portion of the study

domain. However, the TWI is not sensitive to TC track pattern in E-W direction and not

significantly correlated with China East Coast landfall frequency, partially due to the landfall
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number counting methodology. Note that, the positive TWI value here represents easterly trade

winds. Results indicate that the westerly (negative) phase of trade winds is favorable for TC

genesis, while easterly (positive) phase of trade winds suppress TC development. The

identification of pre-active TC seasonal TWI (May-June) linked significantly and stably to the

upcoming overall TC frequency allows the seasonal predictability of the latter to be assessed.

f) Correlation with Arctic Oscillation (AO)

The Arctic Oscillation is a pattern in which atmospheric pressure at polar and middle latitudes

fluctuates between negative and positive phases (Wallace, 2000). The AO modulates the

circulation pattern in the northern troposphere and even influences the low latitudes, such as the

strength of the trade winds across the subtropical and tropical regions. With a climate

significance that rivals the Pacific ENSO, the AO may play an important role in tropical cyclone

track patterns in the WNP. 

Tropical cyclones are associated with a large depression in the atmospheric pressure field at the

north tropical and subtropical Pacific Ocean. The moving direction of an individual tropical

cyclone is potentially controlled by its surrounding atmospheric flow in troposphere. A positive

phase of the AO in late spring is found to lead to a northward shift in the summertime upper

tropospheric jet stream over East Asia (Gong and Ho, 2003). This northward shift of the jet

stream is closely related to anomalous sinking motion in 20°–40°N and rising motion in

surrounding regions. While the AO is defined as a monthly-mean, extratropical, tropospheric

pattern of variability, its influence extends well beyond these categories. It has connections to

extreme weather events and long-term climate trends, a distinctive signature in the tropics, and

important connections to the stratosphere.



101

AO has been identified to influence Atlantic TC tracks in E-W direction through the

displacement of subtropical high (SH) position (Elsner 2001; Xie et al, 2005c). Negative phase

of AO is associated with southerly and westerly displacement of the SH from its mean position,

therefore confines the northwestward-moving hurricanes to lower latitude. In WNP, the AO may

exert similar mechanism on TC tracks as it is in North Atlantic. Correlation between AO and the

dominant EOF components of TTDF was examined with monthly indices of AO taken from the

official website of Climate Data Center at: 

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aoindex.html_

Interestingly the AO (May) indices demonstrate a negatively correlation with TTDF Mode 3

(R=-0.26, p=0.0475). This reverse relationship suggests that the positive (negative) phase of AO

is associated with more TC tracks accumulated in the western (eastern) portion of the WNP.

Unlike its effect in the North Atlantic as explained by Elsner (2002) and Xie et al (2005c), the

positive (negative) phase of AO and its associated anomalous sinking/rising motion in the middle

latitude may result in a westerly (easterly) displacement of subtropical high position in the WNP.

It needs to be further studied.    

g) Correlation with the Madden-Julie Oscillation (MJO)

The MJO, known as a 30-60 day oscillation or intraseaonal oscillation, is characterized by an

eastward propagation of tropical deep convection anomalies in Indian and Pacific Oceans. It is

also described as alternating period of westerly and easterly 850hPa zonal wind anomalies across

tropical Pacific Ocean (Madden and Julian, 1994). The MJO plays a crucial role in intraseasonal

typhoon variability in the WNP by affecting the intensity and break period of the Asian monsoon

and interacting with El Niño (Maloney and Hartmann 2000a). For example, westerly wind

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao_
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anomalies at the low level in the area of enhanced convection of the MJO may generate cyclonic

rotation in north tropics. In upper levels, anticyclonic rotation develops along and behind the area

of convection creating a favorable tropical cyclogeneses condition with reduced vertical wind

shear, lowered sea-level pressure and increased up-level divergence (Maloney and Hartmann

2000). The increases and decreases in numbers of tropical cyclogeneses have found to be

consistent with the wet and dry MJO phase (Liebmann et. Al., 1994; Maloney and Hartmann,

1990; Hall et. al., 2001). Since the MJO changes its phase in a 30-60 day period, it has great

influences on intraseasonal variation of tropical cyclone genesis. To diagnose how the TTDF

EOF components connect with MJO, the dominant TTDF EOF components are recalculated in a

5-day mean base (1978-2004). The MJO indices over the western Pacific from 100-140°E

applied in this study is derived from CPC official web site at:

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_mjo_index/proj_norm_order.ascii

Figs 4.5.8a-b displayed the first two EOF components of TTDF (after running a 5-day mean)

and the MJO time series. Data range is from 1978 to 2004. For each individual year, components

for 95 days (August-October) are shown. Correlation between the first EOF Mode and the MJO

indices is extremely statistically significant. The two-tailed p value is less than 0.0001. The

correlation between second EOF Mode and the MJO is significant at 90% confidence level with

p value equals to 0.081. The negative relation between EOF Mode 1 and the MJO implies that

the positive (westerly) phase of MJO significantly enhances the typhoon activity. The positive

correlation between the Mode 2 of TTDF and the MJO implies that more typhoon tracks

accumulate in a more southerly location as the MJO is in westerly phase. The third Mode of

TTDF is not sensitive to MJO, meaning it has no significant effect on typhoon tracks in E-W

direction.

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_mjo_index/proj_norm_order.ascii
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Figure 4.5.8 Relations between the MJO and dominant TTDF EOF Modes (a) MJO and

TTDF Mode 1 (b) MJO and TTDF Mode 2. Horizontally, both time series run a 5-days

mean. Data is consecutive from 1978 to 2004, 19 clicks (or 95 days) from August to October

show for one year.
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Other than its intraseaonal characteristics, MJO also posses strong year-to-year variability, with

periods of strong activity followed by long periods in which the oscillation is weak or absent

(Hendon et al. 1999; Zhang, 2005). There is evidence that the interannual variability of the MJO

is partly linked to the ENSO cycle. Strong MJO activity is often observed during weak La Niña

years or during ENSO-neutral years. In contrast, weak or absent MJO activity is often associated

with strong El Niño episodes (Sobel and Maloney 2000).

4.6 Landfall Typhoon Prediction on East China Coast (ECC)

4.6.1 Predictor Selection

Seasonal landfall typhoon forecast is one of the most difficult tasks that scientists have to face. It

has the potential to give useful information many months ahead. Skilful long-range forecasts of

seasonal landmass strike numbers would benefit insurers and reinsurers, as well as society and

government by reducing the risk and uncertainty inherent to varying active and inactive tropical

storm seasons. Despite the obvious advantages that seasonal hurricane predictions can bring, the

scientific technology remains at an early stage of development. Existing seasonal forecasts of

overall typhoon frequency in WNP and landfalls along East China Coast have made progress and

showed some skills (Chan 1999; Chan et al 2000; Liu and Chan 2002). Forecasts are made from

statistical methods as well as dynamical methods. That many of the forecasts based on dynamical

models are being made on an experimental basis suggests that dynamical modeling in seasonal

forecasting has not yet attained a level of performance sufficient for operational use.

Additionally, the lack of understanding of climate factors and their interaction mechanism

inhibits the model development. Statistical methods have the advantage of being easy to develop
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and operate. Over the past 60 years, an average of 3.7 typhoons made landfalls* each year on the

East China Coast (ECC), including Taiwan and Hainan. However, the typhoon landfall number

has varied across a wide range from year to year. For example, seven typhoons (Saffir-Simpson

Category 1-5) made landfalls in 2001, only one made landfall in 2002. The annual typhoon

landfall frequency on the ECC apparently depends on two main factors: 1) the original location

of typhoon genesis; 2) the preferred typhoon track pattern during the season. 

To develop a forecast scheme, the climatological characteristics associated with typhoon

development and track patterns needs to be carefully examined. Previous studies show that

global and regional oceanic/climate patterns determine the characteristics of a typhoon season

(Gray, 1998; Harr, 2004; Xie, et al 2005). For example, presence of an El Niño event, less winter

QTP snow cover, warm Pacific sea-surface-temperature (SST) coupled with vigorous tropical

waves and weak vertical wind shear, all signal an active typhoon season in the Western North

Pacific (Chan, 2000; Wang and Chan, 2002; Xie, et. al, 2005; Zehr, 1992). In Chapter 4.5, a set

of climate factors has identified to be associated with the WNP typhoon frequency and track

patterns: 

a) The Qinghai and Tibetan Plateau snow cover demonstrated a significant influence on

overall typhoon frequency and track pattern through its impact on East Asian Summer

Monsoon (EASM) and the WNP-East Asian subtropical high repositioning (Xie, et. al,

2005). The low snow indices during the period of January-March are associated with

increased typhoon activity and more northwesterly track patterns in the forthcoming

typhoon season. This climate factor has also identified to closely connect with the

                                                          
*Landfall typhoon defined as if its eyewall crosses coastline.
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number of ECC typhoon landfall strikes (Xie et al. 2005b). It is therefore included in

landfall prediction Model.

b) ENSO could significantly modulate both typhoon frequency and typhoon track patterns.

A ‘warm’ ENSO event is usually associated with increased typhoon activity in WNP and

typhoons more likely take a more easterly track. In contrast, a ‘cold’ ENSO event is

related to suppressed typhoon activity and generally takes a more westerly track. It is

therefore an important factor for both landfall and total typhoon prediction. The ENSO

indices are derived from Japan Meteorological Agency (JMA) because it selects well the

known ENSO events. The JMA ENSO indices are a 5-month running mean of spatially

averaged SST anomalies over the tropical Pacific: 4°S-4°N, 150°W-90°W.  

c) The Arctic Oscillation (AO) alters the strength and location of trade winds across

subtropical and tropical regions. Positive (negative) phase of (January-April) AO

corresponds more typhoon tracks accumulated in the western (eastern) portion of the

WNP, which seems not to attribute to the same mechanism as explained in the North

Atlantic (Elsner et al. 2003). 

d) Quasi-Biennial Oscillation (QBO) and the 850hPa trade wind (TW) have suggested as a

possible cause for the interannual variation of typhoon activity (Gray et al, 1992;

Collimore et al, 1998; Chan 1995). Studies in Chapter 4.5 indicated that pre-typhoon

season indices of QBO and TW both link significantly and stably to the upcoming

overall typhoon frequency, and therefore allow the seasonal predictability of the latter to
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be assessed. They could be used for total typhoon prediction. However, since no

significant correlation was found between the QBO or TW and the ECC typhoon strike

numbers, they are excluded from the landfall typhoon prediction model. 

4.6.2 Prediction Schemes

Poisson regression combined with Jacknife Procedure was applied to construct the prediction

model. Detailed methodology refers to Chapter 4.1.6. Data range is from 1976–2005. Number of

landfall typhoons on the ECC is the variable predicted. 

Predictors applied for early April forecast are:

(a) Snow cover indices from February to March (b) Arctic Oscillation indices from January to

March (c) ENSO JMA index in March

For early June forecast, predictors are:

(a) Snow cover indices from January to March (b) Arctic Oscillation Indices in March and April.

(c) ENSO JMA indices in March

For early August forecast, predictors are:

(a) Snow cover indices from January to March (b) Arctic Oscillation Indices in March and April

(c) ENSO JMA indices in March and June.

The snow cover data is derived from QTP sub-domain D1: 34-37°N, 89-94°E. Fig 4.5.7a shows

the maximum correlation domain from which the snow cover indices are selected. 

Fig 4.6.1a-c summarized normalized SC ENSO and SO time series applied for the early August 
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Figure 4.6.1 Relationship between East China Coast landfalls and predictors: (a) QTP

Snow cover (b) ENSO indices, and (c) AO indices

 

landfall typhoon forecast scheme. Their correlation with normalized landfall typhoon number

that observed implies that all precursor relationships have an extended 3-6 month period

memory, for example, high (low) QTP snow cover indices during January-March signals a fewer

(more) ECC landfall events in the upcoming typhoon season. 
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4.6.3 Model Prediction and Discussion

The early August forecast scheme is applied for the period from 1976 to 2005. Fig 4.6.2

compared the observed landfall typhoon number and theoretic outputs of landfall number from

Figure 4.6.2 Landfall numbers from observation and theoretic value of landfalls from
model outputs

the prediction Model. The correlation coefficient between the above two time series is 0.64

(p<0.0001) with a standard deviation of 0.52. Fig 4.6.3 illustrates the observation and forecasted

landfall typhoon number associated with the maximum probability. The successful rate to predict

the exact number of landfalls is 27%, which is almost double the climatology (14%). The

successful rate for forecast error range within 1 is 77%, exhibits significant statistical skills.

Results suggested that the QTP snow cover is the main contributor to the successfulness of the

Model prediction. ENSO might not be a dominant factor that controls typhoon track over the 
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Figure 4.6.3 Observed landfall number and forecasted landfall number with maximum
probability

Western North Pacific (WNP). For example, ENSO was obviously not the main cause for the

extreme frequent landfall events in 1985, 2001 and 2005 (all had 7 landfalls) since ENSO in

those three years were basically demonstrated a neutral phase. Successful forecasts for those

three years result primarily from the QTP snow cover, which displayed extreme below normal

anomalies from the beginning of those years (January-March) signaling very active upcoming

landfall typhoon seasons. The Model failed for predicting landfall activity in the 2002 typhoon

season. Forecasted number is 3 ~ 4 in contrast only one actual landfall observed. It is very

strange that all three predictors did not capture the inactive landfall signal preceding the 2002
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typhoon season. QTP snow cover displayed a normal anomaly, suggesting a normal landfall

activity. Noted that the year of 2002 was an El Nino year. ENSO indices took an above normal

anomaly, which suppressed landfall activity. According to Chen et al (1998), fewer tropical

cyclones were formed over west of around 150°–160°E during El Niño years, while more were

generated east of these longitudes. The reversed situation occurred during La Niña years.

However, the AO indices displayed a positive phase, suggesting an active landfall season. It

seems that the Model did not fully capture the ENSO signal and mislead by the AO information

in Modeling the 2002 typhoon landfall events.

4.7 Conclusions

In this section, for the first time, tropical cyclone track pattern in the WNP was studied using

principle component analysis (PCA) of the TTDF. The TTDF provides a rich array of

information for the typhoon tracks in terms of the dominant EOF components. A striking feature

in this analysis is that the leading EOF Modes of TTDF demonstrated well-behaved correlations

with ENSO event, snow cover on the QTP and other climate factors, which are further closely

associated with WNP tropical cyclone activities. These correlations reveal some important facts

that appear to be of useful in seasonal typhoon forecasting:   

1.Mode 1 is primarily associated with the overall frequency and intensity of typhoons in the

WNP. It negatively correlates with ENSO monthly indices and positively links to (Jan-Mar)

snow cover on north portion of the QTP.

2. TTDF Mode 2 is one of the primary factors associated with the north-south typhoon track

pattern such that positive Mode 2 phase corresponds typhoon tracks in south portion of the WNP,
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while negative Mode 2 phase is associated with accumulated typhoon tracks in the north portion.

It is therefore relevant to the frequency of typhoon landfalls along East Coast of China (ECC). 

3. Mode 3 depicts the tropical cyclone track pattern in the west-east direction. The positive phase

of Mode 3 is associated with high possibility of typhoon landfalls. Its correlations with ENSO

and the QTP (Jan-Mar) snow cover indices suggest those indices as predictors for typhoon

landfall frequency forecast.

4. QBO, MJO and the 850hPa zonal winds are identified to significantly associated with the first

TTDF Mode and the overall WNP typhoon frequency; however those factors seem not sensitive

to the ECC landfall variability.

5. Based on above, a statistical Model is constructed to predict the number of landfall typhoons

in the East Coast of China. It demonstrates excellent hindcast skills as applied for the ECC

landfall typhoon frequencies in the past 30 years. 
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Part II Case and Composite Studies

5. Case Study I - The 1990 and 2004 North Atlantic (NA) Hurricane Seasons

5.1 Introduction

In North Atlantic basin, the active hurricane seasons of 1990 and 2004 are noticeable due to the

above-normal hurricane occurrences. There were total eight hurricanes formed in the North

Atlantic in each of the above two year. However, there was a significant difference in the intense

hurricane numbers between those two seasons. Six out of eight hurricanes reached Category 3 or

higher in 2004 while only one in 1990 reached this strength. There was also a substantial

difference in the number of hurricanes that made landall in the East Coast of the United States.

Three hurricanes made landfalls on the U.S. East Coast in 2004 (except hurricane Ivan made

landfull on Alabama coast) while no hurricane made landfall in 1990. It is well known that

variation of hurricane track patterns is closely associated with local and remote

atmospheric/oceanic conditions. In the first part of this study, relationship between the dominant

modes of hurricane track density function and climate/oceanic factors was investigated, and

several factors was identified to be associated with storm track pattern. In the following study, the

corresponding environmental conditions in the frequent landfall hurricane season of 2004 and the

quiet landfall hurricane season of 1990 are compared and analyzed.

The primary purpose of this section is to describe and diagnose local and remote environmental

conditions which contributed to the variability of track patterns in the active 1990 and 2004

Atlantic hurricane seasons, and to assess qualitatively the influence of known remote and local

factors on these conditions. The comparison between factors in those two years will shed light on

the dominant mechanism that controls the storm track patterns. The data sets used are briefly

described in Chapter 5.2. A summary of Atlantic basin tropical cyclone activity is then presented
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in Chapter 5.3. The environmental conditions during the active hurricane landfall season of 2004

and the quite landfall season of 1990 are described and compared in Chapter 5.4. The

intraseasonal variability of tropical cyclogenesis during 1990 and 2004 is then presented in

Chapter 5.5, followed by a summary and discussion of results (Chapter 5.6).

5.2 Data sources 

The Atlantic basin tropical cyclone "best track" database are maintained by the National Oceanic

and Atmospheric Administration (NOAA) at the National Climatic Data Center (NCDC), which

contains the 6-hourly center locations, intensity and minimum central pressure. Data collected

after 1944 are considered more reliable due to the routine military reconnaissance following the

World War II. Documentation of this database is found in Jarvinen et al. (1984), with discussion

of its strengths and weaknesses in Neumann et al. (1993) and Landsea (1993). Sea level pressure

(SLP), pressure-level geopotential height and wind vector data are extracted from the National

Center for Environmental Prediction (NCEP) and the Climate Diagnostics Center (CDC) for

Atmospheric Research reanalysis project (Kalnay et al. 1996) available online at: 

http://www.cdc.noaa.gov/cdc/reanalysis/reanalysis.shtml

Additionally, tropospheric vertical wind shear is calculated as the vector difference between

200hPa and 850hPa flow field vectors at each grid point. Anomalies are calculated with respect to

the 1979-1995 base period monthly means. 

The QBO monthly indices applied are the zonal-averaged winds at 30hPa taken from over the

equator, which are formally known as Singapore Winds. It was derived from the Climate Data

http://www.cdc.noaa.gov/cdc/reanalysis/reanalysis.shtml
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Assimilation System (CDAS) Reanalysis data of the United States available at the Climate

Prediction Center official website: 

http://www.cpc.ncep.noaa.gov/data/indices

Finally, monthly mean sea surface temperature (SST) fields were obtained from the NOAA/CDC

website at:

http://www.cdc.noaa.gov/cgi/bin/db_search/DBSearch.pl?Dataset=NOAA+Optimum+Int

erpolation+(OI)+SST+V2&Variable=Sea+Surface+Temperature

Data is available from 1981 to present.  Monthly mean is calculated with respect to the

1971-2000 base period. 

5.3 Summary of 1990 and 2004 North Atlantic Hurricane Activity 

The 2004 Atlantic hurricane season was an active one (Table 5.3.1, Fig 5.3.1a) with a total of 8

hurricanes (average is 5.9 for the base period 1944-2004). There were 15 named storms (average

is 9.8), which persisted for a total of 43.5 hurricane days (average is 28.6) and 94 storm days

(average is 53.2), respectively. There were 6 intense (or major) hurricanes (Saffir-Simpson

category 3, 4 or 5) (average is 2.6) with 23.5 intense hurricane days (average is 5.5). The net

tropical cyclone activity, based upon the combined values of named storms, hurricanes, intense

hurricanes and the days presented, was 215% percent of the 55-year climate average (1950-

2004). Interestingly, six out of the total eight 2004 hurricanes recurved to the northwest passing

through west of the 75°W zone. Three of them landed on the East Coast of the United States.

http://www.cpc.ncep.noaa.gov/data/indices
http://www.cdc.noaa.gov/cgi/bin/db_search/DBSearch.pl?Dataset=NOAA+Optimum+Interpolation+(OI)+SST+V2&Variable=Sea+Surface+Temperature
http://www.cdc.noaa.gov/cgi/bin/db_search/DBSearch.pl?Dataset=NOAA+Optimum+Interpolation+(OI)+SST+V2&Variable=Sea+Surface+Temperature
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Table 5.3.1 Summary of information on named tropical cyclones during the 2004 hurricane
season

               

Named Maximum Dates of Named Maximum
Sustained 

Southeast
USA  

Storm# Category Storm Stage 
Surface
Winds
(mph) 

Landfall
NSD HD IHD 

1. Alex IH-3   Jul.31-Aug.6 105 No 5.5 3.5 0.75
2. Bonnie TS Aug. 9-12 50 Yes 4 .0 0 0  
3. Charley IH-4 Aug. 9-15 125 Yes 6.0   3.0 0.5 
4. Danielle MH-2 Aug. 13–21 90 No 6.5  2.5   0
5. Earl TS Aug. 13-16 40 No 2.0  0  0  
6. Frances IH-4 Aug.25 -Sep.9 125 Yes   12.0  10.0   7.0
7. Gaston TS Aug.27-Sep.1  60 Yes  3.5   0.0 0 
8. Hermine TS Aug.29-31  45  Yes  1.5  0.0 0
9. Ivan  IH-4 Sep.2-24 115 Yes  14.5  12  11.5
10. Jeanne  IH-3  Sep.13-28 110 Yes  13.5 5.0 1.0
11. Karl  IH-4 Sep.16-24  120 No  7.5 7.0 2.5
12 Lisa MH-1 Sep.19-Oct.3 65 No 12.0 0.5 0.0
13 Matthew TS Oct.8-10 40 No 2.0 0.0 0.0
14 Nicole TS Oct.10-11 45 No 2.0 0.0 0.0
15 Otto TS Nov.30-Dec.2 45 No 1.5 0.0 0.0

NSD: Number of storm days.  HD: Hurricane days.  IHD: Intense hurricane days

One hurricane (Ivan) made landfall in U.S. south coast from the Gulf of Mexico. The number of

(U.S. East Coast) landfall hurricanes in 2004 tripled the (1950-2004) climatological average

(1.0). The 1990 hurricane season was also active (Table5.3.2, Fig.5.3.1b), with a total of 8

hurricanes and 14 named storms, however only one of them was intense hurricane. No hurricane

hit the East Coast of the United States, and none of them even propagated west of 75ºW zone

(except hurricane Diana formed west of 80°W). The net hurricane activity was 124% percent of

the climate mean. 
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.

Fig.5.3.1 North Atlantic tropical cyclone tracks in (a) 1990 and (b) 2004

In 2004, the first tropical cyclone, Hurricane Alex, barely hit North Carolina coast on August 3

when it formed near the coast of South Carolina and was heading toward northwest. Its strength

unusually re-intensified when it was moving further northeastward. Hurricane Charley developed

three days after Alex and made landfall on the West Coast of Florida. It crossed the landmass to 
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Table 5.3.2 Summary of information on named tropical cyclones during the 1990 hurricane
season

Named Maximum Dates of Named Maximum
Sustained

Southeast
USA

Storm# Category Storm Stage
Surface
Winds
(mph)

Landfall
NSD HD IHD 

1. Arthur TS Jul. 22-27 60 N/A 2.75 0 0 
2. Bertha MH-1 Jul.24 - Aug.2 70 No 6.00 3.50 0 
3. Cesar TS Jul.31 - Aug.7 45 N/A 4.50 0 0
4. Diana MH-2 Aug.4 - Aug.9 85 No 3.50 0.75 0 
5. Edouard TS Aug.2 - 13 40 N/A 3.00 0 0 
6. Fran TS Aug.11 - 14 35 N/A 2.00 0 0 
7. Gustav IH-3 Aug.24 - Sep.3 105 No 9.00 4.50 1.00
8. Hortense TS Aug.25 - 31 55 N/A 3.75 0 0 
9. Isidore MH-2 Sep.4 - 17 85 No 11.75 8.25 0 
10. Josephine MH-1 Sep.21- Oct.6 75 No 7.00 1.50 0 
11. Klaus MH-1 Oct.3 - 9 70 No 5.50 0.75 0 
12. Lilt MH-1 Oct.6 - 15 65 No 8.75 2.50 0 
13. Marco TS Oct.9 - 13 55 N/A 1.75 0 0 
14. Nana MH-1 Oct.16 - 21 75 No 4.25 2.25 0 

NSD: Number of storm days.  HD: Hurricane days.  IHD: Intense hurricane days

 the ocean and then made another landfall on North and South Carolina (though it was counted as

one landfall). On August 25 hurricane Francis developed in the middle tropical Atlantic around

 (13ºN, 42ºW), propagated northwestward for about 10 days, and landed on southeast coast of

Florida. Hurricane Ivan arose at about the same location of Charley on September 5, it took a

more southerly path toward northwest, traveled further west than Charley and hit south coast of

Alabama. Hurricane Jeanne formed in the west portion of the tropical Atlantic in middle

September, it traveled eastward during its early stage and then made an unusual U-turn,

propagated westward and finally made landfall on south Florida. All those landfall events

occurred within the most active hurricane season - August and September.   
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Hurricanes are of particular interest during 2004 because of the high landfall rate (33%) and its

mass destructiveness. Typically, this landfall percentage remains an average of less than 17%

over the1950-2004 period. The hurricane activity during 2004 was also very special in their track

pathways: six hurricanes propagated passed west of 75°W, compared with no westward-moving

hurricane passed over the west of 75ºW zone in 1990. The East Coast U.S. was hit by three of

these (intense) hurricanes, compared to the 1990 hurricane season that no hurricane hit the U.S.

mainland though eight hurricanes developed in the North Atlantic basin.

5.4 Environmental Conditions Associated with 1990 and 2004 Hurricane Seasons

Changes in tropical cyclone activity are intrinsically tied in with environmental conditions. The

following climate factors might be contributors to produce an extremely active hurricane season.

Some may also contribute to the extremely frequent landfall hurricane season: 1) Cold phase of

El Niño-Southern Oscillation (ENSO); 2) Low vertical wind shear (VWS) at the Main

Development Region (MDR, 0°N - 20°N, 20°W - 60°W). 3) Low sea level pressure (SLP) in the

North Atlantic Ocean, 4) More ridges (500hPa geopotential height) over the subtropical North

Atlantic Ocean. 5) Above normal North Atlantic sea surface temperature (SST) 5) Positive SST

Dipole Mode (DM) in tropical Atlantic Ocean; 6) Negative phase of North Atlantic Oscillation

(NAO); 7) Negative Arctic Oscillation (AO) phase; 8)Above normal South Sahel rainfall; and 9)

Westerly phase of the stratospheric quasi-biennial oscillation (QBO). Some of those factors may

be closely connected, an activity hurricane season can not be controlled by one single factor but

a combination of many, a comprehensive study is therefore necessary. 
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a) El Niño-Southern Oscillation (ENSO): ENSO* modulates the probability of experiencing

extreme weather-related events for many areas of the world. The impact of ENSO on North

Atlantic hurricane activity has been well documented. In the first part of this study, extreme

ENSO events have been identified to be associated with the first and third EOF Modes of the

HTDF, which represent the overall hurricane frequency and track movement in north-south

direction, respectively. The summary of ENSO index from January to June are negatively

correlated with the first EOF Mode of HTDF and negatively associated with total North Atlantic

hurricane frequency. The whole year of 1990 was dominated by a neutral ENSO episode in the

tropical Pacific (Fig 5.4.1). The neutral episode condition started from May 1989 till April 1991,

followed by a warm ENSO episode condition thereafter. ENSO in 2004 also maintained a neutral

ENSO episode for the whole year 1. During the peak hurricane season (August-October) of 1990,

ENSO basically maintained a neutral phase with above normal SST region developed over much

of the eastern equatorial Pacific (Fig 5.4.2). This condition reflected a reversal from the

atmospheric and oceanic anomaly patterns that had dominated the tropical Pacific since the

middle of 1989. The peak season SST anomaly in 2004 displayed a similar scenario as 1990 but

without such a reversal (Fig 5.4.3). The evolution of increase in SST anomaly during the peak

season of 2004 seemed not match the persistent pattern of easterly shear anomalies over the

tropical North Atlantic and did not coincide well with the below normal magnitude of the

vertical shear during the 2004 Atlantic hurricane season (Fig5.4.4b). The average vertical wind

shear in 2004 in the main develop region (MDR) was far below the climatological average

(Fig5.4.4c) and also lower than the average shear in the peak season of 1990 (Fig5.4.4.a).

                                                          
*JMA defines that the El Niño (La Niña) is such that the 5-month running mean SST deviation
for ENSO sample domain (210ºE-270ºE, 5ºS-5ºN) continues to be above +0.5°C (below -0.5°C)
for six months or longer.
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Fig. 5.4.1 ENSO indices from Japan Meteorological Agency (JMA)
(From: ftp://www.coaps.fsu.edu/pub/JMA_SST_Index/jma.gif)

The below normal vertical shear in MDR represented a more favorable condition for tropical

cyclonegenesis. The 2004 favorable shear band (vertical wind shear < 7.5m/s) expended to a

wider area than that of 1990 though warmer SST observed in the equatorial Pacific east of the

dateline during the peak season of 2004. It seems that the (August-October) ENSO influences on

vertical wind shear in the MDR did not concise well with the conclusion derived from previous

studies (Gray, 1984a). Therefore it was not the major contributor to the busy 2004 hurricane

season. 

ftp://www.coaps.fsu.edu/pub/JMA_SST_Index/jma.gif
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Fig.5.4.2 Tropical Pacific SST anomalies during August-October in 1990

Fig.5.4.3 Tropical Pacific SST anomalies during August-October in 2004
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Fig.5.4.4 Vertical wind shear from August to October (a) 2004 (b) 1990 and (c)

Climatological mean (1971-2000)
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Vertical wind shear: Previous studies (Arkin, 1982; Gray, 1984; Halpert, 1997; Goldenberg and

Shapiro, 1996) indicated that tropical storm and hurricane activity over the North Atlantic is

strongly affected by the vertical wind shear between the upper (200hPa) and lower (850hPa)

levels of the atmosphere. Strong vertical shear inhibits tropical cyclone genesis while weak

vertical shear (less than approximately 7.5ms-1) favors tropical cyclone development.

Climatologically, strong vertical wind shear during the hurricane season is observed throughout

the Caribbean, large portions of the subtropical North Atlantic and the northern Gulf of Mexico.

In contrast, weak vertical shear is normally observed over the tropical eastern North Atlantic and

over a large area of the eastern North Pacific in a band between 10°-17.5°N. Therefore, tropical

cyclone formation is normally favored over those regions. In a case study of the Atlantic

hurricane activity transition of 1994/95, Landsea etal (1998) concluded that the primary factor

for the increased hurricane activity during 1995 could be attributed to a favorable large-scale

pattern of extremely low vertical wind shear throughout the main development region (MDR).

The vertical wind shear within the MDR below the threshold of 7.5m/s is a critical condition for

tropical cyclone formation and development. According to Goldenberg and Shapiro (1996), the

MDR is defined as a small domain: 10°N - 20°N, 60°W – 30°W where tropical cyclones are

most likely developing in that area. During the active hurricane season (August-October),

climatological mean (base period: 1979-1995) of vertical wind shear within the MDR normally

exceeds the threshold of 7.5m/s (Fig 5.4.4c). This large shear results from a combination of

upper level (200hPa) westerly winds in association with a mean tropical upper tropospheric

trough (or TUTT; Sadler 1976a, b; Fitzpatrick et al. 1995), and low level (850hPa) easterly trade

winds. Therefore, a substantially reduced vertical wind shear from the climatological mean in the

MDR is a necessary condition for a very active hurricane season. 
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Fig 5.4.4a and Fig 5.4.4b present the vertical wind shear distributions in the North Atlantic

during the peak hurricane seasons of 1990 and 2004. In comparison with the climatological mean

(Fig 5.4.4c), the entire 2004 tropical North Atlantic basin featured with substantially reduced

wind shear throughout the primary region of tropical storm formation (between 3°-16°N and 10°-

80°W). The magnitude of vertical wind shear over the MDR reduced to an average of 6.3m/s,

about 1.2m/s below the threshold of hurricane formation criteria. Four intense hurricanes

(Francis- category 4; Ivan-category 5, Jeanne-category 3 and Kral-category 4) developed within

this area and three of those storms made landfalls in the east coast of the U.S. Though the

favorable shear conditions in 1990 was confined to a band in tropics generally south of 14°N and

north of 5°N, showing a similar scenario as 2004, the average vertical shear magnitude (7.1m/s)

in MDR was higher than its 2004 counterpart. It seemed that increase (decrease) in vertical shear

magnitude and the shrink (expansion) of the vertical shear favorable band were largely associated

with the reduced strength of tropical cyclones. As a result, only one hurricane developed to

category 3 in 1990, while six of the nine hurricanes were developed into intense (major)

hurricanes in 2004. Although the vertical shear in the MDR may not alter the cyclone track

pattern, the strengthening/weakening effects of vertical wind shear in tropical North Atlantic on

tropical cyclones can substantially influence the TC propagation distance. Reduced vertical shear

helped maintain the tropical cyclone strength, extend the cyclone life span, and make the cyclone

traveled longer toward the East Coast of the United States, and therefore increased hurricane

landfall probability.  

The reduced vertical shear in 2004 seems irrelevant to the ENSO condition since ENSO remained

a neutral or barely a weak warm phase in the peak hurricane season (August-October). The

decreases in upper-level westerlies and the weakness in easterly winds throughout the depth of the
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troposphere can be attributed to the local climate condition or other remote climate/oceanic

factors or their combinations.   

c) Sea Level Pressure (SLP): Relationship between tropical cyclone and sea level pressure in

the North Atlantic has been intensively investigated by many authors (Namias, 1955; 1968;

Shapiro 1982; Gray 1984b; Gray, et al., 1993; 1994). Studies attempted to explain the

interannual variations of tracks and numbers of tropical cyclones in association with the

variations of the SLP. Shapiro’s study suggested that one sixth of the Atlantic basin’s TC activity

could be explained by variations of surface pressure in the tropical Atlantic. The anomalously

low SLP in the North Atlantic can result in an increase in TC activity. Gray (1984b) and Gray et

al (1993; 1994) utilized the SLP-TC relation to construct and refine their forecast Model. Knaff

(1997)’s study concluded that anomalous pressure variations of only one or two millibars can

have a strong modulating effect on the hurricane activity. Landsea, et al (1999) indicated that

SLPs act to directly impact the strength of the vertical wind shear. Lower (higher) pressure is

associated with less (more) vertical wind shear in the MDR, reduced (enhanced) subsidence

drying, and a stronger (weaker) intertropical convergence zone [ITCZ]/monsoon, which

consequently promote increased (decreased) tropical cyclone activity. Knaff (1997) further

suggest that the pressure–TC relationship in the Atlantic basin is not solely caused by any single

climate change but rather a complex interaction between several competing factors.

Composite SLP and SLP anomalies (July-September) between 1990 and 2004 were compared.

There was no substantial differentiation in SLP distribution pattern and magnitude (Figs 5.4.5a-

b). A northeast to southwest SLP gradient pattern basically dominated the area with a high SLP

centered at the northeast portion of the study domain, this distribution pattern was primarily
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Figure 5.4.6 Sea level pressure anomalies from July to September in: (a) 1990, and (b) 2004

It is likely that this climate condition partially strengthened a tropical cyclone during and after its

genesis. The low SLPs contribute to less subsidence and drying in the main development region

through which easterly waves move (Landsea, et al, 1999), which created a more conducive

condition for tropical cyclogenesis. The SLP and SSTs are normally negatively correlated

(Landsea, et al 1999). SST anomalies (July-September) in 2004 demonstrated a far more below

normal pattern than that in 1990, which coincided with the SST distribution patterns accordingly.

The strong negative SLP anomalies off the Florida Coast and centered around 29ºN, 48ºW

obviously also attributed to the effects of active tropical cyclone. This observation suggested that

the SLP–TC relationship in the Atlantic basin is not solely the result of any single factor change

but rather a complex interaction among several climate/oceanic factors.
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d) The 500hPa geopotential height (GHT): Geopotential height refers to the potential energy

per unit mass of a body as a result of the earth's gravitational field. Low GHT usually

corresponds to low pressure and it holds vice-versa. One way to gain an accurate representation

of the steering pattern during the hurricane season is by observing geopotential heights

surrounding the hurricane track path. Many studies demonstrated that geopotential height at

500hPa is best correlated with tropical cyclone movement (Chan and Gray, 1982). In the

following, the relationship between tropical cyclone track and the atmospheric circulation pattern

in the tropical Atlantic Ocean was cited with respect to the 1990 and 2004 tropical cyclone tracks

and their associations with 500hPa atmospheric circulation patterns. The Bermuda High System

(located near or below Bermuda) is a dominant steering feature for western Atlantic Basin

tropical cyclones during hurricane seasons (Bove et al 1998). The strong or weak of this system

affects the location of northward recurving of tropical cyclone tracks. A strong ridge in this area

prevented hurricanes from turning north in the Atlantic, forcing them on a westerly track toward

Florida. When a hurricane reaches the western edge of the high, it is able to move northward. So

the position of Bermuda High in a given year exerts a strong control on how the storms are

"launched" towards the US coastline. In July 1990, a trough dominated the subtropical North

Atlantic Ocean (Fig 5.4.7a). This deep mid-latitude trough is a typical signal for northeastward

moving hurricanes. This trough weakened in August (Fig 5.4.7c), a ridge formed in the deep

high latitude and extended southward to about 45ºN. South East Coast of U.S. dominated by a

ridge adjacent to the middle-latitude trough, this ridge prevented tropical cyclones from

approaching the U.S. mainland. In September, eastern USA dominated by a trough that tended to

steer a westward moving hurricane poleward (Fig 5.4.7e). While a ridge located on the eastern

side of the trough, another trough developed in the southwest portion of the Atlantic Ocean. A
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common feature of the 500hPa GHT distribution pattern in the peak season of 1990 is that more

troughs dominated the western and middle portions of the North Atlantic Ocean. The frequent

troughs along its western periphery made storms difficult to remain on a westward path. This

distribution pattern was obviously not favorable for hurricanes approaching the U.S. mainland.

During the period of August and September 2004, GHT displayed a substantially different

pattern compared to its 1990 counterparts (Figs 5.4.7b, d, f) where Ridges dominated western

Atlantic Ocean and the eastern coast area of the U.S. The Bermuda high system became stronger

and dominated most of the western Atlantic, Hurricanes Frances and Jeanne were directed by

this high system toward the south-central Florida coast. Climatologically, it is this type of pattern

that favors more hurricane strikes on the United States East Coast. The stronger than normal

Bermuda High system pushed any storm that moved under it westward.

e) North Atlantic sea surface temperature (SST) anomaly: The distribution of SSTs in the

North Atlantic Ocean has direct thermodynamic effect on tropical cyclonegenes primarily

through its influences on moist static stability and the evaporation-wind feedback (Malkus and

Riehl, 1960) with warmer (cooler) than normal waters enhancing (suppressing) convection. The

warmer the SSTs, the more 'fuel' there is for a tropical cyclone to grow. SST also indirectly alters

the vertical wind shear through a strong reverse relationship with surface pressure (Shapiro 1982,

Gray, 1984b). In Atlantic, warm than usual waters are generally accompanied by low pressure,

weak tradewinds and consequently reduced vertical wind shear. There are some discrepancies in

the contribution of SST to the Atlantic hurricane formation. Raper (1992), Shapiro and

Goldenberg (1998) concluded that the interannual SST variations have relatively small

contributions toward altering the total named storm frequency in the Atlantic basin.
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Figure 5.4.7 500hPa geopotential height anomalies in (a) July 1990 (b) July 2004 (c) August 

1990 (d) August 2004 (e) September 1990 (f) September 2004

a) b)

c) d)

e) f)
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However, Saunders and Harris (1997) provide substantial evidence that both preceding and

during the hurricane season that Atlantic SSTs in the main development region contribute a large

percentage of the variance explained (over 30% during the height of the season) with the number

of hurricanes generated in that area. Fig 5.4.8 illustrated the correlation between peak hurricane

season (August-October) SST anomalies and number of named Atlantic tropical cyclones. This

correlation is significant in most of the tropical North Atlantic Ocean. 

Atlantic SST anomalies during hurricane seasons (June-November) of 1990 and 2004 have been

investigated and compared (Figs 5.4.9a-f, Figs 5.4.10a-f). Both showed above normal SST

anomalies in most portions of the tropical North Atlantic Basin. Throughout the hurricane season

of 2004, there was a persistent, large-scale pattern of above normal SSTs with SST 0.8ºC warmer

than average developed in the northeast portion of the Atlantic (Figs 5.4.10a-f).

Figure 5.4.8 Correlations between sea surface temperature anomalies (August -

October) and number of Atlantic hurricanes (August - October) 

(from: http://iri.columbia.edu/climate/ENSO/globalimpact/TC/Atlantic/sst.html)

http://iri.columbia.edu/climate/ENSO/globalimpact/TC/Atlantic/sst.html
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This pattern expanded southward to about 20ºN and maintained throughout the whole peak 

hurricane season. Cold SST pools that positioned at east coast of Florida were induced by 

passing-by hurricanes. There were four hurricanes (Alex, Charley, France and Jeanne) passed 

through that area in August and September. These cooler SSTs during October appeared directly                          

 
Figure 5.4.9 SST anomalies in 1990  

(a) June (b) July (c) August (d) September (e) October (f) November 

under the September tropical cyclone tracks. It is known that tropical cyclones can force cooling 

of the SST by a combination of vertical turbulent mixing and upwelling of cooler sub-surface 

water (Xie et al., 1996; Shay et al. 2000). Timescales that the oceanic mixed layer takes to 

recover to original pre-tropical cyclone conditions can vary from a few days to a few weeks 

a) b) 

c) d) 

e)
f
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(Black 1983). In 1990, however, SST demonstrated a less increase pattern in the whole hurricane 

season (Figs 5.4.9a-f) compared to its counterpart of 2004. A noticeable warm pool (north of 

40ºN) existed during the peak hurricane season while a cold pattern persistently located south of 

the cold pool and expanded eastward in October. The cold SST characteristics forbid the  

 
 
Figure 5.4.10 SST anomalies in 2004 (a) June (b) July (c) August (d) September (e) October 

(f) November 

 

development of tropical cyclones. In the main development region (MDR), SST anomalies in the 

peak hurricane seasons between 1990 and 2004 demonstrated a substantial difference (Figs 

5.4.11a-b). In 2004 the average SST anomaly is 0.8ºC above the climatological mean, while in 

a) 
b) 

c) d) 

e) f) 
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1990 it is only less than 0.3ºC above the mean. This persistent pattern of above normal SSTs is 

consistent with the large-scale pattern of negative SLP anomalies during the period. It supports 

 
Figure 5.4.11 North Atlantic SST anomalies from Aug to September in (a) 1990, and (b) 

2004 

 

the interpretation that more hurricane favorable environmental conditions attribute to the 

combination and interaction of several climate/ oceanic factors.     

a) 

b) 
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f) Tropical Atlantic SST dipole Mode (DM): Previous studies suggest that the cross-equatorial 

SST gradient plays a key role in modulating the regional climate variability and atmospheric 

circulation surrounding the tropical Atlantic basin (Sutton et al., 2000; Chang et al. 2000; Xie et  

al. 2005). In Chapter 1, I demonstrated that DM is one of the factors that crucially affect 

hurricane landfall activity in North Atlantic Ocean. The first three dominant EOFs of HTDF are 

all strongly correlated with the DM indices, implying that the DM is not only responsible for the 

overall activity of hurricanes, but also associated with the annual landfall frequency along the 

East Coast of the U.S. The physical mechanism of how DM effects on Atlantic hurricane landfall 

has been discussed in Xie et al. (2005).   

Composite SST anomalies before and during the hurricane season (January-November) in 1990 

and 2004 were illustrated in Figs 5.4.12a-f and Figs 5.4.13a-f. In 2004, DM demonstrated an 

extremely strong positive phase at the beginning of the year, and maintained throughout the 

following hurricane season. The increase in cross-equatorial SST gradient greatly affected the 

cross-equatorial low-level tropospheric flow on the western side of the basin. There was a 

marked warm SST anomaly along the Brazilian seaboard. This is accompanied by a northward 

shift in the ITCZ and in response to a positive north–south anomaly in SST difference, northward 

cross-equatorial winds act to reduce the northeasterly mean trade winds in the north and enhance 

the southeasterly trades in the south. This wind pattern is associated with the repositioning of the 

subtropical high in North Atlantic off the U.S. East Coast, which steers the tropical cyclone in a 

more westward path. Compared to 2004, DM during the pre-hurricane season of 1990 displayed 

a negative dipole pattern (Figs 5.4.12a-b), signaled an inactive hurricane landfall season. 
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Figure 5.4.12 Composite SST anomalies in 1990: (a) January-March (b) March-May (c) 

May-July (d) July-September (e) September-November (f) June-November 

 

The peak and rest of the hurricane seasons also demonstrated a neutral (or negative) dipole 

structure with a slightly warmer than usual SSTs in northern tropical Atlantic and above normal 

SSTs in southern tropical Atlantic (Fig 5.4.12d). The above normal SST in North Atlantic Ocean 

implied a favorable condition for hurricane development, however it alone does not explain the 

a b

c d

e f
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Figure 5.4.13 Composite SST anomalies in 2004: (a) January-March (b) March-May (c) 

May-July (d) July-September (e) September-November (f) June-November 

 

a) b)

c) d)

e) f)
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abnormal patterns of hurricane tracks. The DM differences between 1990 and 2004 implied 

different environmental conditions in modulating Atlantic hurricane track patterns by altering 

surrounding atmospheric circulation and differentiating the position and strength of the 

subtropical high and upper level steering flow.  

g) North Atlantic Oscillation (NAO): NAO is a large-scale Mode of natural climate variability 

having large impacts on weather and climate in the North Atlantic region and surrounding 

continents. It correlates with both the total hurricane frequency and landfall hurricane frequency 

in the North Atlantic Ocean as shown in previous study. The state of NAO affects not only the 

wind speed and direction – westerlies are strong when the NAO is strong – but also the paths 

followed by winter storms, rainfall patterns and transport of heat and moisture between the North 

Atlantic and the surrounding land masses, and even the strength of the North-East Trades 

(Wallace, 2000). In Chapter4.5, NAO has been found to negatively correlate with the ‘zonal 

gradient’ (EOF2) Mode of hurricane track density function in the North Atlantic. It suggests that 

strong westerlies in the North Atlantic tend to steer the hurricanes offshore during the positive 

phase of NAO, whereas more landfall hurricanes are expected during the negative phase of NAO. 

NAO and the third Mode of HTDF are also found to be positively correlated, which means the 

negative phase of NAO is associated with a more southward positioned North Atlantic 

subtropical high pressure system (Elsner, et al. 2000; Elsner, 2003), which tends to steer the 

hurricanes more toward the U.S. southeast coast than the northeast coast and thus creating a 

more favorable condition for hurricanes to make landfall along the U.S. southeast coast. NAO 

index can be calculated in terms of non-seasonal pressure differences between the Azores (39ºN, 

24ºW) and Iceland (64ºN, 24ºW). Figs 5.4.14a-b illustrated the sea level pressure anomalies 
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(January-June) in 1990 and 2004. NAO was lower than normal in 2004, expected a more landfall 

season while NAO higher than normal in 1990 signaled an inactive landfall hurricane season. 

 

 

 

 

 

 

 

 

 

 

 Figure 5.4.14 Sea level pressure anomalies (January-June) in (a) 2004, and (b) 1990 

 

It verified the hypothesis that the summary of January-June NAO indices could be a sensitive 

predictor for seasonal hurricane forecast. NAO seemed to be one of the key factors that explain 

the differences of landfall frequency between the 1990 and the 2004 hurricane seasons.      
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h) Arctic Oscillation (AO): The AO is the dominant pattern of non-seasonal sea-level pressure 

(SLP) variations north of 20°N. It is characterized by SLP anomalies of one sign in the Arctic 

and anomalies of an opposite sign centered about 37-45°N on time scales ranging from weeks to 

decades. The oscillation exhibits a "negative phase" with a relatively high pressure over the polar 

region and a low pressure at mid-latitudes, and a "positive phase" in which the pattern is reversed. 

As suggested by Wallace (2000), AO and NAO is a pair of related phenomena, with the observed 

time series correlating at 0.95 for monthly data (Deser 2000). AO and NAO represent two 

different aspects of the same phenomenon and their effects on hurricane activity are identical in 

the North Atlantic region. In Chapter1 a strong negative correlation between the AO and the 

second Mode of HTDF was identified. During the positive Mode 2 phase (negative AO), the 

200hPa geopotential height demonstrates a stronger positive anomaly along the southeast US 

coast, which is steering cyclone tracks in a more westward path, therefore creates a better chance 

of hurricane landfalls (Fig 3.3.4a). The deeper trough (negative anomaly) over the entire 

southeast coast of the U.S. that is associated with the negative Mode 2 (positive AO) acts to steer 

the hurricanes northeastward and away from the coast (Fig 3.3.4b). It’s interesting to see the 

effects of the AO on landfall hurricane frequency by comparing the years with similar total 

hurricane numbers. The AO and the U.S. east coast landfall hurricane activity may not be closely 

correlated since total hurricane numbers vary dramatically year by year. There were eight 

hurricanes developed in 1990 and same number in 2004.  The normalized AO annual index 

during 1990 was positive (1.0), while in 2004 it was negative (-0.23). The negative AO is 

associated with a southward displacement of subtropical ridge in the north hemisphere, which 

was favorable for tropical cyclone traveling more westward and therefore increased landfall 

possibility.   
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i) Western Sahel Rainfall (WSR): Precipitation over western area of Africa has been found to 

be associated with the formation of hurricanes over the deep tropics (Gray, 1990, Landsea and 

Gray, 1991). During West Sahel drought years, stronger upper tropospheric westerly winds are 

developed which typically cause larger vertical wind shear, therefore suppress the hurricane 

development (Gray, 1968). The Western Sahel Rainfall (8ºN-20ºN, 20ºW-10ºE) and the Atlantic 

hurricane are primarily connected by the easterly waves, and the rainfall index has been 

considered as precursors to the vigorous Africa easterly waves (Gray, 1984a; Thorncroft and 

Hodges, 2001). Most of the hurricanes in the Atlantic Ocean develop from tropical storms that 

develop off the East Coast of Africa, in the belt of easterlies. About 60% of the Atlantic tropical 

storms and minor hurricanes (Saffir-Simpson Scale categories 1 and 2) originate from easterly 

waves (NOAA, 1998). However, nearly 85% of the intense (or major) hurricanes have their 

origins as easterly waves. Those intense hurricanes are likely to maintain at low latitude and 

menace the United States (Elsner and Bossak 2001). In Chapter 1, enhanced western Sahel 

precipitation has been identified as a contributor to increased Atlantic basin hurricane activity. 

The western Sahel rainfall also showed a positive correlation with ENSO and negative 

correlation with tropical Atlantic SST dipole Mode. Checking with the Sahel rainfall indices in 

1990 and 2004, they both demonstrated a negative phase (Fig 5.4.15), which signaled inactive 

hurricane seasons in the North Atlantic Ocean. Total Sahel rainfalls during 1990 and 2004 were 

far below normal, with an averaged precipitation amount of 1.2 and –1.3 standardized deviations 

below the long-term mean (1950-2004), respectively. Those values are within the middle quintile 

of rainfall years and is significantly drier than most of the 55 years. It suggests that the Western 

Sahel rainfall was not a major contributor to the active 1990 and 2004 Atlantic hurricane seasons 
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Figure 5.4.15 Sahel rainfall indices from 1950 to 2004 

 

j) The stratospheric quasi-biennial oscillation (QBO): In addition to the ENSO, QBO is 

another important global-scale meteorological parameter whose slowly varying properties are 

related to seasonal trends in tropical cyclone frequency and intensity. The QBO is a quasi-

periodic oscillation of the equatorial zonal wind between easterlies and westerlies in the tropical 

stratosphere with a mean period of 28 months that encircles the globe near the equator (Wall 

1973). QBO appears to have an important modulating impact upon tropical cyclones within 20oN 

of the equator. The phase and magnitude of QBO are associated with the frequency of intense 

hurricanes in the Atlantic (Gray, 1984; Shapiro and Goldenberg, 1998). This association is 

assumed to be attributed to the upper tropospheric to lower stratospheric vertical shear variations 

(Gray et al. 1992) and upper tropospheric static stability changes (Knaff 1993). Hurricane 

activity is more frequent when the 30hPa stratospheric winds are westerly. According to Gray, et 
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al. (1992), approximately 2 times as many major hurricanes are observed in north Atlantic when 

the stratospheric winds near the equator are in westerly phases. However, the exact mechanism 

by which the QBO affects TCs in the troposphere is still not clear.  

During 1990 and 2004 hurricane seasons, the stratospheric zonal winds and wind anomalies at 

both 30hPa and 50hPa experienced a phase transition from easterly to westerly (Figs 5.4.16a-b). 

These easterly winds were much weaker than normal and only dominated at the very beginning 

of the year.  

 

Figure 5.4.16 (a) 30hPa and 50hPa stratospheric zonal winds and (b) 30hPa and 50hPa 

stratospheric zonal wind anomalies 
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The following hurricane seasons were consistent with a westerly phase of the stratospheric QBO. 

The westerly phase of the stratospheric QBO tends to promote active hurricane seasons (Gray 

1984a, Shapiro 1989). In contrast, during an easterly phase of the QBO, the westward moving 

tropical storms in lower latitudes are inhibited from developing into tropical cyclones and those 

that form tends to become less intense (Landsea et al, 1997). The stratospheric QBO conditions 

in 1990 and 2004 both contributed to active hurricane seasons. 

 

5.5 Intraseasonal Variability of Hurricanes in 1990 and 2004 

In 2004, four named hurricanes (Alex, Charley, Danielle, Francis) formed during the 26 days 

between 31 July and 25 August. Three of them were intense hurricanes (Alex, Charley, Francis). 

One (Charley) made landfall in Florida. The other four hurricanes (Ivan, Jeanne, Karl, Lisa) 

formed within 18 days from September 2 to September 19. Three of them (Ivan, Jeanne, Karl) 

were intense hurricanes. Two of them (Franics and Jeanne) made landfalls on the East Coast of 

Florida and one (Ivan) traveled farther west and made landfall on the Gulf Coast of the United 

States. The first three weeks of September define as the climatological peak of the hurricane 

season (Neumann et al. 1993). This is true for 2004 hurricane season. In 1990, there were one 

hurricane (Bertha) formed in July; two hurricanes (Diana, Gustav) developed in August; two 

hurricanes (Isidore, Josephine) formed in September and three (Klaus, Lili, Nana) developed in 

October. It displayed a more even temporal distribution than that of 2004. However, none of 

those 1990 hurricanes made landfalls on the East Coast of the United States.  A distinguished 

intra-seasonal feature of 2004 hurricane season was that all hurricanes developed only in August 

and September. One key contributor to the increased tropical cyclogenesis during August and 
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September was the reduced vertical wind shear at MDR. During the August-September period, 

the vertical shear reached its lowest value (Fig 5.4.17a). In October, vertical shear in the MDR 

and the whole tropical North Atlantic substantially increased (Fig 5.4.17b). This enhanced 

vertical shear appears to have been a primary contributor to inhibit hurricane formation during 

October. Another contributor to the decreased tropical cyclogenesis during October was a 

weakening of the wide-scale warm SST anomalies and a creation of some cool anomalies in the 

North Atlantic Ocean (Fig 5.4.10e) compared to that observed during August and September 

(Fig 5.4.10c, d). Cooler SSTs during October appeared to expand southeastward directly under 

 
 
Figure 5.4.17 Vertical wind shear in the Main Development Region (a) August-September 

2004 (b) October 2004. 
 

the August and September tropical cyclone tracks. Therefore both atmospheric and oceanic 

conditions favored increased hurricane activity during August and September and suppressed 

hurricane activity in October. Tropical cyclones are known to force cooling of the SST by a 

b

a
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combination of vertical turbulent mixing and upwelling of cooler sub-surface water (Shay et al. 

1989). It takes from a few days to few weeks that the oceanic mixed layer recovers to original 

pre-tropical cyclone conditions depending on the location in the basin, depth of the thermocline 

and the time of year (Black 1983). The cooling SSTs significantly reduced the potential for 

tropical cyclone development. However, as the SSTs return to their prestormwarm state after a 

few days or few weeks, hurricanes can form if other genesis conditions are favorable. The SSTs 

in November returned to an extremely above normal condition was a vital example of this SST 

returning process. Other than the DM and the SSTs, increases in landfall frequency during the 

August-September period could also be attributed to the weakening of the North Atlantic  

Oscillation and changes in atmospheric circulation pattern, which acted to southerly shift of 

subtropical high location.  

 

5.6 Summary and Discussion 

The 1990 (2004) Atlantic hurricane season featured 14 (15) named storms (the average is 9.8), 

with 8 (8) reaching hurricane status (the average is 5.9), 1 (6) reaching intense hurricanes 

(average is 2.6), and 0 (3) making landfalls (the average is 0.99) on the U.S East Coast. Storms 

developed in 1990 were distributed from July to November, however, in 2004, it confined to the 

period of August-September, hurricanes made landfalls on the East Coast of the United States 

once in August and twice in September.  

The enhanced overall hurricane activity during 1990 and 2004 could be attributed to the 

favorable, large-scale low vertical wind shear throughout the MDR and the tropical North 

Atlantic. When the wind shear was weak, the cyclone convection remains upright, and the latent 
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heat from condensation was easily released into the air directly above the storm, aiding in 

development. The above normal warm SSTs over the MDR also contributed to the busy 

hurricane season. It provided sensible heat and water vapor that fuels the intense convection of a 

hurricane, and assists the conversion of a cold-core tropical depression to a warm-core cyclone. 

Warm SSTs also resulted in lower surface pressure by directly warming the lower troposphere 

(Landsea et al 1996). The reduced meridional pressure gradient of the modified SLP acted to 

reduce the low level tradewind easterlies, and contributed to a further warming of the ocean 

temperatures via reduced oceanic upwelling (Enfield and Mayer 1996). The increased moisture 

flux from the ocean surface associated with the lowered SLP and increased SST further made a 

favorable condition for cyclogenesis. The active hurricane seasons of 1990 and 2004 were also 

related to the westerly phase of quasi-biennial oscillation (QBO) as discussed in previous section. 

Statistically, an active hurricane season in North Atlantic usually accompanies by a cold ENSO 

episode (La Niña). In contrast, warm ENSO phase (El Niño) is usually associated with inactive 

hurricane season. The neutral phase of ENSO episodes during 1990 and 2004 were likely to have 

a neutral contributor to the observed increase in Atlantic hurricane activity since hurricane 

activity in 2004 was obviously stronger than that of 1990. Despite of the lack of positive 

contribution of ENSO toward those busy Atlantic hurricane season, the above combined 

conducive effects still allowed for the 1990 and 2005 hurricane seasons to be extremely active. 

One significant feature of 2004 hurricane season was the high hurricane landfall rate (3/8). Six 

out of the total eight hurricanes (75%) passed through west of 75W zone (average rate is 37.5%). 

In contrast, none of the eight hurricanes in 1990 made landfalls. None of them even passed west 

of 75W zone (except one formed west of 80°W). Most storms that formed in the tropical North 

Atlantic during 1990 exhibited strongly northward recurving tracks, which prevented their 
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landfall on the East Coast of the United States, while storms in 2004 exhibited a tendency to 

propagate farther westward along a more southerly path. From the analysis in previous sections, 

the increased number of landfalls during the 2004 hurricane season can attribute to the following 

factors: 

1) The tropical Atlantic SST dipole Mode (DM): Compared to 1990, the DM in 2004 displayed 

a strong positive phase with extremely above normal SST anomaly in the north tropical 

Atlantic and a below normal SST anomaly in the south tropical Atlantic. This SST pattern 

was well developed since the beginning of 2004. There was a substantial different 

distribution pattern in 1990 compared to 2004. DM showed a negative phase at the beginning 

of the hurricane season (June-July) followed by a near neutral phase in the period of August-

October. This substantial difference in SST anomaly patterns largely altered the atmospheric 

circulation pattern over and around the North Atlantic Ocean (Xie, et al 2005). As a result of 

this air-sea coupling, the Bermuda (32°N, 64.5°W) High system in August- September of 

2004 was dominated by ridges (positive anomaly) centered on the east portion of the U.S. 

mainland (Figs 5.4.7.d, f). Ridges steered tropical cyclones traveled further westward 

approaching the East Coast of the United States. The extreme repetition of recurving 

hurricane tracks in 1990 perhaps resulted from a systematic eastward displacement of the 

mid-tropospheric subtropical ridge position to near 50°N. In this area, the Bemuda high 

system usually dominates the steering flow of the tropical cyclones. It might also result in the 

development of southerly flow to the west of the mean ridge axis over the western North 

Atlantic. The 500hPa GHT anomaly in August and September in 1990 (Figs 5.4.7c, e) 

demonstrated a couple of troughs (negative anomaly) off and around the East Coast of the 

U.S. In August, the eastward movement of the subtropical ridge and a trough in the middle 
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North Atlantic subtropics seemed to favorite the northward hurricane movement, while a 

ridge off the East Coast of the U.S. prevented the storm from making landfall. In September, 

however, the trough expanded northward, and dominated the east coastal region. Hurricane 

tracks during this period all performed a northward curve. In 2004, however, the strong 

Bemuda high system dominated west portion of North Atlantic, which prevented tracks’ 

poleward movement until they reached the longitudes of the United States. On the other hand, 

the storm propagated in lower latitude along a more southerly path where warmer tropical 

SSTs constantly intensified the passing-by hurricanes, cyclones accumulated more latent heat 

-benefited from the warmer tropical water and therefore grew constantly. Major hurricane 

destruction is dependent upon an enhancement of hurricane intensity in the central tropical 

Atlantic and the simultaneous presence of favorable environmental steering currents that 

prevent the hurricane's recurvature before it strikes land.  

2) The vertical wind shear (VWS): The dramatically decreased shear in MDR and its expanded 

area (Fig 5.4.4a) contributed not only to the busy 2004 hurricane season but also the high 

hurricane landfall rate. The wider band of favorable hurricane development condition (VWS 

< 7.5m/s) enriched the energy of hurricane growth and enlonged hurricanes life span. This 

environmental condition plus other climate conditions made tropical cyclones travel farther 

westward, therefore enhanced the possibility to landfall. 

3) The NAO/AO influence: NAO was responsible for the differentiation of landfall frequency 

between 1990 and 2004. In Chapter 1, the NAO has been found associated with zonal and 

meridional track movements. Definition of NAO is based on the normalized surface pressure 

difference between Iceland and Azores. The pressure difference between these two points is a 

measure of the westerly winds across the Atlantic basin and also a measure of the strength 
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and location of the high pressure system over the central Atlantic Ocean, commonly referred 

to as the Bermuda High. It has been shown that the Bermuda High is important in defining 

the most prominent tropical cyclone pathways in the North Atlantic, and therefore 

significantly influenced the landfall frequency in the East Coast of the United States.  

Compared the 1990 and 2004 hurricane seasons, it seemed that the location where a storm 

formed had no significant influence on its track pattern. During the climatological peak season of 

1990, six of the hurricanes formed south of 25ºN and five formed east of 60ºW. In 2004, seven 

of the hurricanes formed in south of 25ºN and five formed east of 60ºW. Therefore, it cannot tell 

any track information from the originate location of the storms. 

Previous studies indicated that ENSO significantly affects the interannual variability of Atlantic 

basin hurricane activity primarily through its low frequency modulation of the distribution of 

vertical shear. It was a surprising that this was not the case for the 2004 hurricane seasons The 

strongly reduced vertical wind shear in the MDR seemed not consistent with the warmer SST 

condition observed in equatorial eastern Pacific during the peak hurricane season. It did suggest 

that the ENSO was not a major contributor to the active 2004 Atlantic hurricane season. Despite 

the lack of positive contribution of ENSO, the combined conducive effects of low vertical wind 

shear, low SLPs, warm SSTs, and a westerly phase of the stratospheric QBO allowed for the 

1990 and 2004 hurricane seasons to be extremely active.  

In strong contrast to 2004, the 1990 hurricane season had no landfall event on the East Coast of 

the United States. The same factors that promoted increased landfall activity in 2004 were shown 

to be in an opposite or weaker state during 1990, especially the tropical Atlantic dipole Mode 

and consequently the 500hPa GHT, which is considered as steering flow of the storms. The DM 



 162

may alter the storm track pattern through influencing the local SST and consequently the 

atmosphere-ocean environment and through coupling with the tropical and subtropical 

atmospheric circulation (Xie et al 2005). Results were also consistent with the hypothesis that 

positive (negative) DM in pre-hurricane season (January-May) signals a following active 

(inactive) landfall hurricane season.     

Finally, there was a substantial inter-monthly variability in tropical cyclone activity during the 

2004 season, with named hurricanes formed within two one month periods: August and 

September. This active hurricane period was obviously dominated by very low vertical wind 

shear in the MDR and covered a wide expanded area. However, the downturn in activity during 

October likely resulted from a return to above normal vertical shear in the MDR and most of the 

tropical north Atlantic region (Fig 5.4.17b), caused by enhanced westerly associated with El 

Niño event. The reduction of October tropical cyclones might also attribute to the cooler SSTs 

throughout the MDR that were produced by the tropical cyclones that passed through the area the 

previous month.  
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6. Case Study II - The 1978 and 2001 North Western Pacific (WNP) Typhoon 

Seasons 

  

6.1 Introduction 

The 1978 and 2001 WNP typhoon seasons are significantly different from the number of 

typhoons that made landfall in the East China Coast (ECC) (including Taiwan and Hainan). 

There were only two typhoons that made landfall in 1978, below the 55-year (1950-2004) 

climatological average (3.7). However, seven typhoons made landfall on ECC in 2001, almost 

doubled the climatological mean. In the first part of this study, several climate factors have 

identified to be related to the WNP typhoon track patterns. In this part, relationships among those 

factors and tropical cyclone track characteristics during the 1978 and 2001 typhoon seasons are 

investigated. 

 

6.2 Data Sources 

Data used in this study include:  

1) Tropical cyclone best track data (1945-2005) for western North Pacific (WNP) are 

derived from the National Typhoon Center (NHC) of the United States available online at: 

http://weather.unisys.com/typhoon/w_pacific/.  

2)  Characteristics on ENSO data source produced by Japan Meteorological Agency (JMA) 

available at: http://www.coaps.fsu.edu/~legler/jma_index.html.   

3) Monthly reanalysis of geopotential height data from National Center for Environmental 

Prediction (NCEP) for the period 1976-2004 available at: http://www.cdc.noaa.gov/cgi-
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bin/db_search/DBSearch.pl?Variable=Geopotential 

+Height&Dataset=CDC+Derived+NCEP+Reanalysis+Products+Pressure+Level.  

4) SST data are derived from the NCEP/NCEP Reanalysis Project at CDC website: 

http://www.cdc.noaa.gov/cgi-bin/db_search/DBSearch.pl?Dataset=Kaplan 

+Extended+SST&Variable=Sea +Surface+ Temperature and 

http://www.cdc.noaa.gov/cgibin/dbsearch/DBSearch.pl?Dataset=NOAA+ 

Optimum+Interpolation+(OI)+SST+V2&Variable=Sea+Surface+Temperature).  

5) Trade wind index, which is the averaged daily 850hPa wind anomalies in the tropical 

western Pacific (135°E-180°W, 5°N-5°S), derived from the CPC and NCEP Website at: 

http://www.cpc.ncep.noaa.gov/data/indices/. Note that positive values of the 850hPa 

zonal wind indices imply easterly anomalies.     

6) Snow cover data (1976-2004) derived from CDC and NOAA website available online at: 

http://www.cpc.noaa.gov/data/snow/ 

7) QBO indices are calculated from the zonal average of the 30mb zonal wind at the equator 

as computed from the NCEP/NCAR Reanalysis 

 

6.3 Summary of 1978 and 2001 WNP Typhoon Seasons 

In 1978 (2001), 32 (33) tropical cyclones (TCs) of tropical storm (TS) intensity or higher were 

developed in the WNP (average is 29.7 for period of 1945-2004) (Figs 6.3.1a-b). In 1978, 15 out 

of the total 32 (47%) TCs reached typhoon intensity (climatological mean is 63.6%). 

Climatological average of typhoons (Saffir-Simpson Category 1 or higher) during the 55-year 

(1950-2004) period is 17.5. Three typhoons reached category 3 or higher (climatological mean: 
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Figure 6.3.1 Tropical cyclone tracks in western North Pacific in (a) 1978. (b) 2001. 
 

9.5); 1 became a super typhoon (category 5) (climatological mean: 2.7). In 2001, 21 out of 33 

(61% of the total) tropical storms reached typhoon intensity; 11 reached category 3 or higher; 2 

became super typhoons. The overall typhoon activities during those two typhoon seasons are 

below and above the 55-year climatological mean (80.1%, 109.8%), respectively. 
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The 1978 typhoon season started from the middle of May about one month later than normal 

with the development of typhoon #2 (category 2). Since then tropical cyclone activity in the 

basin was suppressed for about three months. No tropical cyclone of typhoon intensity was 

generated in this period. In July, Typhoon #6 developed in middle portion of the WNP, first 

propagated along a southwestward path and then made a U turn toward northeast. Typhoon #7 

and #8 formed right after typhoon #6 in July, all took a northwest track. Typhoon #11, #14 and 

#15 developed in August. Typhoon #14 landed on Guangdong coast at the end of the month. It 

primarily traveled northwestward from northwest Phillipines as a tropical storm, reached 

typhoon intensity as it made landfall on ECC. There were three typhoons generated in September 

(#18, #19, #21); Typhoon #18 and #19 primarily took a northeast track, while typhoon #21 

propagated northwestward and landed on the northeast coast of Hainan Island. A total of four 

typhoons developed in October (#22 #24 #27 #28), three of them (#22, #24, #27) preferred a 

northeastward path without threatening the ECC. Typhoon #28 originated from eastern tropical 

Pacific. It propagated westward along a southerly track, intensified to be a category-5 typhoon 

and weakened after landing on Phillipines. Only one typhoon (#31) formed in November. It 

intensified while traveling northwestward and weakened when propagating northeastward east of 

Taiwan.  

 

In 2001, the first typhoon (#4) originated from east of the Philippines in June 19, which is three 

months lagged behind the normal. It propagated primarily along a northwestward path and then 

propagated toward northeast and landed on ECC. Five typhoons (#5, #6, #9, #10, #11) developed 

in July, all (except typhoon #9) took a straight northwest path landed on the ECC. Typhoon #9 

took a U turn from northwestward to northeastward off the southeast Philippines without 
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threatening ECC land area.  There were total 3 typhoons (#12, #14, #16) formed in August, 

however none of them made landfall on the ECC. During September five typhoons formed in 

total, two of them (#20, #23) made landfalls on Taiwan, one (#19) landed on Japan. Three 

typhoons (#24, #25, #26) formed in October. All exhibited strong northeasterly recurving tracks 

off ECC. Typhoon #27 in November took a more southerly track and propagated westward, it 

finally landed on East Coast of Vietnam. There were two typhoons (#32, #33) developed in 

December, none of them made landfall on ECC. 

 

In a summary, typhoons in 1978 were evenly distributed during the busy typhoon season (July-

October) (Fig 6.3.2), thirteen of the total fifteen typhoons formed within this period. Majority of 

typhoons took a northwestward track and recurved northeastward when approaching the ECC. 

During the whole season only two typhoons (#14 in August and #21 in September) made landfall 

on the Southeast China Coast (Fig 6.3.3). Tropical cyclone intensity was suppressed throughout 

the season so that only three typhoons reached category-3 intensity, eight of the total fifteen 

typhoons were category-1 typhoons. In 2001, total twenty typhoons distributed in seven months, 

sixteen of them formed during the busy typhoon season from July to October (Fig 6.3.2). The 

2001 typhoon season featured by far above normal ECC landfall events (7), almost doubled the 

climatological average (3.7). Five typhoons made landfalls within the beginning of the active 

typhoon season (June-July) (Fig 6.3.3), while only six typhoons developed within this period. 

The 2001 typhoon tracks can split into two clusters: southwest group and northeast group. 

Typhoon tracks for the southwest group were primarily limited to west of 130ºE, while the 

northeast group with its tracks confined to east of 135ºE. The southwest group typhoons took a  
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Figure 6.3.2 Monthly variability of overall typhoon frequencies in 1978 and 2001 

 

straight northwesterly track while the northeast group typhoons demonstrated strong 

northeastward recurvings. 
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Figure 6.3.3 Monthly variability of landfall typhoon numbers in 1978 and 2001 
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6.4 Environmental Conditions Related to 1978 and 2001 Typhoon Seasons    

 

a) ENSO and local SST anomaly 

Studies in Chapter4.5 demonstrated that ENSO has significant impacts both on total TC 

frequency and TC track patterns. Specifically, the negative correlation between typhoon track 

density function (TTDF) Mode 1 and ENSO suggests that high ENSO monthly indices are 

associated with an increased TC frequency in the WNP centered around (25ºN, 140ºE). The third 

Mode of TTDF demonstrates a positive correlation with ENSO indices, which means more TC 

tracks cluster in the eastern portion during the ‘warm‘ ENSO event. ENSO in 1978 and 2001 

seasons both displayed a neutral phase (Fig 5.4.1, Fig 6.4.1). The pronounced change in tropical 

cyclone activity due to warm/cold ENSO is the eastward (westward) shift in genesis location, 

and more (less) recurvature of tropical cyclone tracks. There is no evidence to show that the 

neutral ENSO events and the western North Pacific SST pattern are significantly correlated 

(Chan, 1985, 2000). The overall activity of tropical cyclones and track patterns in the 1978 and 

2001 typhoon seasons seemed not to be significantly affected by ENSO. 

A typhoon is basically a heat engine with warmer SST water as its fuel. The warmer the water, 

the stronger a typhoon may become (Emanuel, 2000). Vertical wind shear (VWS) in WNP is 

usually below the threshold (7.5m/s) (Fig 6.4.2). The VWS during July-November in 1978 and 

2001 typhoon seasons both demonstrated a favorable cyclongenesis condition (Fig 6.4.3, Fig 

6.4.4). 
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Figure 6.4.1 SST anomalies during August-October in: (a) 1978, and (b) 2001 
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Figure 6.4.2 Climatological mean of vertical wind shear (VWS) from July to October (a) 

July (b) August (c) September (d) October The vertical wind shear is calculated using 

the vector difference between the winds at 850mb and 200mb. Unit: m/s 
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Figure 6.4.3 Vertical wind shear in 1978: (a) July (b) August (c) September (d) October 
 

However, location of tropical cyclone formation in WNP is largely associated with local SST 

anomalies (Chan, 2002). A significant feature of SST distribution in the first half year of 1978 

was a slightly above normal SST near the coast area (east of 125°E) and a persistent below 

normal SST centered around 20°N and extended west of 130°E (Fig 6.4.5a). During the period 

of August- October, SST featured by persistent below normal SSTs in the western part of the 

tropical North Pacific south of 22ºN (Fig 6.4.1a). The northward displacement of typhoon 

formation locations in 1978 was largely associated with this SST patterns. The majority of 

typhoon formation locations in 1978 were situated north of 20°N. The cold SST pattern in 

coastal area during August-October partially resulted from the replacement of cold water from 
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Figure 6.4.4 Vertical wind shear in 2001: (a) July. (b) August. (c) September. (d) October 

 

subsurface layer as typhoons passing by the area. This cold SST pattern suppressed typhoon 

development and intensification thereafter, as a result, only 47% of tropical storms reached 

typhoon intensity. In first half year of 2001 and during the period of August-October, the WNP 

featured by a far above normal warm SST distribution while the eastern North Pacific (ENP) 

featured by a below normal cold SST pattern (Fig 6.4.5b, Fig 6.4.1b). Formation locations of 

both southwest and northeast group typhoons coincided well with the areas where SST 

anomalies were far above normal. SST distribution pattern seems to be a reasonable explanation 

of the difference in TC genesis locations between the 1978 and 2001 typhoon seasons. 

Additionally the above normal SST anomalies are apparently one of the important factors that 

intensified the typhoon activity in 2001 though other climate factors also need to be considered.  
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Figure 6.4.5 SST anomalies from January to June in: (a) 1978. (b) 2001  

(Climatological base: 1971-2000) 

 

As discussed in Chapter4.5, the large-scale coupling between the East Asian monsoon and the 

WNP SST anomalies associated with El Nino and La Nina plays an important role in typhoon 

activity in the WNP. The EASM in 1978 and 2001 were in drought (-1.0) and wet (0.26) phases 

(Fig 4.5.3), respectively. However, ENSO in those two years were all in neutral phase, which 

means that the EASM during those two years were dominated by climate factors other than 

ENSO events.    

 

b) Snow cover on Qinghai and Tibetan Plateau (QTP)  

Figs 6.4.6a-b show an above normal snow cover distribution in 1978 and a below average snow  
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cover distribution in 2001, respectively. As discussed in Chapter 4.5, the snow cover (January-

March) over the QTP demonstrated a strong negative correlation with the number of typhoons  
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Figure 6.4.6 Snow cover anomalies on QTP from January to March in (a) 1978 and (b) 

2001 (Base period: 1976-2005) 

 

landed on the ECC. As illustrated in Chapter4.5, the QTP snow cover influences the TC track 

patterns primarily through the large-scale WNP-EASM circulation, which is associated with the 

shift of the East Asian and WNP subtropical high (EASH) position (Xie, et al, 2005). A year 

with high (low) QTP snow cover is associated with East Asian summer drought (flood) (Fig 

4.5.4b). This is especially true for the 1978 case. High snow over the QTP changed atmospheric 

circulation of land-atmosphere-ocean interaction and inhibited the development of EASM, 

typhoon activity, as a consequence, was suppressed. The midtropospheric 500hPa flow has 
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identified to be associated with TC steering flow (Chan and Gray, 1982). Since the TC track 

associated with the large-scale atmospheric conditions vary with seasons, it is necessary to 

examine the variations in the 500hPa flow in a monthly base. The June-July 5880m GHT 

contours at 500hPa between 1978 and 2001 demonstrated a substantial distribution pattern (Figs 

6.4.7a-b). The East Asian/western North Pacific subtropical high (EA/WNPSH) situated at a 

more southwesterly position in June-July 2001.  
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Fig.6.4.7 Contours of 5880 GHT in (a) June, 1978 and 2001 (b) July, 1978 and 2001 

 

As discussed in Chapter 4.5, this pattern is usually associated with low QTP snow cover. The 

southwesterly displacement of EA/WNPSH prevents typhoons from making northward recurving, 
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therefore typhoons took a more westerly track approaching the ECC. WNPSH position during 

the same period in 1978 displayed a northeastward shift, however, typhoons likely recurve 

northward instead of propagate further westerly. This condition prevents typhoon tracks from 

landing on the ECC. In July the 500hPa GHT anomaly shows that tropical WNP east of the ECC 

dominated by a strong negative trough (Figs 6.4.8a, c) in 1978, however a southward 

displacement of subtropical high dominated that area (Figs 6.4.8b, d) in 2001. Five typhoons 

made landfalls in July 2001, however no typhoon made landfall in July 1978 though three  
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Figure 6.4.8 GHT anomalies in 1978 (a) June (c) July, and in 2001 (b) June (d) July 

(Climatological base: 1971- 2000) 
 

typhoons developed during this time period. The above comparison demonstrated that monthly 

variability of typhoon tracks are strongly tied to GHT distribution pattern.                
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c) 850hPa trade wind indices (TWI): In Chapter 4.5, the 850hPa TWI was identified 

significantly associated with the WNP typhoon activity. Westerly (easterly) phase of trade wind 

usually corresponds to strong (weak) TC activity. Trade winds in the peak typhoon season (July-

October) in 1978 and 2001 were both in a neutral or weak easterly phase (0.2631, 0.4750), which 

basically suppressed typhoon development. TWI was, therefore, not a key factor to influence the 

overall TC activity in 2001. However it might be one of the factors to suppress typhoon activity in 

1978.   

 

d) The stratospheric Quasi-Biennial Oscillation (QBO): In Chapter 4.5, the pre-typhoon 

season (January-February) easterly QBO demonstrates a strong association with increased TC 

activity in the WNP. This correlation is especially robust during the neutral ENSO years. The 

QBO during the period from January to February in 1978 demonstrated a strong westerly phase 

(Fig 6.4.9), which predicted an inactive typhoon season. However QBO during January-February 

in 2001 displayed a strong easterly phase which signaled a favorable condition for TC formation. 

 
Figure 6.4.9 Normalized mean QBO indices (January-February, 1978-2004) 
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e) Arctic Oscillation (AO): AO indices demonstrated a negative phase (-0.52) in 1978 and a 

positive phase (0.48) in 2001. As discussed in Chapter4.5 the positive phase of AO in March is 

associated with more TC tracks accumulated in the western portion of the WNP. The majority of 

typhoon tracks in 1978 stayed off the ECC (Fig 6.3.1a). The positive AO phase in 2001 is 

favorable for typhoons to propagate along a more westerly track (Fig 6.3.1b). However, typhoon 

tracks east of 130ºE may be dominated by other climate factors.  

 

f) Madden-Julian Oscillation (MJO)  

As demonstrated in Figs 6.4.10a-b, positive (negative) MJO phase in 1978 and 2001 was 

strongly associated with more (fewer) typhoon geneses. Dotted line represents number of 

typhoons developed during the month (June-December). During westerly MJO periods, 

barotropic energy conversions provide a source of eddy kinetic energy, which provides seed 

disturbances that may develop into tropical cyclones if other environmental conditions are 

favorable (Maloney and Hartmann 2000a). It is especially true for 1978 and 2001 typhoon 

seasons. In 1978, 10 out of 14 tropical storms developed to typhoon intensity during the westerly 

MJO phase, while in 2001, 15 out of 20 typhoons formed during the westerly period of MJO 

phase.  
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Figure 6.4.10 MJO phase and its association with typhoon frequency.  

Dotted line represents number of typhoons developed from June to December  

in (a) 1978, and (b) 2001. 
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6.5 Summary and Discussion 

The 2001 WNP typhoon season featured seven ECC landfall typhoons (climatological average is 

3.7). This is the largest number of landfall typhoons observed in any typhoon seasons (June-

December) since 1961. Of these seven ECC landfall typhoons, five occurred in June and July - 

the most observed during this period in the WNP typhoon record. Typhoon tracks in 2001 split 

into two clusters: one occupied west of 130ºE, the other accumulated east of 130ºE. The majority 

of the east group typhoons are typhoons of category-3 or higher, all those intense typhoons 

developed from the beginning of August while all except one of the west group typhoons were 

typhoons of category-1 or category-2, seven out of the total nine west group typhoons landed in 

the ECC, five of the total six June-July west group typhoons and all the two September west 

group typhoons made landfall on ECC. The east group typhoons demonstrated a strong recurving 

track pattern, which resulted from a systematic southeastward displacement of the mid-

troposperic subtropical low positioned east of Japan during August and September (Figs 6.4.11a-

b). The west group typhoon track patterns in June and July were associated with the 

southeasterly extension of the subtropical ridge in the WNP, which strongly linked to the low 

QTP snow cover in early of the year and the active East Asian Summer Monsoon. The 

development of southerly flow to the west of the mean ridge axis over the western North Pacific 

and a tropical low centered around (115ºE, 20ºN) dominated the South China Sea west of Taiwan 

created a perfect steering condition for typhoons to approach south east China coastline. Five 

typhoons formed in July 2001, which was about the same number of typhoons that formed in 

climatological peak month (August or September) of the season.  
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Figure 6.4.11 GHT anomalies in 2001 (a) August. (b) September 
(Climatological base: 1971- 2000) 

 

 

In contrast to the seven landfall events in 2001 typhoon season, only two typhoons made landfall 

on East China Coast during the entire typhoon season of 1978. The majority of named storms 

that formed in the tropical WNP exhibited a strong recurving tendency when passing by 

northeast Taiwan. The majority of typhoons in south of Taiwan that propagated along the 

northwestward tracks weakened dramatically as they approached the South China Sea. Super 

typhoon #9 formed in July was an exception. Compared to 2001, western North Pacific 

subtropical high during June-July in 1978 retreated to a more northeasterly position compared to 

its counterpart in 2001(Figs 6.4.7a-b). This distribution pattern is likely associated with 

northward recurving typhoon tracks, which prevented typhoons from landing on the ECC. The 

displacement of subtropical high position surrounding the ECC has been identified associated 
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with the high snow cover over the QT through large-scale atmospheric flow fluctuation that 

greatly influenced by the East Asian Monsoon system (Xie, et al 2005b). The variability of local 

SST distribution and the upper-level winds that tend to steer tropical cyclone movement and 

inhibit its development over a region may vary without the influence of El Niño. This is why the 

number of landfall tropical cyclones formed over the WNP during neutral ENSO years varies 

dramatically from year to year. Combined with local SST patterns, the QTP snow cover is likely 

the key factor to dominate the typhoon track patterns in 1978 and 2001. The sparse landfall 

events in 1978 may also be attributed to the negative AO phase, which is associated with more 

easterly tracks. The neutral ENSO events in 1978 and 2001 have minor effect on the East Asian 

Summer monsoon, it seemed not to be the key factor to differentiate the landfall events between 

those two years.  

 

Perhaps the primary factor for the increased typhoon activity during 2001 can be attributed to a 

favorable, large-scale pattern of extremely warm sea surface temperature (SST) distributed 

throughout the WNP. This above normal SST reflects an abundant thermal fueling condition that 

is favorable for typhoon formation and development and also associated with an abundant 

rainfall in East Asian and the WNP. Observations of typhoon intensity and tracks coincided well 

with SST distribution pattern. Compared to 1978, the warm SSTs in 2001 well developed prior 

to the typhoon season and persisted throughout the typhoon season, which ultimately favored 

tropical cyclogenesis and intensification. The abnormally warm SSTs also help to lower surface 

pressures hydrostatically by directly warming the lower troposphere. The reduced meridional 

pressure gradient of the modified SLP acts to reduce low level trade winds, thereby contributing 

to a further warming of the ocean. In addition to the large-scale abnormal warm SST, the 
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enhanced WNP typhoon activity in 2001 has also been linked to the negative phase of QBO in 

January and February which favorites the TC activity though the mechanism of how QBO 

influences the TC activity is not clear. 
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7. Composite Study   

 

7.1 Introduction 

Due to the lack of upper-air observation over the Oceans, very little is known about the 

conditions and mechanisms that control the movement of tropical cyclones. It therefore becomes 

difficult to identify what exactly controls the path that tropical cyclones will take. Unfortunately, 

this lack of understanding manifests itself as a lack of agreement as to which factors steer 

tropical cyclones. Many studies identified steering flow by a pressure averaged wind field. Most 

often, the middle tropospheric steering flows at 500h-700hPa are used to predict the motion of 

tropical cyclones (Kasahara, 1959; Chan and Gray, 1982; Carr and Elsberry, 1990). For tropical 

cyclone genesis, initial disturbances often arise from low level convergence coupled with upper 

tropospheric divergence and an increase in the mean tropospheric temperature (Gray 1968; 

Montgomery and Farrell 1993). The upper tropospheric cyclonic vortices can form in the 

divergence (convergence) regions associated with a trough (ridge) and occasionally expand to 

the lower troposphere. A trough has been identified to be associated with the development of 

tropical disturbances (Sadler, 1964; Gray 1998; Montgomery and Farrell 1993). It acts to create 

upper level divergence and reduce vertical wind shear (Gray 1998). On the other hand, it is 

associated with westerly shear and discourages the development of hurricanes. At tropical 

latitudes (typically equatorward of 20°-25°), tropical cyclones generally propagate toward the 

west with a slight poleward component. This is because an axis of high pressure called the 

subtropical high extends from east to west poleward of the storm. Though future steering 

currents cannot be predicted at an extended range, the position of the subtropical high plays a 

crucial role in the direction that a tropical cyclone will move. The seasonal shift of subtropical 
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high position therefore may provide an explanation of the regional variations in U.S. hurricane 

landfall activity. Since climate factors may affect tropical cyclone tracks by altering the 

subtropical high position, it could be considered as a link to connect the climate factors with 

tropical cyclone tracks. Tropical cyclones in NA and WP both have inertial tendency to drift 

towards the northwest that dominated by external forces - the atmospheric current. Over the 

western North Pacific, most of the tropical cyclones form along the southern or southwestern 

flank of the subtropical ridge of high pressure where the steering current flows to the northwest. 

This coincides with the inertial movement tendency and explains the predominant northwestward 

storm tracks observed. In fact, the prevailing storm tracks reflect the important steering roles 

played by the ridge of high pressure in both Atlantic and Pacific. For example, when the Pacific 

ridge does not extend beyond Taiwan, tropical cyclones tend to move round the western 

periphery of the ridge and turn northeastwards, a scenario commonly known as "recurvature". If 

the ridge extends further west, tropical cyclones will stay under an easterly steering flow and 

head towards southern China, and most often make landfalls. If the ridge axis shifts to the south, 

tropical cyclones will travel westwards at lower latitudes. 

It’s no doubt that upper atmospheric environment can change the path of movement of a tropical 

cyclone out of their genesis regions and into higher latitudes. Based on the analysis in Part I, the 

first three dominant EOF Modes of tropical cyclone track density function in NA and WNP are 

associated with certain climate/oceanic factors, which affect tropical cyclone tracks propagate in 

certain directions. In this Chapter, the connection of climate factors and associated TC tracks are 

studied through the examination composite geopotential height (GHT) distribution at 500hPa. 

The location and intensity of subtropical trough/ridge and its association with TC influential 

factors may shed the light on possible dynamic mechanisms of how climate factors affect the TC 
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track patterns. The correlation between the tropical cyclone track patterns and the departure from 

the mean ridge and trough position provides a way to explore physical links between 

climate/oceanic factors and tropical cyclone track patterns observed.  

  

7.2 Data Sources 

Base period for the climatological average of 500hPa GHT is from 1971 to 1990. The original 

500hPa GHT data and pressure-level U (V, W)-wind data are extracted from the National 

Hurricane Center of the United States available online at:  

http://www.cdc.noaa.gov/cdc/reanalysis/reanalysis.shtml 

 

The tropical cyclone "best track" data (1944-2005) for North Atlantic and western North Pacific 

are used in this study. This data set is provided by the U. S. Tropical Prediction Center/National 

Hurricane Center in the form of six hourly positions and intensities of all tropical cyclones 

reaching named storm status. Documentation of this database is explained in Jarvinen et al. 

(1984), with comments and discussions of its strengths and weaknesses in Neumann et al. (1993) 

and Landsea (1993). Data from other resources are referred as it being used. 

 

7.3 Tropical Atlantic SST Dipole Mode and Its Association with 500hPa Geopotential 

Height (GHT) Over the North Atlantic Ocean 

Tropical cyclone tracks are more often dominated by external forces nevertheless they have an 

inertial tendency to drift towards the northwest. The environmental current steers the tropical 

cyclone and inversely, the prevailing storm tracks reflect the important steering role played by 

the ridge of high pressure in the North Atlantic. Over the western North Atlantic, most of the 
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tropical cyclones form along the southern or southeastern flank of the subtropical ridge of high 

pressure where the steering current flows to the northwest. This coincides well with the inertial 

movement tendency and explains the predominant northwestward storm tracks to be observed. 

The Bermuda high system plays a key role in controlling the recurvature of hurricane tracks. For 

example, when a ridge extends beyond southeast coast of the U.S. tropical cyclones tend to move 

south of the periphery of the ridge and keep move further westwards. If the ridge extends further 

west, tropical cyclones will stay under an easterly steering flow and head towards the Gulf of 

Mexico.    

 

The tropical Atlantic Dipole Mode has identified to be associated with interannual variability of 

hurricane landfalls along the East Coast of the United States (Xie, el al., 2005a). The SST 

gradient between north tropical Atlantic and south tropical Atlantic significantly influences the 

tropical cyclone track patterns by repositioning the location of subtropical high/low ridges 

(troughs) surrounding the track paths. Case study of 1990 and 2004 provided a vital example of 

the role of DM in differentiating the landfall frequency between those two years. Statistically, the 

high DM years are associated with more landfalls while low DM years are usually correspond to 

fewer landfalls. Fig 7.3.1 illustrates this relationship. In this study, composite 500hPa 

geopotential height associated with high and low DM years is examined. The anomalous 500hPa 

flow is identified to be responsible for steering hurricanes toward or away from a region (Chan 

2000); the composite 500hPa flow field illustrated some important features of how DM connects 

with subtropical high location and strength. High DM years are chosen if their normalized DM 

indices are larger than 0.40, while low DM years are picked up if their DM indices are less than 
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Figure 7.3.1 Relationship between tropical Atlantic SST Dipole Mode and landfall 

frequency in the East Coast of the United States (R=0.474, p=0.002) 

 

–0.40. With those criteria, total 11 high DM years (1950, 1951, 1952, 1953, 1954, 1955, 1956, 

1957, 1962, 1999, 2004) and 11 low DM years (1972, 1973, 1974, 1977, 1983, 1986, 1987, 1992, 

1993, 1994, 1998) are collected. Composites for monthly 500hPa GHT of those high and low 

DM years are then plotted and compared (Figs 7.3.2a-h). The 500hPa GHT associated with DM 

high and DM low displayed a substantial different pattern from the beginning of the hurricane 

season as illustrated in Figs 7.3.2a- b. During DM high in June, the Bermuda high system 

strengthens and extends southward to north of the Caribbean islands. The Bermuda high weakens 

and shrinks northward to north of 32°N during the DM low period. While the Bermuda high 

system expanded eastward in July during the DM high period, a trough developed on the east 

Coast of Florida. This distribution pattern creates a more favorable condition for hurricanes 

approaching the east coastline of the U.S. GHT in July during those high DM years characterizes 

a positive anomaly (Bermuda High) positioned at a more southerly location (Fig 7.3.2c) 
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compared to that during low DM years (Fig 7.3.2d). The southward shift of subtropical ridge 

during those high DM years confines a hurricane propagating along a more southerly track and 

traveling farther west. August and September are the most frequent time period for hurricane 

landfall activity. In August the composite 500hPa GHT field associated with DM high 

demonstrated a ridge in the middle Atlantic centered at 32ºN (Fig 7.3.2e), a trough centered 

adjacent to Florida coastline west of the ridge and another trough dominated the tropical region 

between 10ºN and 20ºN.  This distribution pattern is favorable for a hurricane moving farther 

westward to approach Florida and the U.S. southeast coast. Composite GHT anomalies 

associated with DM low in August primarily dominate by a trough in the subtropical Atlantic 

(Fig 7.3.2f). Westward or northwestward moving hurricanes easily made a northeasterly curve, 

which is the normal case for hurricane tracks during low DM years. Distribution patterns of 

composite GHT anomalies in September also display a substantial difference between DM high 

and low years. A large-scale ridge dominated the whole subtropical Atlantic during those high 

DM years (Fig 7.3.2g) while a trough dominates this area during low DM years (Fig 7.3.2h). 

Composite hurricane tracks (Fig 7.3.3) associated with the positive phase (solid) and the 

negative phase (dotted) of the Atlantic SST DM clearly indicate a preference of more westward 

tracks as the DM is in positive phase than in negative phase. Notice that the origins of the 

hurricane tracks during the positive phase of the DM are generally clustered in the south portion 

of the domain while more tracks clustered in the north during the negative phase of the DM. 

Thus, hurricanes formed at relatively low latitudes during the positive phase of the SST DM are 

more likely to make landfall in the Caribbean and the southern coast of continental United States, 

such as Florida. As an example, the tropical Atlantic SST DM displayed a strong positive phase 
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Figure 7.3.2 Composite 500hPa GHT anomalies associated with high and low DM from 

June to September (Climatological base: 1971-2000. Contour intervals are 2.0m2/s) 
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Figure 7.3.3 Composite hurricane tracks associated with positive phase (black) and 

negative phase (red) of the Atlantic SST DM during August-October 

 

throughout the summer of 2004 (Fig 7.3.4). The average July–September 2004 SST difference 

between tropical North Atlantic (0–20ºN) and tropical South Atlantic (0–20ºS) was 0.3ºC. The 

majority of the storms in the summer of 2004 moved westward (Fig 5.3.1b) leading to a record 

number of hurricanes striking Florida and the Caribbean islands. It is notable that a weak warm 

SST event is developing in the tropical Pacific in the summer of 2004 (Fig 5.4.1), which, if 

affected the 2004 Atlantic hurricane activity at all, was supposed to suppress it (Gray, 1984). 
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Figure 7.3.4 Tropical Atlantic SST Dipole Mode in June 1, 2004 (from Xie et al 2005a) 

 

Thus the active 2004 hurricane season was clearly not a result of the El Niño, but likely the 

consequence of the coupled atmosphere-ocean response to the Atlantic SST DM. In Xie et al 

(2005a), a schematic summary was proposed attempting to connect the Atlantic SST Dipole 

Mode to overall North Atlantic hurricane activity and hurricane landfall frequency on the U.S. 

east cost (Fig 7.3.5). Other than the DM, more southern location of Azores High and above 

normal West Africa rainfall that associated with positive Atlantic SST Dipole Mode affect the 

westward steering flow, results in more frequent landfall hurricanes on the U.S. southeast coast.  
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Figure 7.3.5 Schematic summary of the positive phase of the Atlantic SST Dipole Mode and 

its effects on Atlantic landfall frequency from the Caribbean islands to the U.S. southeast 

coast (from Xie et al 2005a) 
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7.4 QTP Snow Cover and 500hPa GHT Over the Western North Pacific and East Asian 

Continent 

In the boreal summer, two persistent subtropical high systems exist over the East Asia and the 

Western North Pacific Ocean. The former is referred to as the East Asian subtropical high 

(EASH), the latter is known as the western North Pacific subtropical high (WNPSH). The 

seasonal variations of these two systems are closely associated with the onset and withdraw of 

the East Asian Summer Monsoon (EASM). These two systems and their interaction characterize 

the atmospheric circulation over the East Asian (Liu and Wu 1997; Zhang and Tao 1998). The 

snow cover over the Tibetan Plateau plays a crucial role in modulating these two systems both in 

strength and location (Liu et al, 2001). After spring of a low snow year, the strong elevated 

surface sensible heating of the QTP persistently warms up the air column aloft. Due to such 

surface sensible heating, vigorous ascent of the air column over the QTP then sucks the 

surrounding air from below and expels it outwards in the upper layer. It therefore generates a 

positive vorticity near surface and a negative vorticity in the upper layer. These together with its 

forcing mechanism are crucial in maintaining a huge upper-layer anticyclone over the QTP. As a 

consequence, it modulates the atmospheric circulation in East Asian and WNP areas. 

Traditionally it is believed that the WNPSH and the EASH are mainly due to the condensation 

heating associated with Asian summer monsoon and also attributed to the radiative cooling and 

sinking of descending branch of the Hardley circulation (Peixoto and Oort 1991). The study by 

Liu et al (2001) shows that those subtropical high systems are also due to the direct sensible 

heating over the Tibetan Plateau. In fact the formation of EASH could be interpreted in terms of 

the development of negative vorticity over the Plateau that is associated with fluid divergence 

(Liu et al, 2001). The clockwise (in the Northern Hemisphere) airflow of subtropical high around 
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the 500hPa level is crucial to the assessment of when and where a hurricane will move poleward 

and recurve (Chan 2000). In Chapter 4.5, the QTP snow cover in January–March has been 

identified to be related to the overall typhoon activity and typhoon track distribution patterns in 

the following typhoon season. Fig 4.5.4b displays a significant inverse relation between the 

numbers of ECC landfall strikes and the QTP snow cover (January-March) indices (R=-0.451, 

 

Figure 7.4.1 Monthly distribution of (a) total and (b) ECC landfall numbers associated with 

high and low snow cover years. There are total 30 landfall typhoons in those low snow 

years in contrast to 16 landfall typhoons during those high snow years. 
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p<0.0109). To further examine the influence of snow cover on seasonal repositioning of 

subtropical high, composite 5880 GHT contours at 500hPa associated with high and low QTP 

snow cover years are investigated. The highest eight snow cover years (1978, 1979, 1981, 1983, 

1989, 1997, 1998, 2000) and the lowest eight snow cover years (1977, 1980, 1982, 1984, 1985, 

1990, 1992, 2001) were selected for this study. As shown in Fig 4.5.4b, fewer (more) typhoons 

made landfall along the ECC when the preceding spring had an above (below) normal snow 

cover over the Qinghai and Tibetan Plateau. In fact, for the eight years with high snow, only 4 

typhoons made landfalls in China in the early typhoon season prior to August 1, whereas more 

than three times the number of typhoons (13) made landfalls during the same period of the eight 

low snow years (Fig 7.4.1). Thus, it appears that heavier QTP snow reduces the ECC typhoon 

landfall frequency, especially during June and July.  A mechanism has been proposed in attempt 

to link the QTP snow cover and the WNP typhoon activity (Fig 7.4.2) (Xie et al, 2005b). As part 

of the global climate system, QTP exerts a dominant control on the regional weather and climate 

over East Asia.  In winter, the QTP acts as a heat sink while, in summer, as a heat source. The 

variation of the snow cover on the QTP affects the thermodynamic processes in the region by 

modulating the sensible and latent heat fluxes, as well as by modulating the albedo and hence the 

radiative energy balance (Figs 7.4.2a-b). Changes of the thermodynamic processes on the QTP 

are known to affect the Indian monsoon (Kripalani et al., 2003), the East Asian monsoon (Zhang 

and Tao, 1998) (Figs 7.4.2c-d), and the winter atmospheric circulation over the North Pacific 

(Figs 7.4.2e-f) (Clark and Sereze, 2000). Studies have further revealed the relationship between 

the QTP snow and the East Asian summer monsoon (EASM) (Figs 7.4.2a-d) (Wu and Qian, 

2003; Zhang and Tao, 2001), as well as between the EASM and WNP typhoons (Figs 7.4.2d-h) 

(Chen et al., 2002). 
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Figure 7.4.2 Schematic diagram illustrating the influence of Tibetan Plateau snow cover on 

the annual frequency of landfall typhoons in China (from Xie et al 2005b) 
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WNP typhoon activity and the timing and persistence of monsoon rainfall in the Yangtze River 

region are strongly connected (Chen et al., 2002). When monsoon rainfall persists along the 

Yangtze River, WNP typhoon activity is usually below normal. On the other hand, the onset and 

withdrawal of EASM are modulated through the sensible heating over the Plateau (Liu et al, 

2001). Above normal QTP snow cover leads to a weak surface heat flux, which, in turn, results 

in a weak land-sea thermal contrast between the QTP heat source and the heat sink over the 

adjacent ocean and, consequently, a late and weak EASM (Zhang and Tao, 2001).  The EASM is 

one of the most dominant climatic signals in the region, which is inextricably coupled to the 

West Pacific subtropical high system (WPSH) (Wu and Qian 2003; Rodwell and Hoskins, 1996; 

Liu et al., 2001). As part of the EASM system, the WPSH exerts a dominant control on the 

steering flow of the WNP typhoons (Figs 7.4.2f-g). A vivid example is 1987-1998. The large 

snow fall in the preceding winter was found to be a robust precursory signal for a weak monsoon 

in the following summer. At the same time, only five typhoons formed before mid-September, 

1998 over the WNP and South China Sea. Only two of the typhoons made landfall, making the 

June–September period of 1998 the least active typhoon period since 1951. This exceptionally 

inactive period is related to the abnormal low latitude location of the subtropical high over the 

WNP (Luo and Zeng, 1998). What was found in 1998 was common in other years with heavy 

QTP snow. Figs 7.4.3a-b show the 5880m geopotential height contours associated with the 

heaviest seven snow years and the lowest seven snow years in June and July, respectively.  In 

June, as illustrated in Fig 7.4.3a, during those low snow years, the 5880m contours generally 

extend a more westerly position than it did during those during high SC years. In July, 5880m 

contours also expand further westward in low snow years, which steered the typhoons further  
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Figure 7.4.3 5880m geopotential height contours in June associated with (a) high snow 

years, and (b) low snow years 

 

toward China mainland. However, the 5880m contours shifted southeastward during high SC 

years and conducive to northwestward curving typhoon tracks (Figs 7.4.4a-b). There is no 

substantial difference in the distribution patterns of 5880m contours between those high and low 

SC years in August. It seems that the QTP snow cover primarily influence the subtropical high 

position in the early typhoon season. The significance of the Qinghai and Tibetan Plateau as 

elevated heat sources for the evolution of the Asian summer monsoon circulation have studied by 

many authors (Murakami 1987; Wu and Qian 2003; Yanai et al. 1992; Yanai and Li 1994). 
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Figure 7.4.4 5880m geopotential height contours in July associated with (a) high snow 

years, and (b) low snow years 

 

The diabatic, sensible and condensation heat flux from the surface provide the major source of 

heating/cooling on the Plateau during summer. Ting (1994) used a linear baroclinic Model to 
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and to study the relative roles of diabatic heating and the orographic forcing in maintaining the 

summer stationary waves. He found that most of the subtropical stationary wave features in the 

GCM could be explained by the response to diabatic heating, particularly in the Asian monsoon 
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barotropic stationary wave features over the Tibetan Plateau. Liu et al (2001) suggested that 

strong elevated surface sensible heating after spring of a low snow year persistently warm up the 

air column over the QTP. It generates a positive vorticity near surface and modulates the large-

scale atmospheric circulation in surrounding areas. Large-scale zonal-vertical (U-W) stream 

anomaly patterns (along 32.5°N) associated with high and low snow years are plotted in Figs 

7.4.5a-b. (Climatological base: 1971-2000). During low snow years, airflow rises up to 

troposphere and moves eastward in response to diabatic heating, convergence zone form as the 

westerly flows meet the upper easterlies (Fig 7.4.5a). The convergence anomaly pattern 

strengthens the EASH and expands it eastward to the WNP. The strengthening and expansion of 

subtropical high system in middle latitude prevents typhoons from making northward curves and 

confines them to propagate along more southerly tracks. During those high snow years however, 

the Plateau acts as a heat sink (Fig 7.4.5b), which extends upper westerly to a more western 

position, this anomaly pattern weakens the EASH and WNPSH system and makes typhoon 

tracks easily take a northward curving. It is clear that high or low snow cover over the QTP 

significantly changes the large-scale atmospheric flow pattern through its interaction with its 

surrounding atmosphere and further affects typhoon track patterns.     

 

 

 

 

 

 

 



 212

   

 

 

 

 

 

 

 

 

 

 

         

 

 

 

 

 

 

 

 

Fig 7.4.5 Large-scale zonal-vertical (U-W) stream anomaly patterns (along 32.5°N) 

associated with (a) high, and (b) low snow years (climatological base: 1971-2000) 
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7.5 Summary 

1. Composite study for North Atlantic hurricanes yields that positive phase of tropical 

Atlantic Dipole Mode (DM) is associated with strengthening of the Bermuda high, which 

blocks westward-moving hurricanes from making a northward curving. Opposite case occurs 

during the negative phase of the DM.  

2. Distribution of East Asia/WNP subtropical high demonstrates a substantial difference 

between the high and low snow cover year over the QTP. The reversal heat transfer 

mechanism during high (low) QTP snow cover alters the anomalies in large-scale zonal 

circulation pattern, which associated with a wet (dry) East Asia Summer Monsoon season, 

influences the position and strength of subtropical high in the WNP, and further creates a 

favorable (unfavorable) condition for typhoons making landfalls along East China Coast.          
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The Interannual and Decadal Signals of Tropical Atlantic Dipole Mode 

The tropical Atlantic SST dipole Mode (DM) is a leading statistical Mode of climate variability 

in tropical Atlantic Ocean. The origin of the DM that exhibits the strongest covariability with the 

North Atlantic hurricane activity is investigated first from observations. Previous studies on the 

effects of Atlantic SST dipole Mode concern mainly decadal climatic variability (Chang et al. 

1997). Many (Gray, 1993 Landsea, 1996; Goldenberg, 2001) showed that tropical North Atlantic 

SST correlates positively with major hurricane activity. However, Xie, el. al (2005a,c) proposed 

that Atlantic SST DM is not only associated with Atlantic hurricane genesis, but also 

significantly correlated with the zonal and lateral movements of hurricane tracks, and therefore 

the interannual variability of hurricane landfall frequency as well. Fig A1 demonstrates the time 

series of ECUS landfall frequency and the decadal signal of DM after applying a 18th order 

Finite Impulse Response (FIR) low-pass filter with a cut-off frequency of 0.143, i.e. Period: T<7 

years was omitted (R=0.67, p-value < 0.001). The interannual signal of DM is derived from the 

Finite Impulse Response (FIR) high-pass filter with a cut-off frequency of 0.7. Fig A2 

demonstrates that it has a significant correlation with interannual variability of landfall 

hurricanes (R=0.31, p-value < 0.021). 
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Figure A1 Dacadal signal of DM derived from a FIR low-pass filter with a cut-off 

frequency of 0.143 

 

 

 

 

 

 

 

   

 

 

 

Figure A2 Interannual signal of DM derived from a FIR high-pass filter with a cut-off 

frequency of 0.7 
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