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Abstract

There is considerable interest in forecasting interannual hurri-
cane activity for the Atlantic basin. Various predictors representing
different components of the tropical Atlantic climate have been
suggested. The choice of predictors is based on previous research
into contemporaneous and lag relationships with seasonal hurri-
cane and tropical storm frequency. Past research is divided into five
distinct periods: the search for physical relationships, the use of
composite charts, the use of satellite imagery and climatology of
easterly waves, the emergence of recent ideas, and the develop-
ment of prediction models. As an historical summary this paper
describes the important research contributions in each period lead-
ing to our current understanding of yearly hurricane variability. The
paper concludes by describing current methods for forecasting this
variability and recommends an area for future investigations.

1. Introduction

Every year the North Atlantic Ocean is visited by a
number of tropical storms and hurricanes. During the
period 1950-93, year-to-year variability ranged from
as few as 2 hurricanes in 1982 to as many as 12
hurricanes in 1969. Within the past decade some
attempts have been made to forecast such activity
months in advance (Gray 1984b; Elsner and
Schmertmann 1993). The choice of predictorsisbased
on past research into contemporaneous and lag rela-
tionships with hurricane activity. Major scientific con-
tributions over the past century leading to current
prediction models of seasonal Atlantic hurricane activ-
ity can be categorized into five distinct but overlapping
chronological periods: 1) discovery of physical rela-
tionships, 2) use of composite charts, 3) use of satellite
imagery and climatology of easterly waves, 4) emer-
gence of recent ideas, and 5) development of statisti-
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cal models for prediction. In what follows a justification
for these groups becomes evident; however, it should
be kept clear that the periods are overlapping and that
although, for example, the most recent period is char-
acterized by development of prediction models the
posing of hypotheses and the use of composite charts
and satellite imagery remain important in studies of
season-to-season hurricane variability. Additionally it
should be noted that, because the paper adopts the
style of a chronology and tries to stay as close as
possible to this form, the inclusion of a piece of
important research may be located outside its more
appropriate section.

2. Uncovering physical relationships

Fluctuation in surface pressure is an obvious can-
didate for explaining interannual hurricane variability.
Garriott (1895) first recognized that sea level pres-
sures (SLPs) across the Atlantic vary with abundance
of hurricanes. He realized that such variations occur
over extended geographical areas so that, for ex-
ample, when SLP is unusually low over the Caribbean
itis above normal nearthe British Isles (Garriott 1906).
In fact, he suggested that a strengthening and
northeastward movement of the Azores high pro-
motes tropical cyclogenesis in the eastern Atlantic
through an acceleration of the trade winds.

Brennan (1935) and Ray (1935) were the first to
recognize that pre—hurricane season weather condi-
tions in the Caribbean are to some extent related to
disturbed weather over the same region during August
and September. Based on data from the period 1903~
34, Brennan (1935) noted that when rainfall is above
normal and surface winds and pressures are below
normal in the previous months there is an increased
potential for stormy weather during the hurricane
season. Seasonally lagged relationships between SLP
in the Caribbean and hurricane frequency were also
considered in Ray (1935). Using surface pressure
data from San Juan, Puerto Rico, for the period 1899-
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Fic. 1. Surface wind circulation over the Atlantic Ocean for the month of September, reproduced from Dunn (1940). Direction lines are
based on the dominant wind computed for each 5° latitude—longitude square, and width of arrow gives a measure of the relative wind

steadiness.

1933, he concluded that there is a strong inversely
proportional relationship between spring—summer sur-
face pressures and summer—fall tropical cyclone fre-
guency in the North Atlantic. He found that a combina-
tion of May through July pressures describes the
relationship best. In the same paper, he also looked at
contemporaneous sea surface temperatures (SSTs)
over the eastern Caribbean for the period 1920-33
and found that they are positively correlated with
tropical cyclone frequency.

These early findings can partly be explained by the
position of the intertropical convergence zone (ITCZ)
over the Caribbean. The ITCZ is a region of lower
surface pressures extending primarily east-west over
the equatorial Atlantic and forming a boundary be-
tween the trade winds of both hemispheres. With the
ITCZ positioned farther north over the Caribbean,
lower SLPs, weaker trades, and increased convective
rainfall are all concomitant over the region.

Dunn (1940) was the first to recognize the impor-
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tance of easterly waves for the formation of tropical
storms. He provided evidence that easterly waves
often originate along the ITCZ over the eastern Atlan-
tic. He noted that development of easterly waves
alongthe ITCZis enhanced when the boundary reaches
its northernmost extent near 12°N and the southeast
trades along the West African coast turn toward the
northeast south of Cape Verde. Dunn explained that
this region is favorable for disturbances of hurricane
intensity to develop. The surface wind circulation over
the Atlantic Ocean during September as depicted in
Dunn (1940} is reproduced in Fig. 1. The southwest-
erly monsoon flow south of Cape Verde is clearly
evident. In addition to identifying the West African
coast as a preferred region for origin of tropical distur-
bances, Dunn (1940) noticed that the intrusion of polar
air into the Tropics over the western Atlantic and the
Gulf of Mexicoinhibits the deepening of tropical waves.

It was Riehl and colleagues during the late 1940s
and early 1950s who were the first to stress the
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importance of a meridional separation of midlatitude
westerlies from tropical easteriies for tropical cyclone
strengthening (see, e.g., Riehl and Shafer 1944; Riehl
and Burgner 1950). These studies mentioned that
although initial storm development may be enhanced
by a north—south shear of the horizontal winds, inten-
sification of the storm requires a deep layer of easterlies
with little or no vertical shear of horizontal winds.

The association between seasonal tropical cyclone
frequency and large-scale SLP fluctuations is revis-
ited in Namias and Dunn (1955). They were in agree-
ment with Garriott (1906) that increased Atlantic hur-
ricane activity occurs when the Azores high extends
northeastward into Europe but suggested that the
reason for this association was a penetration of
midlatitude cyclonic vorticity into the Tropics rather
than simply a freshening of the trades. The cyclonic
vorticity is associated with a meridionally aligned
trough along the Spanish and African coasts near
Cape Verde. Further, Dunn (1956) noted that distur-
bances in the easterlies originating over Africa pass
through this trough before becoming hurricanes. Com-
paring this idea with the reference to midlatitude—
tropical interaction made by Dunn (1940) suggests a
possible contradiction with regard to whether mid-
latitude disturbances inhibit or promote tropical cyclo-
genesis. It is currently understood that strong vertical
shear of horizontal winds often associated with
midlatitude disturbances will inhibit deep convection
and limit tropical cyclogenesis. In contrast, it is also
recognized that midlatitude disturbances can provide
a source of low-level cyclonic vorticity important for
initiation of tropical cyclone development.

Dunn and Miller (1960) were also in agreement with
much of the earlier works when they noted that persis-
tent SLP anomalies in portions of the tropical Atlantic
have a strong influence on hurricane frequency. Spe-
cifically, when the Azores high shifts northeastward,
the Bermuda high is weakened and hurricane fre-
quency is increased over much of the tropical Atlantic,
including the Caribbean.

It was Riehl (1956) who first mentioned the influ-
ence of midlatitude troughs on hurricane frequency.
He demonstrated that a large-amplitude trough in the
westerlies extending well into the Tropics can fracture
with the southern portion, retrograding into the devel-
opment of a tropical cyclone. Concerning the possibil-
ity of a seasonally lagged relationship, he comments
that there is some tendency for seasonal hurricane
numbers to be low if, in late spring, the subtropical
anticyclone has above-average strength with east—
west elongation. Riehl (1956) as well as Miller (1958)
mention the importance of the strength and position-
ing of the upper-level anticyclone and its associated
divergence pattern for tropical cyclone intensification.
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3. Use of composite charts

An important paper in the history of interannual
hurricane forecasting was written by Namias in 1955.
Namias believed geographic areas favorable for tropi-
cal cyclone genesis can be prescribed by the long-
period mean flow aloft (Namias 1955). He tested this
idea by constructing and comparing 700-mb compos-
ite charts between years of extreme tropical cyclone
activity. Although his initial study concentrated on the
annual vulnerability of a limited area along the north-
eastern coast of the United States to hurricane activ-
ity, the work was significant because the methodology
of compositing circulation maps inspired much future
work.

It was Ballenzweig (1959) who applied this type of
compositing technique to the entire Atlantic basin.
Since more than three-fourths of all tropical cyclones
formin August, September, and October, Ballenzweig
based his composite approach on this season. Using
data from the period 1933-55, he contrasts two com-
posite height charts: one for the five years with the
greatest number of tropical cyclones, and one for the
five years with the least number of storms. These two
charts are reproduced in Fig. 2.

The maximum tropical cyclone incidence chart
shows a positive 700-mb anomaly stretching across
the entire Atlantic at about 40°N. Negative anomalies
are located over Iceland and over the subtropical
Atlantic and Caribbean. The minimum tropical cyclone
incidence chart shows the same positive anomaly at
700 mb, only smaller and shifted to the south around
30°N. Negative anomalies stretch from the Great
Lakes to the central Atlantic and are located over the
British Isles. It can be concluded that a northward
displacement of westerlies forces a northward shift of
subtropical anticyclones with their attendant zone
of deep easterlies enlarging the area favorable for
tropical cyclone formation. Although later studies us-
ing better data have failed to find useful seasonal
relationships at the 700-mb level, possibly due to
averaging over an entire season, this early use of
compositing was a forerunner to more recent work in
which compositing is used to elucidate important
hurricane relationships on the monthly and seasonal
timescales.

Additionally, Ballenzweig (1959) discussed the
possible midlatitude influences on annual tropical
cyclone activity as seen from his composite charts. He
noted that weaker-than-normal westerlies in the At-
lantic south of about 45°N are probably symptomatic
of occasional northward penetration of the easterlies.
When coupled with strengthened westerlies to the
north, the result is a strong north—south shear of the
horizontal wind in middle latitudes. More active west-
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erlies supportthe equatorward
penetration of midlatitude fron-
tal systems. Low-level vortic-
ity associated with such fronts
often provides the necessary
organization for initiation and
development of tropical cy-
clones, particularly in an envi-
ronment of deep easterlies
(Riehl and Burgner 1950).

4. Satellite imagery
and climatology of
easterly waves

As noted above, tropical
cyclone formation from east-
erly waves was an idea that
had been accepted for many
years, but with the advent of
the satellite imagery it was
possible for the first time to
see precisely where and how
formation of these waves oc-
curred. One of the first prob-
lems encountered was the
large amount of benign con-
vective activity seen in the
tropical imagery. Guidelines
were quickly set for determin-
ing which tropical distur-
bances warranted constant
satellite monitoringand which
couldbeignored. Indeed, from
the satellite perspectiveitwas
considerably easierto develop
an accurate climatology of
easterly waves. As an ex-
ample, for the 25-yr period
1967-91 there was an aver-
age of 59 easterly waves per
year (Avila and Pasch 1992).
Satellite imagery further re-
vealed that much of this east-
erly wave activity originated
over West Africa.

It was also learned that
nearly half the waves leaving
the African coast dissipate
beforethey makeiteast of the

Lesser Antilles. A few reasons are discussed by
Simpson et al. (1969), centering on the greater likeli-
hood of midlatitude westerlies intruding into the Carib-
bean and reducing the depth of the easterlies overthis
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Fia. 2. Composite charts of the average departures from normal of the 700-hPa height (in tens

of feet) for (a) the five seasons (August through October) of maximum tropical cyclone incidence
and (b) the five seasons of minimum tropical cyclone incidence in the North Atlantic. Reproduced
from Ballenzweig (1959).

region. Further, early hurricane studies from satellite
imagery showed no strong relationship between the
number of African waves per year and the number of
hurricanes that form during the hurricane season.
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With the aid of satellite imagery it became possible
to more easily distinguish tropical cyclogenesis as a
result of tropical disturbances, such as easterly waves
from cyclogenesis resulting from baroclinic distur-
bances. Using satellite data, Frank (1970) noted that
newly formed tropical cyclones that have latent heat
as their primary energy source often result from tropi-
cal-type depressions such as disturbances along the
ITCZ or easterly waves, whereas young tropical cy-
clones driven only partially by latent heat are most
likely a result of baroclinic disturbances such as old
frontal systems or cutoff upper-level
lows. In fact, around 64% of all
hurricanes in a season on average
can be traced to an African easterly
wave (Avila and Pasch 1992). Fur-
ther, Avila (1991) pointed out that
virtually all eastern North Pacific
tropical cyclogenesis can be traced
to an easterly wave havingtraversed
Central America. Further, the im-
portance of easterly waves as precursors to tropical
cyclogenesis is unique to the North Atlantic and the
eastern North Pacific.

5. Recent ideas

With larger datasets and increased availability of
computers many of the aforementioned physical as-
sociations with yearly hurricane and tropical storm
activity discovered eatrlier in the century were sub-
jected to rigorous statistical testing. Several new rela-
tionships were also discovered. For example, Shapiro
(1982) demonstrated statistically significant relation-
ships between Atlantic hurricane frequency and both
SSTs and SLPs over portions of the Atlantic basin.
More recently, however, using better data, Raper
(1993) suggested that these correlations with SSTs
are somewhat weak and inhomogeneous despite the
well-known fact that warm SSTs are a necessary
ingredient for tropical cyclogenesis. With regard to
SLPs it is noted that although they are marginally
useful for seasonal predictions (Shapiro 1982), a
physical basis as to why this is the case requires
further study. Additionally, Gray (1984a) uncovered
significant relationships with parameters associated
with the quasi-biennial oscillation (QBO) as well as
with positive SST anomalies in the eastern and central
Pacific Ocean connected to El Nifio events. Shapiro
(1989) also suggested a statistically significant rela-
tionship between the QBO and Atlantic tropical cy-
clone activity with the 30-mb zonal wind leading storm
activity by as much as three months.

The QBO represents an oscillation of stratospheric
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zonal winds with a period of approximately 26 months.
The largest amplitude of the oscillation is found in the
Tropics, where the winds fluctuate between strong
easterlies and weak easterlies (or even weak wester-
lies). El Nifio events refer to the aperiodic warming of
ocean waters over the equatorial eastern and central
Pacific. Such warmings occur roughly every three to
seven years, changing the pattern of deep convection
over this region and affecting global weather patterns
including the upper-level tropical wind field (Arkin
1982). In fact, Shapiro (1987) showed that intra-

Although the exact relationship remains uncertain, it is
speculated that both the QBO and El Nifo events are related
to yearly Atlantic hurricane numbers through vertical shear
of the horizontal winds in the tropical cyclogenesis

regions of the Atlantic.

seasonal variability of tropical winds (combined upper
and lower level) over the Atlantic basin are strongly
correlated with the El Nifio and can be used as
indicators of Atlantic tropical storm frequency both
contemporaneously and with a few month’s lead. The
relationship between Atlantic tropical cyclone forma-
tion and El Nifo events is further substantiated using
a low-resolution general circulation model (Wu and
Lau 1992). Although the exact relationship remains
uncertain, it is speculated that both the QBO and El
Nifio events are related to yearly Atlantic hurricane
numbers through vertical shear of the horizontal winds
inthe tropical cyclogenesis regions of the Atlantic. For
example, it appears that when the QBO is in its
westerly (anomaly) phase vertical shear of horizontal
winds is reduced and tropical cyclogenesis is iess
inhibited.

The influence of upper-level midlatitude troughs on
tropical cyclogenesis beginning with Miller (1958),
Colo and Nightingale (1963), Fett (1966), Erickson
(1967), Yanai (1968), and Ramage (1974) continues
to be an active area of research. Sadler (1978),
studying tropical cyclonesinthe western Pacific, noted
that a major factor controlling the rarity of tropical
cyclogenesis is the random coincidence of surface
depressions and favorable upper-tropospheric, large-
scale outflow of heat and mass. Studying the case of
Hurricane Elena in the Atlantic, Molinaro and Vollaro
(1989) noted a rapid intensification of the storm simul-
taneous with the passing of a middle-latitude trough to
the north. Current thinking as to upper-level causal
mechanisms for tropical cyclogenesis centers on eddy
flux convergence of angular momentum from the
storm environment (Pfeffer and Challa 1992; DeMaria
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