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ABSTRACT

Interannual and multidecadal extremes in Atlantic hurricane activity are shown to result from a coherent
and interrelated set of atmospheric and oceanic conditions associated with three leading modes of climate
variability in the Tropics. All three modes are related to fluctuations in tropical convection, with two
representing the leading multidecadal modes of convective rainfall variability, and one representing the
leading interannual mode (ENSO).

The tropical multidecadal modes are shown to link known fluctuations in Atlantic hurricane activity,
West African monsoon rainfall, and Atlantic sea surface temperatures, to the Tropics-wide climate vari-
ability. These modes also capture an east–west seesaw in anomalous convection between the West African
monsoon region and the Amazon basin, which helps to account for the interhemispheric symmetry of the
200-hPa streamfunction anomalies across the Atlantic Ocean and Africa, the 200-hPa divergent wind
anomalies, and both the structure and spatial scale of the low-level tropical wind anomalies, associated with
multidecadal extremes in Atlantic hurricane activity.

While there are many similarities between the 1950–69 and 1995–2004 periods of above-normal Atlantic
hurricane activity, important differences in the tropical climate are also identified, which indicates that the
above-normal activity since 1995 does not reflect an exact return to conditions seen during the 1950s–60s.
In particular, the period 1950–69 shows a strong link to the leading tropical multidecadal mode (TMM),
whereas the 1995–2002 period is associated with a sharp increase in amplitude of the second leading tropical
multidecadal mode (TMM2). These differences include a very strong West African monsoon circulation and
near-average sea surface temperatures across the central tropical Atlantic during 1950–69, compared with
a modestly enhanced West African monsoon and exceptionally warm Atlantic sea surface temperatures
during 1995–2004.

It is shown that the ENSO teleconnections and impacts on Atlantic hurricane activity can be substantially
masked or accentuated by the leading multidecadal modes. This leads to the important result that these
modes provide a substantially more complete view of the climate control over Atlantic hurricane activity
during individual seasons than is afforded by ENSO alone. This result applies to understanding differences
in the “apparent” ENSO teleconnections not only between the above- and below-normal hurricane decades,
but also between the two sets of above-normal hurricane decades.

1. Introduction

The recent 1995–2004 period is the most active At-
lantic hurricane decade in the reliable record dating
back to 1945, eclipsing even the high levels of activity
seen during the 1950s–60s (Landsea 1993; Goldenberg
et al. 2001). This has generated a renewed interest in
developing a better understanding of the climate fac-

tors controlling both multidecadal and interannual
fluctuations in Atlantic hurricane activity (Goldenberg
et al. 2001; Bell et al. 2004).

During 1995–2004, seasons averaged 13 tropical
storms (TSs), 7.6 hurricanes (Hs), and 3.6 major hur-
ricanes (MHs) and every season was above normal (de-
fined in section 2b; Table 1) except for the two El Niño
years of 1997 and 2002. These numbers are far above
those seen during the 1971–94 period of below-normal
activity, when seasons averaged only 9 TSs, 5 Hs, and
1.5 MHs. During that 24-yr period, 13 seasons were
below normal and only 3 were marginally above normal
(1980, 1988, and 1989).
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In the North Atlantic, almost 55% of all hurricanes
and 80% of all major hurricanes develop from tropical
storms first named in the main development region
(MDR; Fig. 1). Most of these systems form during the
August–October (ASO) climatological peak of the sea-
son. Since 1950, an average of seven–eight tropical
storms have formed in the MDR during above-normal
seasons, compared with an average of three–four dur-
ing the near-normal seasons, and an average of only
two during below-normal seasons. Named storms origi-
nating in the MDR account for nearly the entire differ-
ence in hurricanes and major hurricanes between

above-normal and below-normal hurricane seasons and
decades (Landsea and Gray 1992; Landsea 1993; Gold-
enberg and Shapiro 1996; Landsea et al. 1996, 1999).

Because many of the hurricanes that form in the
MDR move westward toward the United States and
Caribbean Islands, there is considerable interannual
and multidecadal variability in the number of landfall-
ing hurricanes for these regions. Both areas experience
an average of two to three hurricane landfalls in above-
normal seasons, compared to an average of one U.S.
landfalling hurricane in below-normal seasons, and an
average of one Caribbean landfalling hurricane every
three below-normal seasons.

Interannual and multidecadal extremes in Atlantic
hurricane activity result from a coherent and interre-
lated set of atmospheric and oceanic conditions in the
near vicinity of the MDR. These conditions include
anomalies in features such as the upper-level subtropi-
cal ridge and tropical easterly jet, the low-level tropical
easterlies, the vertical wind shear, the 700-hPa African
Easterly Jet (AEJ), sea level pressure, and sea surface
temperatures (SSTs; Gray 1984; Goldenberg and Sha-
piro 1996; DeMaria 1996; Landsea et al. 1998; Bell et al.
1999, 2000, 2004, 2005).

TABLE 1. Atlantic hurricane season statistics associated with (left four columns) above-normal, (middle four columns) near-normal,
and (right four columns) below-normal seasons. For each category and year, the first column shows the seasonal total number of tropical
storms (TS, first value), hurricanes (H, second value), and major hurricanes (MH, third value); the second and third columns show the
ACE index for the entire basin and for the MDR, respectively. Years in bold indicate the most active and inactive seasons used in the
hurricane composites.

Above normal Near normal Below normal

Year TS, H, MH
Total
ACE

MDR
ACE Year TS, H, MH

Total
ACE

MDR
ACE Year TS, H, MH

Total
ACE

MDR
ACE

1950 13, 11, 8 243 194 1952 7, 6, 3 87 87 1956 8, 4, 2 54 26
1951 10, 8, 5 137 97 1957 8, 3, 2 84 63 1962 5, 3, 1 36 4
1953 14, 6, 4 104 73 1959 11, 7, 2 78 7 1968 7, 4, 0 35 20
1954 11, 8, 2 113 64 1960 7, 4, 2 88 74 1970 10, 5, 2 34 12
1955 12, 9, 6 199 191 1963 9, 7, 2 118 90 1972 4, 3, 0 28 7
1958 10, 7, 5 121 86 1965 6, 4, 1 84 69 1973 7, 4, 1 43 27
1961 11, 8, 7 205 195 1967 8, 6, 1 122 56 1974 7, 4, 2 61 41
1964 12, 6, 6 170 162 1971 13, 6, 1 97 32 1977 6, 5, 1 25 1
1966 11, 7, 3 145 120 1975 8, 6, 3 73 44 1978 11, 5, 2 62 30
1969 17, 12, 5 158 119 1976 8, 6, 2 81 45 1982 5, 2, 1 29 5
1980 11, 9, 2 147 117 1979 8, 5, 2 91 67 1983 4, 3, 1 17 0
1988 12, 5, 3 103 95 1981 11, 7, 3 93 74 1986 6, 4, 0 36 2
1989 11, 7, 2 135 128 1984 12, 5, 1 71 17 1987 7, 3, 1 34 20
1995 19, 11, 5 228 200 1985 11, 7, 3 88 25 1991 8, 4, 2 34 3
1996 13, 9, 6 166 164 1990 14, 8, 1 91 69 1993 8, 4, 1 39 11
1998 14, 10, 3 182 160 1992 6, 4, 1 75 28 1994 7, 3, 0 32 19
1999 12, 8, 5 177 139 2002 12, 4, 2 66 39 1997 7, 3, 1 40 27
2000 14, 8, 3 116 92
2001 15, 9, 4 106 70
2003 16, 7, 3 175 151
2004 15, 9, 6 216 197
Mean 13, 8.3, 4.4 159.2 134.0 Mean 9.4, 5.6, 1.9 87.5 52.1 Mean 6.9, 3.7, 1.1 37.4 14.9

FIG. 1. Boundaries of areas identified in this study.
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This coherent variability suggests a strong relation-
ship to the larger-scale climate signal. For example,
ENSO causes large interannual fluctuations in Atlantic
hurricanes and major hurricanes through its impacts on
the upper-level circulation and vertical wind shear in
the MDR (Gray 1984). Multidecadal fluctuations in At-
lantic hurricane activity have been linked to regional
climate phenomena such as the Atlantic multidecadal
mode (Landsea et al. 1999; Goldenberg et al. 2001; Vi-
tart and Anderson 2001) and West African monsoon
variability (Gray 1990; Gray et al. 1992; Landsea and
Gray 1992; Landsea et al. 1992; Goldenberg and Sha-
piro 1996). These works establish a strong body of evi-
dence indicating that multidecadal fluctuations in At-
lantic hurricane activity are not simply random collec-
tions of above-normal or below-normal seasons (e.g.,
Gray et al. 1996; Chelliah and Bell 1998, 1999; Bell and
Chelliah 1999; Landsea et al. 1999).

The Atlantic multidecadal mode reflects SST fluctua-
tions in the area south of Greenland and in the MDR
(Delworth et al. 1997; Kushnir 1994; Hansen and
Bezdek 1996; Enfield and Mestas-Nuñez 1999). It is
thought to influence hurricane formation by modulat-
ing the local boundary layer and vertical wind shear in
the MDR (Landsea et al. 1999; Vitart and Anderson
2001). Its warm phase is associated with above-normal
hurricane decades, and its cold phase is associated with
the below-normal period 1971–94.

However, neither these physical links nor the extent
to which the Atlantic multidecadal mode actually influ-
ences Atlantic hurricane activity is well understood.
For example, during the above-normal hurricane sea-
sons the circulation anomalies in the MDR are gener-
ally much larger than can be accounted for by the SST
anomalies, which typically average less than �0.5°C.
Goldenberg and Shapiro (1996) suggest that Atlantic
SSTs may only play the secondary role of influencing
hurricane activity once the main atmospheric anomalies
in the MDR are already established.

The circulation patterns associated with multidecadal
extremes in Atlantic hurricane activity also exhibit a
strong link to West African monsoon variability, which
is the second dominant climate factor thought to influ-
ence Atlantic hurricane formation on multidecadal
time scales (Hastenrath 1990; Landsea and Gray 1992;
Goldenberg and Shapiro 1996). These studies indicate
that increased Sahel rainfall contributed to reduced
vertical wind shear and enhanced tropical cyclogenesis
in the MDR during the 1950s–60s, while a prolonged
drought in the African Sahel and Sudan regions con-
tributed to the below-normal Atlantic hurricane activ-
ity during 1971–94 (Nicholson 1980; Thaiw et al. 1998;
Ward, 1998).

While there is a strong contemporaneous correlation
between the Atlantic multidecadal mode and West Af-
rican monsoon variability, the cause of this relationship
is not well understood. Some argue that low-frequency
fluctuations in the Atlantic thermohaline circulation
are ultimately the source of the variability (Gray et al.
1996). However, it is not clear how this variability ac-
tually causes fluctuations in the West African monsoon
system, whose associated circulation is very large and
extends well into the Southern Hemisphere.

Looking at even larger scales, Gray et al. (1996), Bell
and Chelliah (1999), and Chelliah and Bell (1998, 1999)
have related the low-frequency fluctuations in Atlantic
hurricane activity to the Tropics-wide climate variabil-
ity. These results were expanded by Chelliah and Bell
(2004), who related fluctuations in both the West Afri-
can monsoon and the Atlantic multidecadal mode dur-
ing June–August to anomalous convection and surface
temperatures in other regions such as the Amazon ba-
sin (Chen et al. 2001; Chu et al. 1994), the central equa-
torial Pacific (Morrissey and Graham 1996), and the
Indian Ocean (Kawamura 1994; Hoerling et al. 2001).
They showed that coherent fluctuations in all of these
regions were captured by the leading Tropics-wide
mode of convective rainfall variability [hereafter re-
ferred to as the tropical multidecadal mode (TMM)].
This finding is consistent with Gray et al. (1996), who
noted that “multi-decadal fluctuations in intense Atlan-
tic hurricane activity are but one manifestation of an
extensive array of regional and global climate trends.”
These studies necessitate a closer examination of the
links between the larger-scale climate variability and
regional climate fluctuations including Atlantic hurri-
cane activity.

Other unresolved issues related to the multidecadal
signal include 1) the extent to which this variability
masks or accentuates ENSO teleconnections in the
MDR during the peak months of the hurricane season,
and 2) its contribution to the observed hurricane activ-
ity during individual seasons. In particular, the levels of
activity during both El Niño and La Niña episodes vary
considerably between above-normal and below-normal
hurricane decades. During the below-normal period of
1970–94, every El Niño was associated with a well-
below-normal hurricane season, and the La Niña epi-
sodes of 1984/85 and 1988/89 were associated with only
near-normal and slightly above-normal seasons, respec-
tively. Conversely, the only below-normal season dur-
ing 1995–2004 resulted from the record 1997 El Niño
(Bell and Halpert 1998), and the 1998–99 La Niña epi-
sode was associated with well-above-normal hurricane
seasons in both years.

These issues lead to the fundamental question guid-
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ing this research: What are the underlying climate
modes controlling both the regional MDR and larger-
scale conditions associated with interannual and mul-
tidecadal extremes in Atlantic hurricane activity?

The paper is organized with seasonal activity and
hurricane season classifications discussed in section 2.
The three leading tropical modes of convective rainfall
variability (which include the TMM and ENSO) in the
National Centers for Environmental Research–Nation-
al Center for Atmospheric Research (NCEP–NCAR)
reanalysis (Kalnay et al. 1996) are identified in section
3. These three tropical modes are shown to represent
the underlying climate modes associated with interan-
nual and multidecadal extremes in Atlantic hurricane
activity. In section 4 the relative contributions of these
modes to Atlantic hurricane activity are discussed.
Their associated circulation anomalies are then exam-
ined in section 5 and shown to capture many of the key
regional and larger-scale features associated with At-
lantic hurricane extremes. Conclusions and a discussion
of results are presented in section 6.

2. NOAA’s Accumulated Cyclone Energy (ACE)
index and seasonal classifications

a. The ACE index

A useful measure of seasonal activity is the Accumu-
lated Cyclone Energy (ACE) index (Bell et al. 2000,
2004), which accounts for the combined strength and

duration of tropical storms and hurricanes during a
given season. This wind energy index is calculated by
summing the squares of the estimated 6-hourly maxi-
mum sustained surface wind speed in knots (Vmax

2 )
for all periods while the system is either a tropical storm
or hurricane. The ACE index is calculated from the
HURDAT dataset (Jarvinen et al. 1984) and does not
include periods when systems are classified as subtropi-
cal or extratropical.

The ACE index (Fig. 2a) is correlated at approxi-
mately 0.95 with other measures of seasonal activity
such as the Hurricane Destruction Potential (HDP) in-
dex (Gray et al. 1992) and the Net Tropical Cyclone
(NTC) index (Gray et al. 1998). It is correlated with
seasonal hurricane totals at 0.87 and with major hurri-
cane totals at 0.84. Since the ACE index includes the
contribution from tropical storms, it is preferred over
the HDP index, which does not. The ACE index is also
preferred over the NTC index, which includes multiple
samplings of some parameters.

Regional ACE indices for the MDR (Fig. 2b), the
extratropics (Fig. 2c), and the Gulf of Mexico (Fig. 2d)
are calculated based on the region in which the tropical
storm is first named. If a storm is first named in one
region and then moves into another, the storm total
ACE value gets attributed to the region in which it was
named.

By summing the regional and basinwide ACE indices
over the period 1950–2004, it is found that the MDR-
based index accounts for 71% of the basinwide total,

FIG. 2. Seasonal values of NOAA’s ACE index for (a) the Atlantic basin, (b) the MDR, (c) the extratropics, and
(d) the Gulf of Mexico. The basinwide ACE index is defined as the sum of squares of the estimated 6-hourly
maximum sustained surface wind speed (kts) for all named Atlantic storms while at least tropical storm strength.
The regional ACE indices [(b)–(d)] are calculated based only on the region in which the tropical storm is first
named, as depicted in Fig. 1. Units are � 104 kt2. Note the change in vertical scale for (c) and (d).
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with most of this contribution centered on the ASO
season. The extratropics and Gulf of Mexico account
for 25% and 5% of the basinwide total, respectively.
This disproportionately large contribution from the
MDR is consistent with the high percentage of hurri-
canes and major hurricanes that develops from distur-
bances forming in the deep Tropics (Landsea 1993;
Shapiro and Goldenberg 1998).

The MDR-based ACE index is correlated with the
basinwide index at 0.96, and with seasonal hurricane
and major hurricane totals at 0.76 and 0.80, respec-
tively. These parameters exhibit substantial multide-
cadal variability, with large values during 1950–69 and
1995–2004 and much lower values during 1971–94. The
MDR accounts for almost 95% of the difference in the
basinwide ACE index between the two sets of mul-
tidecadal extremes (132.8 � 104 kt2 compared to 64.5 �
104 kt2), and for nearly all of the difference in the num-
ber of hurricanes and major hurricanes (e.g., Golden-
berg et al. 2001).

b. Seasonal classifications

The ACE index exhibits a highly skewed distribution
(not shown), with peaks corresponding to seasons with
low and moderate levels of activity, and a broad tail
corresponding to very active seasons. Therefore, an
approximate tercile distribution is not evenly centered
about the mean (93.4 � 104 kt2) or median (87.5 �
104 kt2).

The National Oceanic and Atmospheric Administra-
tion (NOAA) uses the basinwide ACE index to classify
Atlantic hurricane seasons, combined with seasonal de-
partures from the average in each storm type (tropical
storms, hurricanes, and major hurricanes; Bell et al.
2004). Above-normal seasons (Table 1) are defined by
an ACE index above 103 � 104 kt2, combined with
above-average numbers of at least two of the above
three storm types. Near-normal seasons are defined by
an ACE value in the range of 65–103 � 104 kt2, or by an
ACE value slightly above this range but with average or
below-average numbers in at least two of the above
three storm types. Below-normal seasons have an ACE
value below 65 � 104 kt2.

This classification yields an approximate tercile dis-
tribution, with 21 seasons being above normal, and the
same number (17) of seasons being near normal and
below normal. The MDR-based ACE index averaged
over the above-normal seasons is 8.7 times higher than
that averaged over the below-normal seasons. In con-
trast, the regional ACE indices for both the extratrop-
ics and Gulf of Mexico exhibit little systematic differ-
ence between the two season types.

3. Leading Tropics-wide modes during
August–October

Interannual and multidecadal extremes in Atlantic
hurricane activity are shown to result from a coherent
and interrelated set of atmospheric and oceanic condi-
tions associated with the three leading modes of climate
variability in the Tropics (Figs. 3 and 4). Two of these
are the leading tropical multidecadal modes, and the
third is the leading tropical interannual mode (ENSO).

Following Chelliah and Bell (2004) the tropical mul-
tidecadal modes (interannual mode) represent the lead-
ing covariance-based, unrotated EOFs of 5-yr running-
mean low-pass (LP)-filtered (high-pass-filtered) 200-
hPa velocity potential anomalies in the analysis region
30°S–30°N. The EOF analysis is based on ASO sea-
sonal 200-hPa velocity potential anomalies from the
NCEP–NCAR reanalysis during the 56-yr period
1949–2004.

An identical approach was used by Chelliah and Bell
(2004) to examine the first leading TMM and the
ENSO mode for the June–August (JJA) and Decem-
ber–February seasons. Chelliah and Bell (2004) showed
that using 200-hPa velocity potential anomalies to de-
fine these modes is very useful because it links them
directly to the anomalous upper-level divergent circu-
lation associated with fluctuations in tropical convec-
tive rainfall. These convective anomalies take on par-
ticular importance when interpreting the associated
atmospheric anomalies at all levels, and when establish-
ing consistency between these modes and the extensive
published works identifying regional aspects of mul-
tidecadal climate variability. The use of velocity poten-
tial is also important because it implicitly includes the
signal over land. Chelliah and Bell (2004) showed that
the leading modes calculated in this manner are iden-
tical to the leading EOFs derived using surface tem-
perature (land � ocean) anomalies.

FIG. 3. Standardized PC time series during ASO of the leading
TMM (black solid), TMM2 (gray solid), and the leading tropical
interannual mode (ENSO; dashed).
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In both cases, the leading multidecadal modes differ
from those in which the EOFs are based on SST data
alone, which capture only a subset of the total surface
variance (Mestas-Nuñez and Enfield 1999). For in-
stance, the leading SST-based EOFs do not directly
incorporate land surface temperature anomalies asso-
ciated with large multidecadal fluctuations in tropical
convection in the West African monsoon region and
the Amazon basin. This shortcoming limits the use of
SST-based EOFs in the current study, because the at-
mospheric anomalies over large portions of the tropical
and subtropical Atlantic are shown to be strongly re-

lated to fluctuation in the strength of the West African
and Amazon basin convective regimes.

For the entire analysis region, 30°S–30°N, the two
leading tropical multidecadal modes identified in this
study account for almost 80% of the 5-yr LP-filtered
variance in ASO velocity potential anomalies. The
leading TMM accounts for 67% of the LP-filtered vari-
ance, and the second leading tropical multidecadal
mode (TMM2) accounts for 13%. Because the TMM
accounts for so much of the variance, a rotation of the
EOFs to obtain TMM2 is not justified. The three lead-
ing tropical modes combined explain 77% of the unfil-

FIG. 4. Velocity potential loading patterns (contours) and explained variance (shading) during ASO
associated with (a) the leading TMM during 1951–2002, (b) TMM2 during 1975–2002, and (c) the leading
tropical interannual mode (ENSO) during 1951–2002. Contours show the seasonal 200-hPa velocity
potential anomalies [interval for TMM and ENSO is 0.5 � 106 m2 s�1, and for TMM2 is 0.2 � 106 m2 s�1

(std dev�1) of the mode]. Shading shows explained variance (%) of the unfiltered seasonal 200-hPa
velocity potential anomalies. The associated 200-hPa divergent vector wind anomalies [m s�1 (std dev)�1

of the mode] are overlaid, with scale located below (b). Black boxes denote the MDR.
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tered variance in ASO seasonal 200-hPa velocity po-
tential anomalies. The TMM accounts for 43% of the
unfiltered variance, ENSO accounts for 28%, and
TMM2 accounts for 6%.

While the reanalysis eliminates climate discontinu-
ities related to changes in the model and data assimila-
tion systems, it does not completely resolve problems
related to the uneven spatial and temporal distribution
of the raw observational data over the 52-yr analysis
period (Ebisuzaki et al. 1996; Kistler et al. 2001). There-
fore, the following results focus on the regions where
the loadings are deemed to be statistically significant
(where their explained variance exceeds 15%), and
where they can be substantiated by independent data
sources and previous studies.

a. The leading TMM

The principal component (PC) time series (thick
solid curve, Fig. 3) and loading pattern (Fig. 4a) of the
TMM is similar for both the ASO and JJA seasons.
Chelliah and Bell (2004) showed that this mode is
largely distinct from ENSO and that it does not reflect
a low-frequency imprint of ENSO onto the climate sys-
tem. A similar finding for the leading multidecadal
EOF of global SST anomalies is discussed by Mestas-
Nuñez and Enfield (1999).

Chelliah and Bell (2004) also indicated that the spa-
tial structure and total explained variance of the TMM
and ENSO modes remained unaffected when the EOF
calculations were performed on the unfiltered seasonal
data, and when the unfiltered EOFs were subjected to
Varimax rotation. The modes were also unchanged
when defined using a 7-yr running-mean LP filter, when
the EOF analysis was performed on smaller analysis
domains (25°N–25°S and 20°N–20°S), and when the
analysis period was reduced to 1961–90. In each case
these two modes were well separated from each other
and from the higher modes.

The PC time series of the TMM (Fig. 3) shows large
positive values during the above-normal hurricane pe-
riod of 1950–69 and negative values during the below-
normal hurricane decades. Although the time series ex-
hibits an upward trend since the mid-1990s, this trend
alone cannot explain the sharp increase in hurricane
activity since 1995.

As was also shown by Chelliah and Bell (2004), the
TMM captures coherent fluctuations in 200-hPa veloc-
ity potential, divergence (Fig. 4a), and surface tempera-
tures (Fig. 5a) in four core regions: the central Pacific
(Morrissey and Graham 1996), the West African mon-
soon region, the Amazon basin (Chu et al. 1994; Kumar
et al. 1999; Chen et al. 2001), and the Indian Ocean
(Kawamura 1994; Hoerling et al. 2001). The positive

phase of TMM coincides with an enhanced West Afri-
can monsoon, suppressed convection over the Amazon
basin, and the warm phase of the Atlantic multidecadal
mode. The negative phase of TMM coincides with a
suppressed West African monsoon, enhanced convec-
tion in the Amazon basin, and the cold phase of the
Atlantic multidecadal mode (Thaiw et al. 1998; Gold-
enberg et al. 2001).

Overall, the TMM accounts for 15%–20% of the un-
filtered ASO variance in sea surface temperature
anomalies in the two core regions of the Atlantic
multidecadal mode (Fig. 5a) and for 30%–40% of the
5-yr LP-filtered variance in these areas (Fig. 6a). From
Mestas-Nuñez and Enfield (1999), the southern region
is approximated by 9°–21.5°N, 20°–70°W, and the
northern region is approximated by 45°–62.5°N, 20°–
55°W (black boxes, Fig. 6).

The TMM also accounts for more than 80% of the
LP-filtered surface temperature variance across north-
ern Africa. Its positive phase indicates cooler tempera-
tures in the West African monsoon region and warmer
temperatures across the Sahara Desert, consistent with
an enhanced West African monsoon during the 1950s–
60s (Charney 1975).

b. The TMM2

The PC time series of TMM2 is particularly interest-
ing because it captures the mid-1990s transition to the
above-normal hurricane era (thin solid curve, Fig. 3).
Conversely, this mode shows little association with the
above-normal hurricane activity during the 1950s–60s.
This result suggests important differences in the tropi-
cal climate between the two above-normal hurricane
periods.

Because the PC time series shows TMM2 to exist
mainly after 1975, its velocity potential loadings and
explained variance are shown only for the period 1975–
2002 (Fig. 4b). TMM2 is a more regional mode than
TMM, with core loadings located over Africa and the
Amazon basin where they generally explain 20%–40%
of the unfiltered velocity potential variance during
1975–2002. The loadings are opposite in sign between
the two regions, indicating an anomalous east–west see-
saw in tropical convection and upper-level divergence.

The positive phase of TMM2 during 1995–2002 is
associated with anomalous upper-level divergence over
western Africa and compensating convergence over the
Amazon basin and the subtropical South Atlantic. Its
negative phase during 1975–94 coincides with a sup-
pressed West African monsoon and anomalous upper-
level divergence over the Amazon basin, which is con-
sistent with the studies of Chu et al. (1994) and Chen et
al. (2001). This inverse relationship is captured by both
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TMM and TMM2 and accounts for many of the large-
scale and regional-scale circulation anomalies associ-
ated with Atlantic hurricane extremes (section 5).

In the central and western MDR, and both the cen-
tral and high latitudes of the North Atlantic, TMM2
generally accounts for 20%–40% of the unfiltered SST
variance during 1975–2002 (Fig. 5b) and for 40%–60%
of the LP-filtered SST variance (Fig. 6b). For the entire
1951–2002 period, the combined TMM and TMM2 gen-
erally capture 40%–60% of the LP variance in the cen-
tral MDR and Caribbean Sea, and in the northern core
region of the Atlantic multidecadal mode (Fig. 6c).

The relationship of both multidecadal modes to
North Atlantic SST fluctuations is further examined by
regressing their PC time series onto the 5-yr running
mean of area-averaged sea surface temperature anoma-
lies in the core regions of the Atlantic multidecadal mode.

For the tropical Atlantic region, the observed time
series (black curve, Fig. 7a) shows negligible anomalies
prior to 1970, negative departures of 0.2°–0.4°C during
the early 1970s, and a rise to record positive anomalies
of 0.4°C beginning in 1995. The observed time series for
the high latitudes of the North Atlantic shows positive
anomalies during the 1950s, negative anomalies during
1971–94, and a sharp increase during the mid-1990s to
record positive values by 1998–2002 (black curve, Fig.
7b). The regression lines using TMM and TMM2 as
predictors (gray curves) capture the overall character of
both time series and account for 40� % of their vari-
ance. For the more recent period 1971–2002, this ex-
plained variance increases to 73% for the tropical At-
lantic region (Fig. 7c), and to 56% for the high latitude
region (Fig. 7d). This link between Atlantic sea surface
temperature variability and the leading tropical mul-

FIG. 5. Regressed ASO surface temperatures anomalies (contours, °C) and explained unfiltered vari-
ance (shaded, %) associated with (a) the leading TMM during 1951–2002, (b) TMM2 during 1975–2002,
and (c) the leading tropical interannual mode (ENSO) during 1951–2002. Contour interval is 0.2°C (std
dev)�1 of the mode. Black boxes denote the MDR.
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tidecadal modes is particularly notable during the mid-
1990s, when the sharp transition to a positive phase of
TMM2 accounts for the increase in SSTs in both areas.

The analysis shows that much of the coherent vari-
ability in the West African monsoon system, Amazon
basin convection, the Atlantic multidecadal mode, and
Atlantic hurricane activity, is linked to the larger-scale
tropical climate variability. This result indicates that
TMM and TMM2 provide a Tropics-wide perspective
on the regional climate patterns associated with mul-
tidecadal fluctuations in Atlantic hurricane activity,
which is similar to that provided by ENSO for interan-
nual fluctuations.

The analysis also reveals important differences in the

tropical climate between the 1950–69 and 1995–2004
periods of enhanced hurricane activity, indicating that
the above-normal hurricane seasons since 1995 do not
reflect an exact return to conditions seen during the
1950s–60s. These differences include a markedly en-
hanced West African monsoon (Thaiw et al. 1998) and
negligible sea surface temperature anomalies across the
central tropical Atlantic during 1950–69, compared
with a modestly enhanced West African monsoon and
exceptionally warm Atlantic SSTs during 1995–2004
(see also Bell et al. 2005).

c. The leading tropical interannual mode (ENSO)

The PC time series of the ENSO mode (dashed curve
in Fig. 3) is shown with the positive (negative) phase
corresponding to El Niño (La Niña). This mode exhib-
its a two-celled pattern of velocity potential loadings
and accounts for 70%� of the unfiltered variance over
the eastern Pacific and Australasia (shading, Fig. 4c).
Its anomalous divergent circulation reflects fluctuations
in the equatorial Walker circulation (Rasmusson and
Carpenter 1982; Wright et al. 1988) and in the Hadley
circulations over both the central equatorial Pacific and
Indonesia. ENSO differs from both tropical multide-
cadal modes, which exhibit an anomalous east–west di-
vergent circulation between the West African monsoon
region and the Amazon basin, and an anomalous Had-
ley circulation maximized between the mean subtropi-
cal ridge axes over the Atlantic Ocean in both hemi-
spheres.

Another key difference between the ENSO mode
and the multidecadal modes is that ENSO exhibits little
relationship to Atlantic SST variability (Fig. 5c) as was
also shown by Enfield and Mayer (1997), while the
TMM and TMM2 exhibit little relationship to equato-
rial Pacific SST variability.

4. Regression of leading tropical modes onto the
basinwide ACE index

Regression analyses are used to quantify the relation-
ship between the three leading tropical modes and the
basinwide ACE index. For the entire 1951–2002 period,
the two multidecadal modes and ENSO modes capture
30% of the unfiltered variance in the seasonal ACE
index (black curve Fig. 8a), while the multidecadal
modes capture 45% of the variance in the 5-yr running-
mean ACE index (Fig. 8b). For the more recent period,
1971–2002, the explained variance for all three modes
increases to 58% for the unfiltered ACE index (Fig.
8c), and to an incredible 82% for the 5-yr running-mean
ACE index (Fig. 8d).

FIG. 6. Explained variance (%) of 5-yr low-pass filtered sea-
sonal SST anomalies associated with (a) the leading TMM during
1951–2002, (b) TMM2 during 1975–2002, and (c) combined TMM
and TMM2 during 1951–2002. Black boxes show core regions of
the Atlantic multidecadal mode.
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These results establish a strong relationship between
seasonal Atlantic activity and the Tropics-wide climate
variability on both interannual and multidecadal time
scales. When combined with the analysis in section 3,
they also show that the strong relationship between sea-
sonal hurricane activity, West African monsoon vari-
ability, and the Atlantic multidecadal mode primarily
reflects their common association with TMM and
TMM2.

5. August–October conditions associated with
seasonal hurricane extremes

The local factors influencing tropical cyclogenesis in
the MDR have been described in numerous studies
(e.g., Gray 1984; Goldenberg and Shapiro 1996; De-
Maria 1996; Landsea et al. 1998; Chelliah and Bell 1998,
1999; Bell and Chelliah 1999; Bell et al. 1999, 2000,
2004). These factors are summarized using composite
analyses calculated from the 14 most active and 14 most
inactive Atlantic hurricane seasons during 1950–2004
(bold type, Table 1). Because these composites are bi-
ased heavily toward the above-normal and below-
normal hurricane decades, they capture many of the
mean circulation features during those decades.

a. Upper-level circulation

The ASO composite 200-hpa streamfunction anoma-
lies for both the above-normal (Fig. 9a) and below-

normal (Fig. 9b) seasons indicate a pronounced inter-
hemispheric symmetry in the subtropics of both hemi-
spheres from the Americas eastward to Australasia,
with the anomalies aligned along the axes of the clima-
tological mean subtropical ridges (Fig. 9c). This inter-
hemispheric symmetry signifies a response of the up-
per-level circulation to anomalous tropical convection.
The associated 200-hPa zonal wind anomalies extend
from the eastern equatorial Pacific to central tropical
Africa along the axis of the climatological mean tropi-
cal easterly jet (Fig. 9d).

The above-normal hurricane seasons feature anticy-
clonic streamfunction anomalies and easterly zonal
wind anomalies in these regions, indicating above-
average strengths of the mean subtropical ridges, and
both a strengthening and westward extension of the
tropical easterly jet. Conversely, the below-normal hur-
ricane seasons feature anomalously weak subtropical
ridges and a below-average strength of the tropical
easterly jet.

For these key regions, the three leading tropical
modes account for more than 70% of the unfiltered
seasonal variance in 200-hPa streamfunction and zonal
wind anomalies (Fig. 10). The multidecadal modes ac-
count for most of the signal over the central and eastern
Atlantic Ocean and Africa (Figs. 10a–d), with TMM
accounting for 40% to 60%� of the variance in these
regions. During the period 1975–2002, TMM2 accounts

FIG. 7. Observed (black) and regressed (gray) time series of North Atlantic 5-yr running mean area-averaged
SST anomalies (°C) during ASO in (a), (c) the Tropics and (b), (d) the high latitudes during (top) 1951–2002 and
(bottom) 1971–2002. The tropical region is bounded by 9°–21.5°N, 20°–70°W and the high-latitude region is
bounded by 45°–62.5°N, 20°–55°W, as shown by black boxes in Fig. 6. The regression line is based on the two
leading tropical multidecadal modes (TMM and TMM2). Anomalies are departures from the 1951–2002 base
period seasonal means.
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for 20% to 40% of the unfiltered streamfunction and
zonal wind variance across the central and eastern
tropical Atlantic (Figs. 10c,d). In contrast, the ENSO
contribution dominates the explained variance over the
Americas and the western Caribbean and is well sepa-
rated from the multidecadal signals (Figs. 10e,f).

The regressed 200-hPa streamfunction anomalies as-
sociated with TMM and ENSO exhibit an approximate
zonal wave-1 pattern in the subtropics of both hemi-
spheres (Figs. 11a,c), whereas the main anomalies as-
sociated with TMM2 are centered over the subtropical
Atlantic Ocean and Africa in both hemispheres. Con-
sistent with the composite analyses, the dominant
streamfunction and zonal wind anomalies for all three
modes are found in the Tropics and subtropics. All
three modes feature a pronounced interhemispheric
symmetry to the streamfunction anomalies, along with
an associated anomalous tropical easterly jet.

Across the central and eastern Atlantic Ocean and
Africa, the positive phases of both multidecadal modes
(Figs. 11a,b) are consistent with the above-normal hur-
ricane season composites, and the negative phases of
both modes (opposite anomalies to those shown) are
consistent with the below-normal seasonal composites.
These results link key aspects of the large-scale circu-
lation associated with seasonal and multidecadal hurri-
cane extremes to TMM and TMM2, and in particular to
the east–west seesaw in anomalous convection between

the West African monsoon region and the Amazon ba-
sin (see also Chelliah and Bell 2004).

Because of the strong relationship between TMM2
and the recent increase in Atlantic hurricane activity
(section 4), we examined the extent to which this mode
captures the change in the mean upper-level circulation
anomalies across the Atlantic sector between 1995–
2002 and the below-normal period of 1975–94. The ob-
served differences in both the streamfunction and zonal
wind anomalies between the two periods (Fig. 12a) are
consistent with the seasonal composites. The above-
normal period features a stronger subtropical ridge
across the Atlantic Ocean in both hemispheres and an
amplified tropical easterly jet from Africa to the Carib-
bean Sea. These differences are almost entirely cap-
tured by TMM2 (Fig. 12b).

The above-normal period also features 1) more nega-
tive velocity potential and stronger upper-level diver-
gence over western Africa, 2) more positive velocity
potential and upper-level convergence over the Ama-
zon basin, and 3) a more east-to-west orientation of the
divergent wind vector consistent with an enhanced
overturning between western Africa and tropical South
America (Fig. 12c). These differences are also captured
by TMM2 (Fig. 12d).

Focusing now on the interannual variability, the
ENSO teleconnections during individual hurricane sea-
sons (Fig. 11c) are consistent with classical interpreta-

FIG. 8. Observed (black) and regressed (gray) time series of the ACE index during (top) 1951–2002 and (bottom)
1971–2002. (a), (c) The unfiltered ACE index and (b), (d) the 5-yr running mean ACE index. The regression line
of the unfiltered ACE index in (a) and (c) is based on the three leading tropical modes. The regression line for the
5-yr running mean ACE index in (b) and (d) is based on the two leading tropical multidecadal modes (TMM and
TMM2). Units in all panels are � 104 kt2.
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FIG. 9. ASO 200-hPa circulation: (a), (b) Composite streamfunction anomalies (contour interval is 1
� 106 m2 s�1) and vector wind anomalies (m s�1) for (a) the 14 most active and (b) the 14 most inactive
Atlantic hurricane seasons, indicated with bold type in Table 1. (c), (d) The 1950–2000 climatological
mean streamfunction (interval is 10 � 106 m2 s�1) and zonal winds (interval is 5 m s�1), respectively.
Vector scale is shown below (b). Black boxes denote the MDR.
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tions of the atmospheric response to anomalous equa-
torial Pacific convection (Mo and Kousky 1993). These
teleconnections are out of phase with both multide-
cadal modes over the Atlantic Ocean and Africa.

For individual hurricane seasons, the ENSO signal
can be significantly masked or accentuated by the mul-
tidecadal signal (Fig. 13). In fact, the multidecadal sig-
nal is so large that it offers a substantially more com-
plete view of the climate control over Atlantic hurri-
cane activity, even during individual seasons, than is
afforded by ENSO alone. This finding has implications
for understanding differences in the apparent ENSO
teleconnections between the above- and below-normal
hurricane decades, and between the two above-normal
hurricane periods (1950–69 and 1995–2004). This result
is also consistent with the relatively low correlations
between Atlantic hurricane activity and ENSO (Bove
et al. 1998).

For example, the regressed 200-hPa anomalies have
largest amplitude in the MDR when the time series of
the dominant tropical multidecadal mode and ENSO
are out of phase. The positive phase of TMM (TMM2)
combined with a moderate-strength La Niña captures
the large-scale and regional-scale conditions associated

with the above-normal hurricane seasons during the
1950s–60s (1995–2004) (Figs. 13a,c). Combining the
negative phases of both tropical multidecadal modes, as
seen during 1975–94, with a moderate-strength El Niño
captures conditions associated with below-normal hur-
ricane seasons and decades (Fig. 13f).

When the time series of the multidecadal and ENSO
modes have the same sign, the regressed anomalies are
notably weaker and do not support seasonal extremes
in activity (Figs. 13b,d,e). These results are consistent
with the observation that a moderate El Niño is more
likely to be associated with well-below-normal activity
during a below-normal decade, while a moderate La
Niña is more likely to be associated with well-above-
normal activity during an above-normal decade.

b. Low-level circulation

The seasonal hurricane composites show that the
200- (shading, Figs. 14a and 15a) and 850-hPa (Figs. 14b
and 15b) zonal wind anomalies have opposite sign
across the tropical North Atlantic and North Pacific.
This vertical wind structure is consistent with the baro-
clinic response of the tropical atmosphere to anomalous
convection. At 200 hPa, the above-normal seasons fea-

FIG. 10. Percent of explained unfiltered ASO seasonal variance of (left) 200-hPa streamfunction and (right) 200-hPa zonal wind
anomalies, associated with (a), (b) the leading TMM during 1951–2002, (c), (d) TMM2 during 1975–2002, and (e), (f) the ENSO mode
during 1951–2002. Black boxes denote the MDR.
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ture a near absence of zonal winds over the central and
eastern MDR, while the below-normal seasons feature
mean westerlies averaging 3–5 m s�1 (contours).

For the above-normal seasons, this wind pattern pro-
duces anomalous easterly vertical wind shear (U200
hPa minus U850 hPa) from western Africa to the east-
ern tropical Pacific (light shading, Fig. 14b). The result-
ing magnitude of the total vertical shear (contours)

across the central and western MDR is well below the
|8 m s�1| threshold for tropical cyclone formation (Gad-
gil et al. 1984; Shapiro and Goldenberg 1998; Golden-
berg and Shapiro 1996).

During ASO, tropical cyclogenesis in the MDR is
generally associated with amplifying African easterly
wave disturbances moving within the region of high
cyclonic vorticity along the equatorward flank of the

FIG. 11. Regressed ASO seasonal anomalies of 200-hPa streamfunction (contours), divergence (shad-
ing), and vector wind associated with (a) the leading TMM during 1951–2002, (b) TMM2 during 1975–
2002, and (c) the ENSO mode during 1951–2002. Contour interval for streamfunction is 1 � 106 m2 s�1

(std dev)�1 of the mode. Divergence (convergence) anomalies exceeding 2 � 10�7 s�1 (std dev)�1 of the
mode are shaded dark (light). Scale for vector wind anomalies [m s�1 (std dev)�1 of the mode] is located
below (b). Black boxes denote the MDR.

15 FEBRUARY 2006 B E L L A N D C H E L L I A H 603



700-hPa AEJ (Burpee 1972; Reed et al. 1977). During
above-normal seasons, the reduced low-level easterlies
are concentrated south of the AEJ core, thus contrib-
uting to a well-defined AEJ with enhanced cyclonic
vorticity extending well into the MDR (Fig. 14d; also
see Bell and Chelliah 1999). Developing disturbances
remain in this extended region of increased cyclonic
vorticity while moving westward over anomalously
warm SSTs (Fig. 14f) into the low-shear environment of
the central and western MDR. Combined with anoma-
lously low sea level pressure over the tropical Atlantic
(Fig. 14e; see also Knaff 1997), these conditions are
extremely conducive to tropical cyclone formation in
the MDR, as was observed during the above-normal
1998–99 (Bell et al. 1999, 2000) and 2003–04 hurricane
seasons (Bell et al. 2004, 2005).

During below-normal hurricane seasons, anomalous
westerly vertical shear throughout the MDR results in
total shear values that are often too high for tropical
storm formation (Fig. 15c). In addition, the AEJ fea-
tures a more uniform distribution of easterly winds in
response to enhanced easterly trades along its equator-

ward flank (Fig. 15b), which also act to shift the axis of
cyclonic shear equatorward to near 10°N. As a result,
anticyclonic relative vorticity now overspreads most of
the high-shear environment of the MDR (Fig. 15d),
resulting in exceptionally unfavorable conditions for
tropical cyclone formation.

The below-normal seasons also feature an extensive
area of anomalously high sea level pressures across the
MDR (Fig. 15e), and anomalously cool sea surface tem-
peratures at high latitudes of the North Atlantic (Fig.
15f). These anomalies are opposite to those seen in the
above-normal seasons and are consistent with the cold
phase of the Atlantic multidecadal mode. In both the
above-normal and below-normal seasonal composites,
the main sea level pressure anomalies are found across
the tropical and subtropical North Atlantic, well south
of the core loading regions of the North Atlantic Os-
cillation (NAO), which are centered over Greenland
and the Azores Islands.

TMM accounts for generally 50%–70% of the unfil-
tered ASO variance in these key composite features
(Fig. 16), while during 1975–2002 TMM2 accounts for

FIG. 12. Difference in the mean 200-hPa circulation between the period 1995–2002 and the period 1975–94
(1995–2002 minus 1975–2004): (a), (c) observed and (b), (d) regressed from TMM2. Here (a) and (b) show the
observed and regressed 200-hPa streamfunction (contours) and vector wind, respectively, and (c) and (d) show the
observed and regressed 200-hPa velocity potential (contours), divergence (shaded), and divergent component of
the vector wind, respectively. Vector scales are denoted between the panels. Black boxes denote the MDR.
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generally 20%–40% of their variance (Fig. 17). Consis-
tent with this result, the circulation anomalies for the
positive phases of both modes are consistent with the
above-normal hurricane season composites (cf. con-
tours in Figs. 16 and 17 with Figs. 14b–e). The anoma-
lies for the negative phases of both modes (opposite to
those shown) are consistent with the below-normal hur-
ricane season composites.

Both TMM and TMM2 are associated with anoma-
lous easterly trade winds at 850-hPa from the eastern
North Pacific to Africa (Figs. 16a and 17a). These
anomalies have opposite sign to their 200-hPa counter-
parts, which is consistent with their relationship to
anomalous tropical convection over both western Af-

rica and the Amazon basin. The main vertical wind
shear anomalies associated with both modes are located
over the central and eastern tropical Atlantic, including
a large portion of the MDR (Figs. 16b and 17b). A �2.0
standard deviation of TMM2 seen during the late 1990s
is associated with a 3.0 m s�1 decrease in vertical wind
shear in the central MDR, while the �1.0 standard de-
viation of TMM seen during the 1980s is associated with
a 4.0 m s�1 increase in vertical shear in that region. This
result is consistent with the large multide-cadal variabil-
ity in vertical wind shear seen across the central and
southern MDR by Shapiro and Goldenberg (1998) and
Goldenberg et al. (2001).

Consistent with the pattern of anomalous easterly

FIG. 13. Regressed ASO seasonal anomalies of 200-hPa streamfunction and vector wind associated with selected
combinations of the leading tropical multidecadal modes and ENSO. (a), (b) A �1.0 std dev of the TMM as seen
during the 1950s–60s combined with (a) a �1.25 std dev of ENSO (i.e., La Niña) and (b) a �1.25 std dev of ENSO
(i.e., El Niño). (c), (d) A �2.0 std dev of TMM2 as seen during 1995–2002 combined with a �1.25 and �1.25 std
dev of ENSO, respectively. (e), (f) A �1.0 std dev of both TMM and TMM2 as seen during 1975–94 combined with
a �1.25 and �1.25 std dev of ENSO, respectively. Contour interval for streamfunction is 1 � 106 m2 s�1. Scale for
vector wind anomalies (m s�1) is located below (b). Black boxes denote the MDR.
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winds at 850 hPa, both multidecadal modes are also
associated with relative vorticity anomalies along the
equatorward flank of the AEJ (Figs. 16c and 17c) simi-
lar to that seen in the composite analyses. Both modes
are also associated with a consistent pattern of sea level
pressure anomalies across the heart of the MDR and
over the western North Atlantic (Figs. 16d and 17d).
The strong relationship between the TMM and sea
level pressure anomalies over western Africa is consis-

tent with previously described surface temperature de-
partures associated with fluctuations in the strength of
the West African monsoon.

Because ENSO is the dominant contributor to the
upper-level variance in 200-hPa zonal winds across the
extreme western MDR, it also dominates the vertical
shear variance in this region (Fig. 18). However, over
the eastern Caribbean Sea and western tropical Atlan-
tic, which is sometimes a critical subregion within the

FIG. 14. Above-normal Atlantic hurricane season composite total (contours) and anomalies (shading) during
ASO of (a) 200-hPa zonal wind (m s�1), (b) 850-hPa zonal wind (m s�1), (c) 200–850-hPa vertical shear of zonal
wind (m s�1), (d) 700-hPa relative vorticity with cyclonic vorticity contoured (� 10�6 s�1), (e) sea level pressure
(SLP; hPa), and (f) surface temperatures (°C). Composites are calculated from the 14 most active Atlantic
hurricane seasons indicated by bold type in Table 1. Anomalies are departures from the 1951–2004 base period
monthly means. Black boxes denote the MDR.
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MDR during individual seasons, the amount of ex-
plained vertical shear variance for all three tropical
modes is comparably low.

Consistent with previous results, the large and spa-
tially extensive vertical wind shear anomalies seen in
the above-normal hurricane composite (Fig. 14c) are
recovered when the time series of the dominant mul-
tidecadal mode and ENSO are out of phase (Figs.
19a,c,f). Examples of this situation are seen when a
moderate strength La Niña occurs during the above-
normal hurricane decades (Figs. 19a,c) or when a mod-
erate strength El Niño occurs during the below-normal
hurricane decades (Fig. 19f). In contrast, the vertical
shear anomalies are notably weaker and tend to change

sign within the MDR, when the time series of the dom-
inant multidecadal mode and ENSO are in phase (Figs.
19b,d,e). These results reinforce the finding that the
multidecadal signal significantly masks or accentuates
the ENSO teleconnections across the MDR and west-
ern Africa. They also highlight the fundamental point
that the observed circulation anomalies in the MDR
during a given season often reflect the combined influ-
ences of both the multidecadal signal and ENSO.

6. Conclusions and discussion

Seasonal and multidecadal extremes in Atlantic hur-
ricane activity result from changes in the number and

FIG. 15. Same as in Fig. 14, except for the below-normal Atlantic hurricane season composites.
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intensity of hurricanes that originate as tropical storms
in the main development region (MDR) during August–
October. These extremes are not random but instead
are found to result from a coherent and interrelated set

of atmospheric and oceanic conditions associated with
the three leading modes of tropical convective rainfall
variability. Two of these are the leading multidecadal
modes (referred to as TMM and TMM2), and the third

FIG. 16. Regressed unfiltered ASO seasonal anomalies (contours) and explained variance (shading, %) associ-
ated with the leading TMM: (a) 850-hPa zonal wind, (b) 200–850-hPa vertical shear of zonal wind, (c) 700-hPa
relative vorticity, and (d) SLP. All anomalies are shown for �1.0 std dev of the mode. Contour interval for vertical
wind shear is 1.0 m s�1, for relative vorticity is 1 � 10�6 s�1, for 850-hPa zonal winds is 0.5 m s�1, and for SLP is
0.25 hPa. Black boxes denote the MDR.

FIG. 17. Same as in Fig. 16, except for TMM2. Note change in shading scale for explained variance.
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is the leading tropical interannual mode (ENSO). A
concurrent examination of these modes on both the
interannual and multidecadal time scales leads to a
more comprehensive and larger-scale view of the cli-
mate fluctuations influencing Atlantic hurricane activ-
ity than has appeared previously in the literature.

Because the circulation in the Tropics and subtropics
is strongly influenced by the distribution of convection,
it is not surprising that all three tropical modes are
linked to fluctuations in tropical convection. Character-
istic convective signatures of these modes include 1)
anticyclonic (cyclonic) circulation anomalies in the sub-
tropics of both hemispheres flanking the regions of en-
hanced (suppressed) tropical convection, and 2) a re-
versal in sign of the zonal wind anomalies between 200
and 850 hPa from the eastern Pacific to Africa, consis-
tent with the known baroclinic response of the tropical
atmosphere to anomalous convection. These anomalies
can be interpreted as teleconnections occurring on both
interannual and multidecadal time scales between the
Pacific and Atlantic basins, and between the Northern
and Southern Hemisphere subtropics.

The three tropical modes account for much of the
observed variance in seasonal Atlantic hurricane activ-
ity, as measured by the basinwide Accumulated Cy-
clone Energy (ACE) index. For example, during 1971–
2002 they account for 58% of the unfiltered seasonal
ACE variance, while TMM and TMM2 account for
82% of the variance in the 5-yr running-mean ACE
index. These large amounts of explained variance are a
consequence of the modes capturing much of the Au-
gust–October variance in all key regional and large-
scale circulation features associated with seasonal and
multidecadal extremes in Atlantic hurricane activity.

Over the tropical Atlantic, these conditions include
anomalies in features such as the upper-level subtropi-
cal ridges and tropical easterly jet, the low-level tropical
easterlies, the vertical wind shear, the 700-hPa African
Easterly Jet (AEJ), sea level pressure, and sea surface
temperatures. Because of their association with circu-
lation anomalies in the MDR, the multidecadal modes
are found to provide a global-scale perspective on the
climate factors associated with low-frequency fluctua-
tions in Atlantic hurricane activity. This perspective is
analogous to that provided by ENSO for interannual
fluctuations in activity (Gray 1984).

The TMM and TMM2 link coherent low-frequency
fluctuations in Atlantic hurricane activity, the West Af-
rican monsoon, and tropical Atlantic SSTs to the Trop-
ics-wide climate variability. It is also shown that the
known link between Atlantic hurricane activity and
SST anomalies in the core regions of the Atlantic mul-
tidecadal mode primarily reflects their common asso-
ciation to the leading tropical multidecadal modes.

Both TMM and TMM2 also capture an east–west
seesaw in anomalous convection between the West Af-
rican monsoon region and the Amazon basin. This re-
lationship helps to account for the interhemispheric
symmetry of the 200-hPa streamfunction and diver-
gence wind anomalies over the Atlantic basin and Af-
rica, as well as the spatial scale of the low-level tropical
wind anomalies, associated with Atlantic hurricane ex-
tremes.

The analysis also indicates differences between the
above-normal hurricane decades of the 1950s–60s and
1995–2004. The period 1950–69 shows a strong link to
TMM, whereas the transition in the tropical climate
from the below-normal 1975–94 era to the above-
normal era seen since 1995 is mainly associated with
TMM2. These differences between the two periods in-
clude a very strong West African monsoon and near-
average sea surface temperatures in the MDR during
1950–69, compared with a modestly enhanced West Af-
rican monsoon and exceptionally warm Atlantic SSTs
during 1995–2004.

For individual hurricane seasons, ENSO teleconnec-
tions and ENSO impacts on Atlantic hurricane activity
can be significantly masked or accentuated by the mul-
tidecadal signal. This result has implications for under-
standing apparent differences in the ENSO teleconnec-
tions between the above- and below-normal hurricane
decades, and between the two above-normal hurricane
periods (1950–69 and 1995–2004). It also highlights the
important finding that the tropical multidecadal modes
provide a substantially more complete view of the cli-
mate factors associated with Atlantic hurricane ex-
tremes than can be gleaned from ENSO alone.

FIG. 18. Regressed ASO seasonal anomalies of the 200–850-hPa
vertical shear of zonal wind (contours) and explained unfiltered
variance (shading, %) associated with the ENSO mode. Anoma-
lies are shown for �1.0 std dev of the mode. Contour interval is
1.0 m s�1. Black box denotes the MDR.
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In particular, the large-scale and regional-scale atmo-
spheric anomalies and levels of activity associated with
seasonal hurricane extremes are recovered when the
dominant tropical multidecadal mode and ENSO are
out of phase. It is shown that a moderate El Niño is
more likely to be associated with well-below-normal
activity during a below-normal decade, while a moder-
ate La Niña is more likely to be associated with well-
above-normal activity during an above-normal decade.
For instance, it was shown that during above-normal
hurricane decades the dominant tropical multidecadal

mode captures a well-defined African easterly jet with
increased cyclonic vorticity along its equatorward flank.
When La Niña is also present, this jet structure means
that African easterly disturbances can remain in the
extended region of enhanced cyclonic vorticity while
moving westward over anomalous warm SSTs into the
low-shear environment of the central and western
MDR.

The results suggest that useful dynamically based
seasonal hurricane outlooks will require accurate simu-
lations not only of ENSO and its associated teleconnec-

FIG. 19. Regressed ASO anomalous 200–850-hPa vertical shear of the zonal wind (contours), overlaid with
regions where the amplitude of the regressed total vertical shear is less than 8 m s�1 (shaded), for (a), (b) a �1.0
std dev of the TMM as seen during the 1950s–60s combined with (a) a �1.25 std dev of ENSO (i.e., La Niña) and
(b) a �1.25 std dev of ENSO (i.e., El Niño); (c), (d) a �2.0 std dev of TMM2 as seen during 1995–2002 combined
with a �1.25 and �1.25 std dev of ENSO, respectively; and (e), (f) a �1.0 std dev of both TMM and TMM2 as seen
during 1975–94 combined with a �1.25 and �1.25 std dev of ENSO, respectively. Contour interval is 2.0 m s�1 in
all panels. Black boxes denote the MDR.

610 J O U R N A L O F C L I M A T E VOLUME 19



tions during the August–October months of historically
low ENSO predictive skill, but also of the underlying
climate conditions captured by the leading tropical mul-
tidecadal modes.
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