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[1] Multidecadal variability of Atlantic tropical cyclone activity is observed to relate to the Atlantic
Multidecadal Oscillation (AMO), a mode manifesting primarily in sea surface temperature (SST) in the
high latitudes of the North Atlantic. In the low latitudes of the North Atlantic, a large body of warm water
called the Atlantic Warm Pool (AWP) comprises the Gulf of Mexico, the Caribbean Sea, and the western
tropical North Atlantic. AWP variability occurs on both interannual and multidecadal timescales as well as
with a secular variation. The AWP multidecadal variability coincides with the signal of the AMO; that is,
the warm (cool) phases of the AMO are characterized by repeated large (small) AWPs. Since the climate
response to the North Atlantic SST anomalies is primarily forced at the low latitudes and the AWP is in the
path of or a birthplace for Atlantic tropical cyclones, the influence of the AMO on Atlantic tropical cyclone
activity may operate through the mechanism of the AWP-induced atmospheric changes. The AWP-induced
changes related to tropical cyclones that we emphasize here include a dynamical parameter of tropospheric
vertical wind shear and a thermodynamical parameter of convective instability. More specifically, an
anomalously large (small) AWP reduces (enhances) the vertical wind shear in the hurricane main
development region and increases (decreases) the moist static instability of the troposphere, both of which
favor (disfavor) Atlantic tropical cyclone activity. This is the most plausible way in which the AMO
relationship with Atlantic tropical cyclones can be understood.
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Theme: Interactions Between Climate and Tropical Cyclones on All Timescales

1. Introduction

[2] Atlantic tropical cyclone activity has been
shown to have largely increased in frequency and
intensity since the late 1980s [e.g., Elsner et al.,
2000; Goldenberg et al., 2001; Emanuel, 2005;
Webster et al., 2005]. In particular, the 2005
hurricane season is the most active year on record,
with 28 named tropical storms (sustained winds
over 18 m/s) in the Atlantic basin and 15 of them
reaching hurricane intensity (sustained winds over
33 m/s). The recent increase in Atlantic tropical
cyclone activity has fueled a debate on the role of
global warming and natural variability of the North
Atlantic sea surface temperature (SST) in the
increase [e.g., Goldenberg et al., 2001; Knutson
and Tuleya, 2004; Emanuel, 2005; Webster et al.,
2005; Landsea, 2005; Zhang and Delworth, 2006;
Mann and Emanuel, 2006]. This paper is not meant
to resolve the controversy on the relative roles of
global warming and natural variability in Atlantic
hurricanes. Instead, we mainly focus on the rela-
tionships between Atlantic climate variability and
Atlantic tropical cyclone activity in a manner that
is independent of the ultimate causes of decadal-
scale changes, and we show why and how Atlantic
SST affects Atlantic tropical cyclone activity.

[3] One of the important Atlantic climate phenom-
ena, which influences Atlantic tropical cyclone
activity, is the Atlantic Multidecadal Oscillation
(AMO) [e.g., Goldenberg et al., 2001; Bell and
Chelliah, 2006]. The AMO is an oscillatory mode
occurring in the North Atlantic SST that operates
primarily at the multidecadal timescales of 30–
80 years, with its largest variation centered in the
high latitudes of the North Atlantic [e.g., Delworth
and Mann, 2000; Kerr, 2000; Enfield et al., 2001].
Recently, a series of papers [Wang et al., 2006, 2007,
2008; Wang and Lee, 2007] has been published for
pointing out the importance of the Atlantic Warm
Pool (AWP), a large body of warm water com-
posed of the Gulf of Mexico, the Caribbean Sea,
and the western tropical North Atlantic. Since the
AWP is in the path of or a birthplace for Atlantic
tropical cyclones, it is not surprising that AWP
variability affects Atlantic tropical cyclones. The

purpose of the present paper is to show that AWP
variability contains the multidecadal variability of
the AMO, in addition to its interannual and secular
variability. We then argue that the influence of the
AMO on Atlantic tropical cyclone activity operates
through the AWP, which provides a direct effect on
the development and intensification of Atlantic
tropical cyclones. In other words, the AWP acts
as a dynamical and thermodynamical link between
the AMO and Atlantic tropical cyclone activity.

[4] The remainder of the paper is organized as
follows. Section 2 describes the data and model
used in this paper. Section 3 discusses global
warming mode and the AMO, and section 4 shows
AWP variability and its link to the AMO. Section 5
shows the relationships of the AWP and AMO with
tropospheric vertical wind shear and with Atlantic
tropical cyclone activity. Section 6 shows how the
atmosphere (i.e., tropospheric vertical wind shear
and convective available potential energy)
responds to AWP warming/cooling in a numerical
model. Finally, section 7 provides a summary.

2. Data and Model

[5] Several data sets are used in this study. The first
one is an improved extended reconstructed SST
(ERSST) data set on a 2� latitude by 2� longitude
grid from January 1854 to December 2006 [Smith
and Reynolds, 2004]. The second data set is the
National Centers for Environmental Prediction-
National Center for Atmospheric Research
(NCEP-NCAR) reanalysis from January 1949 to
December 2006 on a 2.5� latitude by 2.5� longitude
grid [Kalnay et al., 1996]. The variable used in this
study is wind velocity at 850 mbar and 200 mbar.
Both of the data sets used here are monthly.

[6] Another data set is the hurricane data based on
HURDAT reanalysis database [Landsea et al.,
2004], updated to 2006 [Landsea, 2007]. The
HURDAT reanalysis database attempts to correct
systematic and random errors and biases in the
original HURDAT data for the period of 1851 to
1910 through historical analyses. Landsea et al.
[2004] give a detail of the methodologies and
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references utilized for this reanalysis. What we use
in this paper includes the Accumulated Cyclone
Energy (ACE), all Atlantic hurricanes (Saffir-Simpson
categories 1–5), Atlantic major hurricanes (catego-
ries 3–5), and total Atlantic named storms. The
ACE index, similar to the Power Dissipation Index
(PDI), is one of the most commonly used indices to
measure tropical cyclone activity. The ACE index
takes into account the number, strength and dura-
tion of all tropical cyclones in a season. It is
calculated by summing the squares of the estimated
maximum sustained velocity of every Atlantic
tropical cyclone, at 6-h intervals. The hurricane
reanalysis database is available at the Web site of
NOAA/AOML (http://www.aoml.noaa.gov/hrd/
data_sub/re_anal.html). Note that hurricane data
quality is the subject of intense debate [e.g.,
Solow and Moore, 2002; Landsea, 2007; Chang
and Guo, 2007; Holland and Webster, 2007;
Vecchi and Knutson, 2008]. It is probable that
hurricanes were undercounted before the era of
aircraft reconnaissance (around the mid-1940s)
and satellite technology (the mid-1960s) since
hurricanes over the open ocean during that time
can be rarely detected. Therefore, we should be
cautious of interpreting hurricane data and other
data during the early time when measurements are
relatively rare.

[7] The atmospheric general circulation model
used in this study is the latest version (version
3.1) of the NCAR Community Atmospheric Model
(CAM3). The model is a global spectral model
with a triangular spectral truncation of the spherical
harmonics at zonal wave number 42 (T42), which
roughly gives a 2.8� latitude by 2.8� longitude
horizontal resolution. It is vertically divided into
26 hybrid sigma-pressure layers: the upper regions
of the atmosphere are gridded by pressure while
sigma coordinate system is used for the lower
levels and a hybrid coordinate system is used in
the middle layers. The CAM3 model is forced by
monthly SST from Hadley Centre Sea Ice and SST
data set (HadISST) on a 1� latitude by 1� longitude
resolution [Rayner et al., 2003].

3. Global Warming Mode and the
Atlantic Multidecadal Oscillation

[8] An empirical orthogonal function (EOF) anal-
ysis is performed on the global annual mean SST
over the past 153 years (from 1854 to 2006). The
first three EOF modes, which account for 28.3%,
15.3%, and 5.3% of the total variance in the
ERSST data, represent global warming, ENSO,

and the AMO, respectively. Because the Atlantic
sector is the region where our impacts are concen-
trated and where we wish to describe the relative
influences, we compute the variances explained by
three modes only in the Atlantic sector which are
23.4%, 7.2% and 10.5%, respectively. The impor-
tance of the third mode (the AMO) is greatly
increased. We present EOF modes by reconstruct-
ing their spatial patterns and time series [Enfield
and Mestas-Nunez, 1999]. The temporal variation
is the spatial average over a reference region of the
modal reconstruction of the SST anomalies (unit of
�C) rather than the more confusing temporal
expansion coefficient (without unit) from which it
is derived. The reference region is usually chosen
to enclose an area of large spatial amplitude. This
is equivalent to multiplying the EOF amplitude
time series with the average of its spatial eigen-
function in the reference region. This scaling does
not change the character of the time series. The
spatial pattern is constructed from the regression
coefficient between the reconstructed time series
and SST anomalies.

[9] The spatial pattern and temporal reconstruction
for the first EOF of the global warming mode are
shown in Figure 1a. For this mode, the obvious
reference region to use is over the global ocean.
There is warming almost everywhere over the
global ocean, with exceptions in the region south
of Greenland, in the North and South Pacific, and
in the region around Antarctica where cooling
occurs. In particular, large warmings occur in the
tropical Pacific, Atlantic, and Indian Oceans. The
warming pattern in the tropical Pacific is similar to
that of the interannual phenomenon of El Niño,
with maximum warming in the equatorial eastern
Pacific. The basin-wide warming is consistent with
expected effects of an increase in greenhouse gas
concentrations, and the regional cooling may be
suggestive of radiative effects of aerosols or oce-
anic natural variability [e.g., Santer et al., 2006;
Mann and Emanuel, 2006; Hegerl et al., 2007].
The temporal variation of Figure 1a shows a
nonlinear and secular increase of SST over the past
153 year. The global ocean has mainly cooled
before the 1940s and warmed after the 1940s.

[10] The second EOF mode is ENSO-like, as
shown in Figure 1b. For ENSO-like mode, the
reference region is chosen in the Nino3 region
(5�N–5�S, 150�W–90�W). The spatial pattern
shows a large warming in the equatorial central
and eastern Pacific and in the west coastal region
from South America to North America. Cooling is
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displayed in the North and South Pacific Oceans,
the Atlantic Ocean, and the Indian Ocean.

[11] The spatial pattern and temporal reconstruc-
tion for the third EOF of the AMO mode are shown
in Figure 1c. The reference region of large spatial
amplitude is the region of the North Atlantic
(40�N–70�N, 60�W–20�W). The spatial pattern
shows that the positive SST anomalies are in the

North Atlantic, the North Pacific, and the west
coast of tropical South America, whereas the
negative SST anomalies are located over southern
part of all three oceans and in the equatorial eastern
Pacific around 130�W. The Atlantic SST anomalies
show a bipolar seesaw pattern [Stocker, 1998],
supporting the hypothesis that the driving mecha-
nism of the AMO involves fluctuations of the

Figure 1. The first three empirical orthogonal function (EOF) modes, representing (a) global warming mode (top
two panels), (b) ENSO-like mode (middle two panels), and (c) the AMO (bottom two panels). The EOF modes are
presented by reconstructing their spatial patterns and expansion coefficients of time series. The temporal variations
are the spatial average over the reference regions of (a) the global ocean, (b) the Nino3 region (5�N–5�S, 150�W–
90�W), and (c) the North Atlantic (40�N–70�N, 60�W–20�W) of the modal reconstruction of SST (in unit of �C)
rather than the more confusing temporal amplitude (without unit) from which it is derived. This is equivalent to
multiplying the EOF time series with the average of their spatial eigenfunctions over the reference regions. This
scaling does not change the character of the time series. The spatial patterns are constructed from the regression
coefficients (�C per �C) between the reconstructed time series and SST anomalies.

Geochemistry
Geophysics
Geosystems G3G3

wang et al.: atlantic tropical cyclone activity 10.1029/2007GC001809

4 of 17



Atlantic meridional overturning circulation [e.g.,
Delworth and Mann, 2000; Knight et al., 2005;
Dijkstra et al., 2006]. As the Atlantic meridional
overturning circulation is enhanced, a warming and
a cooling will occur in the North and South
Atlantic, respectively; and vice versa for a reduc-
tion of the Atlantic meridional overturning circu-
lation. The time series of Figure 1c shows that the
warm phases of the AMO occur during 1854–
1900, 1925–1965, and 1995–2006 and the cool
phases are during 1901–1924 and 1966–1994.
The AMO is dominated by multidecadal variability.

[12] Apart from the north-south bipolar seesaw,
two additional AMO features that contrast with
the global warming mode are the strong warming
in place of cooling south of Greenland and the lack
of strong warming in the Indian Ocean (compari-
son of Figure 1a with Figure 1c). The strong spatial
differences between the two modes as well as the
contrasting temporal behavior suggest that they
arise from fundamentally different processes. This
is consistent with the paleoclimate evidence of
Delworth and Mann [2000] and Gray et al.
[2004] that AMO-like climate oscillations have
existed well before the onset of global warming.

[13] The AMO time series of Figure 1c is consis-
tent with those of previous studies that define the
AMO differently [e.g., Mestas-Nuñez and Enfield,
1999; Enfield et al., 2001; McCabe et al., 2004].
Mestas-Nuñez and Enfield [1999] use a mode of
the rotated EOF analysis as the AMO. Enfield et al.
[2001] and McCabe et al. [2004] define the
detrended SST anomalies averaged over the North
Atlantic as an AMO index and calculate the
correlation of the AMO index with global SST
anomalies as AMO spatial pattern. All of these
previous studies show a similar AMO index to
Figure 1c. The difference is in the details of AMO
spatial patterns, some of which show a weakly anti-
correlated Atlantic SST (or no correlation) between
the Northern and Southern Hemispheres. However,
this will not affect the results presented in this paper
since this paper uses the time series of Figure 1c (not
the spatial pattern) to calculate the AMO relation-
ships with the AWP and Atlantic tropical cyclone
activity.

[14] Since global ocean warming is probably not
linear, the linear detrended AMO index may still
contain the signal of global ocean warming [e.g.,
Trenberth and Shea, 2006; Mann and Emanuel,
2006]. Assuming that the AMO does not project
onto global ocean warming mode, Trenberth and
Shea [2006] and Mann and Emanuel [2006] re-

move the global mean SST anomalies from the
SST anomalies averaging over the North Atlantic.
By doing so, they derive a revised AMO index in
which the amplitude of AMO SST anomalies is
reduced. Therefore, they conclude that global
warming plays an important role in the recent
warming in the North Atlantic although the AMO
can account for part of the recent warming. Our
Figures 1a and 1c show that the recent warming
due to global warming is a little larger than that of
the AMO. These results suggest that our approach
of defining global warming and the AMO by EOF
modes is reasonable and may be a better way.

4. Variability of the Atlantic Warm Pool

[15] The Atlantic Warm Pool (AWP) of very warm
water is composed of the Gulf of Mexico, the
Caribbean Sea, and the western tropical North
Atlantic. Since Atlantic tropical cyclones can be
formed in the AWP or be intensified when they
pass over AWP warm water [e.g., Shay et al.,
2000], it is thus no surprise that AWP variability
is important for tropical cyclone activity. Figure 2a
shows the June–November (JJASON) AWP area
anomaly index which is calculated as the anoma-
lies of the area of SST warmer than 28.5�C divided
by the climatological JJASON AWP area. We
focus on the months of JJASON because the
official Atlantic hurricane season is from 1 June
to 30 November. The index displays multiscale
variability that includes interannual, multidecadal,
and secular variations. The detrended AWP index
(subtracting the linear trend from the total area
index) is shown in Figure 2b. To separate longer
(mainly multidecadal) from interannual timescale
variability, we apply a 7-year running mean to the
detrended AWP index (Figure 2c). Interannual
variability is calculated by subtracting the multi-
decadal variability from the detrended AWP index,
as shown in Figure 2d.

[16] The multidecadal variability (Figure 2c) shows
that the AWPs are large before 1888, during 1934–
1962 and after 1995, and small during 1889–1933
and 1963–1994. The periods for large and small
AWPs coincide with the warm and cool phases of
the AMO (section 3). That is, AWP variability is
tied to simultaneous alterations of SST in the high
latitudes of the North Atlantic in a mode that
operates primarily on the multidecadal timescale.

[17] The interannual phenomenon of ENSO affects
the global ocean. The relationship of AWP interan-
nual variability with ENSO over the past 153 years
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