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ABSTRACT
The nature of the teleconnection linking ENSO variability with Atlantic basin tropical storm formation is
investigated. Solutions of the linearized barotropic vorticity equation forced with August–October El Niño
event divergence produce upper-tropospheric vorticity anomalies over the Sahel and at the mouth of the
North African–Asian (NAA) jet over the tropical Atlantic. These responses are similar in magnitude and
orientation to observed ENSO vorticity variability for this region.
Further investigation reveals that the vorticity anomalies over the subtropical Atlantic develop primarily in
response to very low wavenumber, westward-propagating stationary Rossby waves excited by El Niño–
related convective activity over the equatorial Pacific Ocean. However, the dynamics of this teleconnection
change as the Atlantic basin hurricane season progresses. In August and September the response is dominated by the westward-propagating stationary Rossby waves that alter vorticity within the NAA jet and to its
south. The upper-tropospheric nondivergent zonal wind anomalies produced by these vorticity anomalies are
similar in pattern to observed zonal wind and vertical zonal wind shear anomalies, which suppress Atlantic
basin tropical cyclogenesis.
By October, eastward-propagating signals also develop over the tropical Atlantic Ocean in response to
El Niño conditions. Over the main development region of Atlantic basin tropical cyclogenesis, these eastwardpropagating Rossby waves appear to destructively interfere with the vorticity changes produced by the
westward-propagating Rossby waves within the NAA jet. In addition, the NAA jet has shifted south by
October. Consequently, the resultant upper-tropospheric nondivergent zonal wind perturbations for October
are weak and suggest that ENSO should have little effect on rates of Atlantic basin tropical cyclogenesis
during October. Statistical analyses of monthly ENSO-related changes in Atlantic basin tropical storm
formation support this hypothesis.

1. Introduction
A statistical association between the El Niño–Southern
Oscillation (ENSO) and the incidence of Atlantic basin
hurricanes (Gray 1984; Shapiro 1987; Wilson 1999), as
well as the incidence of Atlantic basin major hurricanes
(categories 3–5) (Goldenberg and Shapiro 1996; Bove
et al. 1998), has long been observed. This correlation
has generally been attributed to increases in uppertropospheric westerlies over the north tropical Atlantic
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Ocean, which occur during El Niño events. These increased westerlies produce increased vertical wind shear
over the latitudinal band (108–208N), or main development region (MDR), of tropical cyclogenesis in the
Atlantic. Vertical wind shear in the MDR is negatively associated with Atlantic basin hurricane formation (Shapiro 1987), Atlantic basin major hurricane
formation (Goldenberg and Shapiro 1996; Goldenberg
et al. 2001), and the number of Atlantic basin hurricanes
making landfall in the United States (Gray 1984; Landsea
et al. 1992).
The majority of Atlantic basin hurricanes form from
easterly waves that develop in the MDR off the west
coast of Africa. The number of easterly waves developing each year is relatively constant (Avila and Clark
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1989; Avila 1991; Pasch and Avila 1994). Because of this
low interannual variability, it is believed that the largescale environment and the strength and structure of the
easterly waves, rather than their number, are the principal factors determining the number of Atlantic basin
hurricanes each year.
While the physical effects of environmental vertical
wind shear on Atlantic basin tropical cyclogenesis
(DeMaria 1996; Camargo et al. 2007; Nolan et al. 2007)
and hurricane structure, advection, and intensification
(Shapiro 1992; Wu and Emanuel 1993, 1994; Jones 1995;
Bender 1997; Frank and Ritchie 1999, 2001; Paterson
et al. 2005; Reasor et al. 2004) have been explored, the
dynamical basis of the teleconnection through which
El Niño conditions increase MDR vertical wind shear has
not been elucidated. Here we explore this teleconnection
mechanism and show how changes over the equatorial
Pacific, associated with ENSO, affect upper-level winds
over the MDR, altering the large-scale environment in
which Atlantic basin hurricanes typically form.
The MDR lies at the mouth of the North African–
Asian (NAA) jet. The NAA jet is an upper-tropospheric
jet that extends from the subtropical Atlantic across
North Africa, the eastern Mediterranean, the Middle
East, central Asia, and Japan to the North Pacific. This
jet has been shown to act as a waveguide to Rossby wave
disturbances (Hoskins and Ambrizzi 1993; Branstator
2002). Low-frequency energy that enters the NAA jet
refracts toward the jet core and propagates zonally
along the length of the conduit. As a consequence, energy is concentrated and can propagate farther before
being dissipated. In this fashion, the NAA jet can act as
a teleconnective bridge between disparate regions of
the atmosphere. Previous work has indicated that the
NAA jet responds to ENSO variability and acts as a
bridge between events in the Pacific and South Asia
(Shaman and Tziperman 2005, 2007). Here we use both
observational analysis and model experiments to show
that, during the Atlantic basin hurricane season, convection over the Pacific Ocean along the intertropical
convergence zone (ITCZ), associated with El Niño
conditions, produces a vorticity response in the NAA jet
and to its south. Zonal wind anomalies associated with
this vorticity response are consistent with an increase of
vertical wind shear over the MDR.
We focus on conditions during August, September,
and October (ASO), the months during which the majority of Atlantic basin tropical storms, hurricanes, and
major hurricanes form (Landsea 1993). In section 2 we
present the data used in this study. Section 3 presents
composite analyses using National Centers for Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) reanalysis that show the changes
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to upper-tropospheric vorticity and winds associated with
ENSO during the peak months of Atlantic basin hurricane formation. Section 4 explores the dynamics of this
teleconnection. Forced steady solutions of the linearized
barotropic vorticity equation are presented and indicate
that Northern Hemisphere summertime El Niño conditions effect vorticity changes in North African–Asian
jet. The direction of signal propagation is investigated.
Section 5 explores the theoretical basis for westwardpropagating Rossby waves and compares model findings to this theory. Section 6 explores monthly changes
in vorticity and winds during Atlantic basin hurricane
season. Section 7 presents further statistical analyses.
Section 8 provides discussion and conclusions.

2. Data
The sea surface temperature averaged over the Niño-3
region (58N–58S, 1508–908W) was the index of ENSO
used for this study (Kaplan et al. 1998). NCEP–NCAR
reanalysis project monthly global fields from the period
1949–2006 were also used (Kalnay et al. 1996). Variables
employed include relative vorticity, zonal wind, and
streamfunction.
To infer the tropical Pacific forcing pattern of divergence during ENSO events, three sets of distributed
rainfall data for 1979–2006 were used: 1) Climate Anomaly Monitoring System outgoing longwave radiation precipitation index (CAMS OPI) estimates (Janowiak and
Xie 1999); 2) National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center Merged
Analysis of Precipitation (CMAP) derived from rain
gauges, satellite estimates, and numerical model predictions (Xie and Arkin 1997); 3) National Aeronautic
and Space Administration (NASA) multisatellite estimates of rainfall (Huffman et al. 1997). A comparison
among these three precipitation datasets helps to ensure
that the size and shape of the forcing region is not
sensitive to the precipitation product used.
The Hurricane Database (HURDAT) best-track data
of the NOAA Atlantic Oceanographic and Meteorological Laboratory were also used (Landsea et al. 2004).
These data provide track and intensity estimates of
Atlantic basin tropical cyclones from 1851 to 2002. The
initial track position and date of each storm provides an
estimate of where and when within the Atlantic basin a
given storm developed (typically where the storm reaches an initial intensity of 25 kt).

3. Composite analysis
In this section we present composite map analysis using
NCEP–NCAR reanalysis of the flow anomalies associated
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FIG. 1. Composite map of ASO NCEP–NCAR reanalysis 200-mb relative vorticity based on ASO El Niño minus La Niña event years,
using the Niño-3 record (61 std dev). El Niño years are 1951, 1957, 1963, 1965, 1969, 1972, 1976, 1982, 1987, 1997, and 2002; La Niña years
are 1949, 1954, 1955, 1961, 1964, 1967, 1970, 1973, 1975, 1988, and 1999. Contour interval (CI) is 2 3 1026 s21 between 61 3 1025 s21 and
5 3 1026 s21 at more extreme values. The zero contour is thickened; negative contours are dashed.

with ENSO events. Composite maps were constructed for
ASO El Niño minus ASO La Niña event years. By El Niño
or La Niña conditions, we refer to sea surface temperatures (SSTs) in the Niño-3 region for ASO that are in excess of plus or minus one standard deviation, respectively.
Not all of these ASO El Niño and La Niña events develop
into canonical Northern Hemisphere wintertime El Niño
or La Niña events, but they instead represent concurrent
conditions in the Pacific during the season of peak Atlantic
hurricane activity.
Figure 1 presents the ASO El Niño minus La Niña
composite of 200-mb relative vorticity. Positive vorticity
anomalies appear throughout the NAA jet, which extends from the west coast of Africa across the Sahara,
Middle East, and Asia. A southwest–northeast-oriented
positive vorticity anomaly also exists at the mouth of the
NAA jet, extending from the Lesser Antilles to the
Iberian Peninsula.
Figure 2 presents ASO El Niño minus La Niña
composites over the Atlantic basin of 200-mb relative
vorticity, 200-mb zonal wind, and 200- minus 850-mb
zonal wind shear. At the 200-mb height within the
mouth of the NAA jet, positive vorticity anomalies are
seen, and negative vorticity anomalies are evident at the
latitude of the Sahel (Fig. 2a). These vorticity composite
anomalies are also consistent with the anomalies seen at
the tropopause (not shown). In addition, there is an area
of 200-mb positive vorticity anomalies extending from
the Lesser Antilles (near 208N, 758W) southeastward
toward the equator.
The 200-mb zonal wind composite reveals westerly
wind anomalies over the MDR (Fig. 2b). As should be
expected in the absence of strong meridional wind
variations, the relative vorticity anomalies are roughly

inversely related to the meridional gradient of the zonal
wind anomalies. The zero zonal wind anomaly line,
which extends from the Lesser Antilles to the Iberian
Peninsula, approximately matches the orientation and
location of the NAA jet core (see Fig. 10 for the climatological position of the NAA jet core). This correspondence is more striking in the composite map of 200- minus
850-mb zonal wind shear (Fig. 2c), for which the zero
shear anomaly line more closely matches the orientation
and location of the NAA jet core. Positive shear anomalies extend over the entire MDR, which is indicated by
the box in Fig. 2c.
Changes to the Atlantic basin Walker circulation are
also evident near the equator (Figs. 2b,c). A steep gradient of the 200-mb zonal wind and 200- minus 850-mb
zonal wind shear both with a northwest–southeast orientation lies just north of the South American coast and
south of the MDR. The wind anomalies to the south of
this gradient are consistent with an El Niño–related
intensification of the Walker circulation over equatorial South America and the equatorial Atlantic. Such
ENSO-associated changes in equatorial wind shear
have been previously reported (Aiyyer and Thorncroft
2006); however, this area lies outside the MDR, and is
expected to be of second-order importance for influencing tropical cyclone formation.
To examine whether hurricane activity itself might be
influencing the ENSO composite anomaly signals, we
repeated our composite analyses but excluded all dates
in which hurricanes were present in the Atlantic. These
hurricane-free ASO El Niño minus La Niña composites
of 200-mb relative vorticity, 200-mb zonal wind, and
200- minus 850-mb zonal wind shear (not shown) were
nearly identical to the composites shown in Figs. 1 and 2.
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FIG. 2. Regional composite maps of ASO NCEP–NCAR reanalysis 200-mb relative vorticity, 200-mb zonal winds, and 200–850-mb
zonal wind shear based on ASO El Niño2La Niña event years. El Niño and La Niña event years are as in Fig. 1. CIs are (top) 2 3 1026 s21,
(middle) 1 m s21, and (bottom) 1 m s21. Negative contours are dashed; the zero contour is thickened. Shaded areas are statistically
significant (t test) at p , 0.10.

This finding indicates that ENSO variability, and not
changes in Atlantic basin hurricane activity, is responsible for the composite vorticity and wind anomalies. To
explore causality and the effect of ENSO on wind shear
more thoroughly, we next consider solutions of the
linearized barotropic vorticity equation.

4. The ENSO–hurricane teleconnection
We now turn our attention to the dynamical teleconnection between ENSO and the NAA jet. Previous

work has suggested that convection over the equatorial
Pacific Ocean associated with El Niño conditions increases vorticity in the NAA jet during both Northern
Hemisphere winter (Shaman and Tziperman 2005) and
summer (Shaman and Tziperman 2007).
During the Northern Hemisphere summer (July–
September), convective anomalies associated with summertime El Niño events are spread along the ITCZ from
1508E to 808W between 08 and 108N. Solutions of the
linearized barotropic vorticity equation in response to
divergent forcing along this area of the ITCZ provide
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FIG. 3. Composite map of NOAA CMAP ASO precipitation anomalies for the equatorial Pacific based on ASO El Niño minus La Niña
event years (1979–2006), using the Niño-3 record (61 std dev). El Niño event years are 1982, 1987, 1997, and 2002; La Niña event years
are 1988 and 1999. CI is 2 mm day21; the zero contour is thickened; negative contours are dashed.

evidence that a westward-propagating stationary barotropic Rossby wave teleconnection exists linking boreal
summertime variability over the Pacific Ocean with conditions in the NAA jet (Shaman and Tziperman 2007).
For this study, we focus on the ASO Atlantic basin hurricane season and explore forced solutions of the barotropic vorticity equation linearized about the ASO uppertropospheric climatology. These forcing experiments are
used to investigate the dynamical response of the NAA jet
and conditions over the MDR to ENSO variability.
In order for stationary Rossby waves to escape the
tropics they must possess the large deformation radius
associated with an equivalent barotropic structure (Hoskins
and Karoly 1981). Atmospheric height–latitude vorticity anomalies for the ASO composite of El Niño minus
La Niña event years were examined, and, indeed, an
equivalent barotropic anomaly structure is evident
throughout the extratropics (not shown). While these
vorticity anomalies are equivalent barotropic (single
signed in the vertical), the signal is greatly attenuated
near the surface. Consequently, the barotropic vorticity
equation is an appropriate tool for analysis in this instance, although the actual anomaly response is largest
in the upper troposphere, maximal at 200 hPa, and near
zero at the surface.

a. Forced solutions of the linearized barotropic
vorticity equation
In pursuing forced solutions of the linearized barotropic vorticity equation we follow the solution method of
Branstator (1983). The barotropic vorticity equation is first
linearized about a spatial low-pass filtered (zonal wavenumbers 0–8) 200-mb 1949–2006 composite of NCEP–
NCAR reanalysis ASO streamfunction. The equation to
be solved is then
 1 f ) 1 a=2 c9 1 K=4 =2 c9 5 R,
 =2 c9) 1 J(c9, =2 c
J(c,
(4.1)

where c is the streamfunction, f is the Coriolis force, a
is the Rayleigh coefficient, K is a diffusion coefficient, R
is a forcing function,
J(A, B) 5



1 ›A ›B ›A ›B

,
r2 ›l ›m ›m ›l

is the Jacobian, l is longitude, m 5 sin(f), f is latitude,
and r is the earth’s radius. Here the overbars indicate
the seasonal time-mean flow (the basic state), primes
signify the perturbation flow to be solved, a was set to
1.57 3 1026 s21 [an e-folding time of 1/(7 days)], and K
was set to 2.34 3 1016 m4 s21. The anomaly forcing was
specified as

R 5 ( f 1 =2 c)D,

(4.2)

where D, forcing divergence, is set to 3 3 1026 s21, a
reasonable magnitude for the divergence anomalies observed during ENSO events (NCEP–NCAR reanalysis,
data not shown). Equation (4.1) was solved using spherical harmonics and triangular 24 truncation (T24) (for
solution method details, see Branstator 1983). In addition,
time integrations of the linearized barotropic vorticity
equation, including integrations with full Rossby wave
source forcing (per Sardeshmukh and Hoskins 1988) were
also calculated. These integrations all corroborate the
results of the steady-state solutions presented here.
For these experiments we used a forcing designed
to mimic the structure of ASO El Niño precipitation
anomalies. Figure 3 presents the composite map of
rainfall anomalies during ASO El Niño minus La Niña
event years for the CMAP satellite dataset. Similar plots
are derived from the CAMS OPI and NASA datasets
(not shown). All three rainfall datasets show that during
ASO El Niño events precipitation increases over the
equatorial Pacific Ocean. West of 1508E, the rainfall
anomalies straddle the equator; east of 1508E, the rainfall
anomalies lie north of the equator along the ITCZ.
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FIG. 4. Perturbation vorticity response of the barotropic vorticity equation linearized about the time-mean 1949–2006 ASO NCEP–
NCAR reanalysis 200-mb streamfunction with a forcing at 108N–08, 1608–2808E. CI is 2 3 1026 s21 between 61 3 1025 s21 and 5 3 1026 s21
at more extreme values. The zero contour is thickened; negative contours are dashed.

Figure 4 presents the solution for a forcing from
1608E to 808W and 108N to 08 along the length of the
ITCZ where ASO El Niño–related convective anomalies occur. The forcing produces a positive vorticity response in the NAA jet. This positive response extends
over the Atlantic Ocean and MDR; the pattern of this
response resembles that of the ASO El Niño minus
La Niña composites of vorticity (Figs. 1 and 2a). Also, as
in the composites, a negative vorticity response is evident over the Sahel. Between 508N and 08, the pattern
correlation between the forced solution and ENSO
vorticity composite is r 5 0.31, which is significant at
p , 0.05 using a conservative estimate of 50 degrees
of freedom.
The principal features seen in Fig. 4 also appear in
solutions with the same ITCZ forcing when the barotropic vorticity equation is linearized about ASO 300-mb
climatology rather than at 200 mb. Some details of the
vorticity composites are not reproduced, such as the
local vorticity anomaly extending northeastward from
the Iberian Peninsula; still, the solutions of the linearized barotropic vorticity equation indicate that the ASO
El Niño minus La Niña anomalies in the NAA jet and
over the Sahel may be explained to large extent by a
Rossby wave response to El Niño–related convective
forcing along the ITCZ.
Figure 5 focuses on the Atlantic basin response and
presents both the same vorticity solution (as in Fig. 4)
and also the nondivergent zonal wind perturbation response derived from this vorticity solution. Positive
vorticity anomalies are evident at the mouth of the
NAA jet over the MDR. These positive anomalies
strengthen to the east-northeast over North Africa. The
shape and orientation of the vorticity solution over the
tropical Atlantic roughly matches the El Niño minus

La Niña composite anomalies of 200-mb relative vorticity
presented in Fig. 2a, with the exception of near-equatorial
vorticity anomalies in the observed composite that are
related to a Walker circulation response to Pacific
heating that cannot be captured by our barotropic
model.
The nondivergent zonal wind solution shows increased zonal winds over the entire Atlantic basin north
of 108N. Aspects of this solution capture features seen in
the El Niño minus La Niña ASO 200-mb zonal wind
composite (Fig. 2b). Specifically, the zonal wind anomalies are dominated by a westerly anomaly outside the
NAA jet region centered at 308N and 608W (Fig. 5b),
which is also present in the zonal wind composite (Fig.
2b), albeit farther to the west. Stronger westerly wind
anomalies associated with the NAA jet structure are
also evident east of 208W (Fig. 5b); these anomalies are
again shifted slightly to the east of the observed composite anomalies (Fig. 2b).
Some zonal wind features are not captured by the
nondivergent zonal wind solution of the linearized barotropic vorticity equation. South of 88N there is little
wind response in the region of the Walker circulation.
This lack of response is expected, as the linearized
barotropic vorticity equation is unable to represent the
baroclinic dynamics of this circulation. In effect, solutions of the linearized barotropic vorticity equation filter out wind anomaly responses due to the Walker
circulation.
To investigate whether other regions with strong
ENSO-related precipitation anomalies might also produce a similar vorticity response within the NAA jet,
additional experiments were performed. Specifically,
convergent forcing over Indonesia and divergent forcing over the southern Pacific convergence zone (SPCZ;
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FIG. 5. (a) Perturbation vorticity response of the barotropic vorticity equation linearized about the time-mean ASO 200-mb
streamfunction with a forcing at 108N–08, 1608–2808E. (b) Nondivergent zonal wind derived from the vorticity solution. CI is 2 3 1026 s21
in (a) and 1 m s21 in (b). The zero contour is thickened; negative contours are dashed. The box highlights the MDR.

208S–08, 1608–2008E)—where precipitation during ASO
El Niño events decreases and increases, respectively
(Fig. 3)—were applied in turn to the barotropic vorticity
equation linearized about 200-mb ASO climatology.
Neither of these forcings produced a positive vorticity
response within the NAA jet. These findings indicate
that it is the divergence anomalies along the ITCZ, due
to the increased deep convection associated with ASO
ENSO variability, that produce the positive vorticity
anomalies within the NAA jet.

b. Sponge-layer experiments
The canonical view of tropical-to-extratropical communication in the atmosphere is that of stationary barotropic Rossby waves with poleward and eastward group
velocities (i.e., energy propagation) excited by convection in the tropics (Hoskins and Karoly 1981). These
thermally forced waves may be subject to modification
and reinforcement from a variety of effects, including
synoptic-scale transients (Held et al. 1989; Trenberth

et al. 1998), components of the climatological stationary
wave field (Simmons et al. 1983; Hoerling and Ting
1994), subtropical convergence associated with the initial
thermal forcing (Held and Kang 1987), and orographic
effects (Nigam and DeWeaver 1998). These effects appear generally to reinforce such Rossby wave trains.
There is no clear wave train emanating from the
equatorial Pacific in the ASO El Niño minus La Niña
vorticity composites, though there are some alternating
positive and negative vorticity anomalies over North
America (Figs. 1 and 2a), nor is there a clear pattern in
the ITCZ-forced solution of the linearized barotropic
vorticity equation (Fig. 4). In a zonally asymmetric environment, stationary barotropic Rossby waves can
propagate either eastward or westward (Karoly 1983;
Shaman and Tziperman 2007). To diagnose how the
Rossby wave disturbance reaches the NAA jet, we added
pole-to-pole bands of high damping (sponge layers) to
different longitudes of the atmosphere while solving the
linearized barotropic vorticity equation. These sponge
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FIG. 6. Perturbation vorticity response of the barotropic vorticity equation linearized about the time-mean ASO 200-mb streamfunction with a forcing at 108N–08, 1608–2608E and damping centered at (a) 908W and (b) 1508E. CI is 2 3 1026 s21 between 61 3 1025 s21
and 5 3 1026 s21 at more extreme values. The zero contour is thickened; negative contours are dashed.

layers are areas of high Rayleigh damping where a in
Eq. (4.1) is locally increased. Disturbances encountering these areas of high damping are quickly reduced to
nominal amplitude. The sponge layers have the effect of
blocking all eastward propagation, when applied to the
east of the ITCZ forcing (damping centered at 908W), or
blocking all westward propagation, when applied to the
west of the ITCZ forcing (damping centered at 1508E).
Figure 6 shows solutions with these two sponge layers
of the barotropic vorticity equation, again linearized
about ASO 200-mb streamfunction climatology and
forced along the ITCZ. (Note: to avoid interfering with
the MDR, the sponge layer to the east of the ITCZ
forcing was centered at 908W. This placement necessitated reducing the ITCZ forcing extent slightly to 108N–08
and 1608E–1008W. Results were similar with the full
108N–08 and 1608E–808W forcing, which extends into
the sponge layer.) With damping to the east of the ITCZ
forcing (908W) there is a strong positive vorticity response in the NAA jet, including over the tropical At-

lantic at the mouth of the NAA jet (Fig. 6a). Negative
vorticity anomalies also develop over the Sahel. Between 508N and 08, the pattern correlation between this
forced solution (Fig. 6a) and the ENSO vorticity composite (Fig. 1) is r 5 0.32, which is significant at p , 0.05
using a conservative estimate of 50 degrees of freedom.
With damping to the west of the ITCZ forcing (1508E)
there is northward and eastward propagation of stationary barotropic Rossby waves, but there is little
vorticity response in the NAA jet or over tropical
Atlantic (Fig. 6b).
These solutions indicate that the ASO El Niño minus
La Niña vorticity composite anomalies in the NAA jet are
the result of westward-propagating stationary barotropic
Rossby waves initiated by El Niño event convective activity over the equatorial Pacific Ocean. Experiments
with sponge layers centered at 1508E but restricted to
specific latitudes indicate that it is damping between 508N
and 08 that disrupts the vorticity response in the NAA jet
(not shown). These findings are consistent with previous
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work on the response of the NAA jet to ENSO variability
during July–September (Shaman and Tziperman 2007).
Figure 7 focuses on the Atlantic basin response and
presents the same vorticity solutions (as in Fig. 6) and
the nondivergent zonal wind perturbation responses
derived from these vorticity solutions. Over the tropical
Atlantic, the structure of both the vorticity and nondivergent zonal wind solutions in the presence of
damping to the east (Figs. 7a,c) resemble the shape and
orientation of the El Niño minus La Niña composite
anomalies presented in Figs. 2a,b. In fact, these eastwarddamped solutions better resemble the composites than
the undamped solutions presented in Fig. 5. Between
508N and 08, the pattern correlation with the ENSO
200-mb wind composite is r 5 0.30, which is significant
at p , 0.05 using a conservative estimate of 50 degrees
of freedom, for the eastward-damped solution (Fig. 7c).
Over the MDR and for this forcing strength, the westward-propagating signal produces 200-mb nondivergent
zonal wind anomalies that range from 0.9 to 7.4 m s21
and average 3.9 m s21 (Fig. 7c). In contrast, the eastward-propagating anomalies produce weakly negative
200-mb nondivergent zonal wind anomalies (Fig. 7d).
Again, the equatorial response of the Walker circulation is absent, as baroclinic dynamics cannot be represented by the linearized barotropic vorticity equation.

5. Theoretical basis for westward-propagating
stationary barotropic Rossby waves
Much of the perturbation response of the linearized
barotropic vorticity equation can be understood in
terms of Rossby wave propagation. Atmospheric teleconnections are often described as stationary barotropic
Rossby waves (e.g., Trenberth et al. 1998), and the climate literature is rich with examples indicating polewardand eastward-propagating signals emanating from the
tropics to extratropics (e.g., Hoskins and Karoly 1981).
However, stationary barotropic Rossby waves with
westward-propagating group velocities are less commonly discussed, so our finding of a westward-propagating vorticity response merits some further discussion.
We begin by examining zonally symmetric flow. Using
a Mercator projection of a sphere, the dispersion relation
for Doppler-shifted barotropic Rossby plane wave perturbations of the form exp[i(kx 1 ly 2 vt)] is (Hoskins
and Karoly 1981)
  b k ,
v 5 Uk
K2

(5.1)

q/›y is the time-mean meridional gradient
where b 5 ›
of absolute vorticity; q 5 f 1 z is the time-mean abso-
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lute vorticity; f is the planetary vorticity; z is the timemean relative vorticity; U is the time-mean zonal wind;
and K is the total wavenumber, defined as K 5 (k2 1 l2)1/2.
For stationary waves, v 5 0, such that the phase speed
and group velocity are
v
b
5 U  2 5 0,
k
K

(5.2a)

›v
b
2b k2
2b k2
5 U  2 1 4 5 4 .
›k
K
K
K

(5.2b)

Thus, for a zonally symmetric flow, stationary barotropic Rossby wave group velocity is positive definite
[Eq. (5.2b)], implying eastward energy propagation.
Karoly (1983) extended the above analysis to zonally
varying flow linearized about a time-mean basic state. In
this instance, the Doppler-shifted dispersion relation for
Rossby plane wave propagation is
 1 Vl
 1
v 5 Uk

qx l  qy k
K2

,

(5.3)

where V is the time-mean meridional wind and ›
q/›x is
the time-mean zonal gradient of absolute vorticity. The
group velocity of these waves, cg 5 (ug, y g), is
ug 5

(k2  l2 )
qy  2klqx
›v
5 U 1
,
›k
K4

(5.4a)

yg 5

2klqy 1 (k2  l2 )
qx
›v
.
5 V 1
4
›l
K

(5.4b)

Here, the zonal group velocity [Eq. (5.4a)] is no longer positive definite. Thus, zonally varying flow can
admit both eastward- and westward-propagating stationary barotropic Rossby waves. The direction of propagation depends on the time-mean zonal wind, the
zonal and meridional wavenumbers of the Rossby wave,
and the time-mean gradients of absolute vorticity.
Hoskins and Ambrizzi (1993) discuss a second type of
westward stationary barotropic Rossby wave propagation, which is possible in both zonally symmetric and
varying flows. These authors found that many of their
integrations of the linearized barotropic vorticity equation produced rapid westward propagation of a singlesigned vorticity anomaly (e.g., upstream of the forcing).
Hoskins and Ambrizzi (1993) posited that these movements were very low zonal wavenumber Rossby waves.
This behavior can be derived from either Eq. (5.1) for
zonally symmetric time-mean flows or Eq. (5.3) for
zonally varying time-mean flows. In the limit of a long
zonal wavelength (i.e., k/0), Rossby wave zonal group
velocity approaches
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FIG. 7. (a),(c) Perturbation vorticity response of the barotropic vorticity equation linearized about the timemean ASO 200-mb streamfunction with a forcing at 108N–08, 1608–2608E and damping centered at 908W in (a)
and 1508E in (c). (b),(d) Nondivergent zonal wind derived from the vorticity solutions in (a) and (c), respectively. CI is 2 3 1026 s21 in (a) and (c); 2 m s21 in (b) and (d). The zero contour is thickened; negative contours
are dashed. The box highlights the MDR.
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FIG. 8. Here U  b /l2 for 1949–2006 200-mb ASO NCEP–NCAR reanalysis climatology. The climatology is zonally smoothed
(wavenumbers 0–8). The CI is 7 m s21. Negative contours are dashed; positive contours are filled; the zero contour is thickened.
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(5.5)

Equation (5.5) admits rapid westward propagation of a
single-signed wave in areas of large meridional gradients
of absolute vorticity. The largest meridional gradients of
absolute vorticity occur within jets, such as the NAA jet.
Thus, Rossby wave theory suggests that we might find
single-signed westward-propagating stationary barotropic Rossby waves within jet structures should
U , b /l2 . Figure 8 plots the quantity U  b /l2 for ASO
200-mb and a Rossby wave with meridional half wavelength (p/l) of 3 3 106 m. Indeed, strong negative values
of U  b /l2 are evident along the core of the NAA jet.
Figure 9 shows the vorticity solution for days 1–4 of
the time-marching integration of the barotropic vorticity equation linearized about 200-mb ASO climatology
and forced along the ITCZ over the equatorial Pacific
Ocean. The westward propagation of positive vorticity
anomalies within the NAA jet, as well as of negative
anomalies to the south of the jet, is clearly seen.
Between days 1 and 4, the first positive vorticity
anomaly contour within the NAA jet travels approximately 1008 in longitude westward (from 1708W to 908E).
Along the path taken by this positive vorticity anomaly
contour, the group velocity in the low zonal wavenumber
limit (i.e., U  b /l2 ) is on average 232 m s21. The wave
is roughly centered at 428N. At this latitude, a Rossby
wave with group velocity of 232 m s21 should travel
1008 longitude westward in about 3 days, matching the
modeled rate (Fig. 9).
These findings provide further evidence that westwardpropagating stationary barotropic Rossby waves of very
low zonal wavenumber are indeed responsible for the
vorticity anomalies observed in the NAA jet, and that
these waves develop in response to boreal summer
El Niño conditions. Specifically, El Niño–related rainfall
produces divergence over the equatorial Pacific, which
produces disturbances over the entire Pacific basin. Over

the North Pacific these anomalies excite very low zonal
wavenumber Rossby waves within the NAA jet, as shown
in Fig. 9 and predicted by Rossby wave theory.

6. Monthly analyses
a. Composite analyses and solutions of the linearized
barotropic vorticity equation
To better understand the relative importance of the
eastward- and westward-propagating stationary barotropic Rossby wave responses to El Niño event forcing,
as well as their impact on upper-tropospheric winds over
the tropical Atlantic, we repeat our analyses on a monthby-month basis. The NAA jet migrates seasonally and
is farthest north in boreal summer and farthest south
in boreal winter. Figure 10 presents monthly 200-mb
zonal wind climatologies for August, September, and
October. Indeed, for these three months the NAA jet is
farthest north during August, and by October it has
migrated approximately 108 southward. This variable
monthly position indicates that the effects of disturbances within the NAA jet on Atlantic basin wind shear
and tropical cyclogenesis may vary by month as well.
Figures 11 and 12 present El Niño minus La Niña
composites of 200-mb relative vorticity, 200-mb zonal
wind, and 200–850-mb zonal wind vertical shear for
August, September, and October. In all three months,
the vorticity composites show the same structure with
negative vorticity anomalies over the Sahel and to the
west off the coast of Africa. To the north, there are
positive vorticity anomalies along the core of the NAA
jet over the Atlantic. For September the positive anomalies within the NAA jet appear discontinuous (Fig.
11c). By October, the NAA jet and the anomalies within
it have migrated 108 southward (Fig. 11e).
The monthly 200-mb zonal wind composites reveal
positive (westerly) anomalies to the south of the NAA jet
core. In August and October, negative (easterly) anom-
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FIG. 9. Days 1–4 of the time-integrated solution of the barotropic vorticity equation linearized about 1949–2006 200-mb ASO NCEP–
NCAR reanalysis climatology and forced along the ITCZ (108N–08, 1608–2808E). The climatology is zonally smoothed (wavenumbers
0–8). The CI is 1 3 1026 s21. Negative contours are dashed; positive contours are filled; the zero contour is thickened.

alies lie to the north of the NAA jet core (Figs. 11b,f);
however, in September (Fig. 11d) there is only a small
center of negative wind anomalies, which is consistent
with the discontinuity in the vorticity composite (Fig. 11c).
During October, the composite 200-mb westerly wind
anomalies over the MDR visibly weaken and, over some

portions of the MDR, are easterly. The composites of
vertical shear of the zonal winds are similar to the 200-mb
zonal wind composites. Over the MDR the wind shear
increases with El Niño conditions during August and
September (Figs. 12a,b), but appears to weaken during
October (Fig. 12c). Based on these plots, we would expect
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FIG. 10. NCEP–NCAR reanalysis 1949–2006 monthly 200-mb zonal wind climatologies for (a) August, (b) September, and (c) October.
CI is 5 m s21. The zero contour is thickened; negative contours are dashed.

tropical cyclogenesis to be strongly modulated by ENSO
conditions during August and September, but not
October.
Figure 13 presents forced solutions of the barotropic
vorticity equation linearized about August, September,
and October 200-mb streamfunction climatologies. In
each instance, the forcing is applied as for Fig. 4, and
there is no sponge-layer damping. During August (Fig.
13a), the vorticity solution includes positive vorticity
anomalies along the NAA jet core that extend over the
Atlantic to the Lesser Antilles. To the south and north
of the NAA jet there are negative vorticity anomalies.
North of 108N, positive (westerly) nondivergent zonal
wind anomalies are derived from the August vorticity
solution (Fig. 13b). The zonal wind anomalies include a
core of stronger winds along the southern flank of the
NAA jet over North Africa that reach into the MDR.
During September, the vorticity solution again includes positive vorticity anomalies within the NAA jet

(Fig. 13c); however, as with the September El Niño
minus La Niña composites of 200-mb relative vorticity
(Fig. 11c), the vorticity anomalies within the NAA jet
are discontinuous over the Atlantic Ocean. Similar to
August, during September westerly nondivergent zonal
wind anomalies are produced north of 108N (Fig. 13d).
The core of stronger westerly zonal winds along the
southern flank of the NAA jet barely extends west from
Africa to the eastern edge of the MDR.
During October, the NAA jet and the vorticity anomalies along the NAA jet core have moved farther south
and east (Fig. 13e). Negative vorticity anomalies now
exist over much of the tropical Atlantic Ocean. Both
easterly and westerly nondivergent zonal wind anomalies
can be found within the MDR (Fig. 13f).
The monthly vorticity solutions (Figs. 13a,c,e) capture
a number of the features evident in the monthly El Niño
minus La Niña composites of vorticity (Figs. 11a,c,e),
including the positive anomalies within the NAA jet
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FIG. 11. Regional composite maps of monthly NCEP–NCAR reanalysis 200-mb relative vorticity and zonal wind based on monthly
El Niño minus La Niña event years, using the Niño-3 record (6 1 std dev). August El Niño years are 1951, 1957, 1963, 1965, 1972, 1976,
1982, 1983, 1987, and 1997. August La Niña years are 1954, 1964, 1967, 1970, 1973, 1975, 1978, 1988, and 1999. September El Niño years are
1951, 1953, 1957, 1963, 1965, 1969, 1972, 1976, 1979, 1982, 1987, 1997, 2002, and 2006. September La Niña years are 1949, 1950, 1954, 1955,
1961, 1964, 1967, 1970, 1973, 1975, 1988, and 1999. October El Niño years are 1951, 1963, 1965, 1969, 1972, 1976, 1982, 1987, 1991, 1997,
2002, and 2006. October La Niña years are 1949, 1955, 1967, 1970, 1973, 1975, 1988, and 1999. Left column contour interval is 2 3 1026 s21.
Right column CI is 1 m s21. In all plots, the zero contour is thickened; negative contours are dashed. Boxes highlight the MDR.

and the negative anomalies to the north and south of the
jet, as well as the monthly migration of this vorticity
anomaly pattern to the southeast as the season progresses. Consistent with the ASO vorticity solution (Fig.
5), the equatorial response of the Walker circulation
cannot be represented by the linearized barotropic
vorticity equation solutions.
While the monthly vorticity solutions capture the
salient features of the monthly El Niño minus La Niña
vorticity composites in observations, the monthly nondivergent zonal wind solutions (Figs. 13b,d,f) are not as
well matched to observations (Figs. 11b,d,f). The winds
associated with the Walker circulation south of 108N, as
would be expected, are not captured by the solutions of
the linearized barotropic vorticity equation, and are
responsible for much of the discrepancy between the
model solutions and the observed composites of zonal
wind. However, some features of the composites are
captured; specifically, both the monthly nondivergent
zonal wind solutions and zonal wind composites feature
maximal anomalies along the southern flank of the NAA
jet that move southeast with the migration of the jet.

Figure 14 presents vorticity solutions of the barotropic vorticity equation again linearized about August,
September, and October 200-mb streamfunction climatologies and forced along the ITCZ, but in which
sponge-layer damping has been applied to the east of
the forcing. (Note: the damping at 908W with the September climatology produced a peculiar resonance and
solution. Shifting the sponge layer east or west eliminated this problem. The solutions were similar regardless of the direction the sponge layer was shifted.)
During all 3 months with damping to the east of the
forcing (at 908 or 1058W), there is a strong positive
vorticity response along the NAA jet core, which extends over the Atlantic Ocean to the Caribbean Sea.
The position of the NAA jet is farthest north during
August and farthest south during October. During all
3 months, over the Atlantic and West Africa to the
south and north of the NAA jet core there are also
negative vorticity anomalies. These solutions indicate
that, on a monthly basis, much of the El Niño event
vorticity response over the Atlantic is due to westwardpropagating stationary barotropic Rossby waves. These
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FIG. 12. Regional composite maps of monthly NCEP–NCAR reanalysis 200–850-mb zonal wind shear based on monthly El Niño minus La Niña event years, using the Niño-3 record (61 std dev). ASO
El Niño and La Niña event years are as in Fig. 11. CIs are 1 m s21.
Negative contours are dashed; the zero contour is thickened.
Boxes highlight the MDR.

findings are corroborated by time integrations of the
linearized barotropic vorticity equation (not shown).
With damping to the west of the forcing (1508E), the
vorticity solution changes by month (Fig. 15). During
August, there is limited response over the tropical Atlantic Ocean (Fig. 15a). During September, the response
over the tropical Atlantic Ocean remains muted (Fig.
15b); however, to the north at higher latitudes there are
eastward-propagating stationary Rossby waves (as seen
in Fig. 6b). During October, eastward-propagating stationary Rossby waves reach the tropical Atlantic basin
and produce substantial vorticity anomalies (Fig. 15c).
These vorticity anomalies include a prominent negative
vorticity anomaly over the MDR, which is approximately equal and opposite to the positive vorticity
anomaly produced by the westward signal over the same
area (Fig. 14c).
These monthly differences indicate that, during boreal summer, El Niño–related changes to Atlantic basin
upper-tropospheric vorticity are mostly mediated by
westward-propagating stationary barotropic Rossby
waves. These waves are initiated over the equatorial
Pacific Ocean by El Niño event convective activity and
produce vorticity changes along the NAA jet core and to
its north and south over the Atlantic Ocean. However, as
the year progresses, changes in upper-tropospheric climatology during boreal autumn admit an additional
eastward-propagating Rossby wave response to El Niño
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event divergence that reaches the tropical Atlantic basin
(Fig. 15c). These eastward-propagating waves destructively interfere with the westward Rossby wave response.
Figure 16 shows the nondivergent wind solutions derived from the vorticity solutions presented in Figs. 14
and 15. With damping to the east of the forcing (Figs.
16a,c,e), the westward-propagating stationary barotropic
Rossby wave response produces westerly zonal wind
anomalies over the entire tropical Atlantic north of the
equator. During September, because of the latitudinal
position of the NAA jet core during that month, the
strongest westerly anomalies are produced within the
MDR (Fig. 16c). The eastward-damped 200-mb nondivergent zonal wind solutions for August and September (Figs. 16a,c) reproduce many of the features
observed in the NCEP–NCAR reanalysis El Niño minus La Niña August and September 200-mb zonal wind
composites (Figs. 11b,d), including the westerly wind
anomaly maximum east of the Carolinas, the westerly
maximum extending from West Africa over the MDR,
and the relative minimum in between these two maxima.
For October (Fig. 16e), the eastward-damped 200-mb
nondivergent zonal wind solution produces many of the
same features, though shifted farther south and east;
however, the NCEP–NCAR reanalysis El Niño minus
La Niña October 200-mb zonal wind composite is
dominated by the minimum of easterly wind anomalies,
which has expanded over much of the subtropical Atlantic northwest of the MDR (Fig. 11f).
With damping to the west of the forcing, the eastwardpropagating stationary barotropic Rossby wave response
produces slight easterly 200-mb zonal wind anomalies
during August over much of the Atlantic, including the
MDR (Fig. 16b). During September, the eastward
Rossby wave signal produces westerly wind anomalies
over much of the Atlantic north of 108N; however, over
the MDR weak westerly and easterly anomalies are
produced (Fig. 16d). During October, the eastwardpropagating Rossby waves produce considerable westerly anomalies over the north subtropical Atlantic and
easterly anomalies over the tropical Atlantic (Fig. 16f).

b. Ray tracing
We also performed ray tracing using monthly climatological conditions. We found this technique valuable
for identifying eastward-propagating Rossby wave activity; however, we were unable to initiate the ultralowfrequency waves described in section 5. This inability
to trace these waves likely reflects their peculiar zonal
wavenumber (i.e., k/0). Two-dimensional ray tracings
of larger initially integer zonal wavenumber (k 5 2–7)
Rossby waves were performed following (Karoly 1983).
These waves were initiated over the Pacific ITCZ
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FIG. 13. Perturbation vorticity and nondivergent zonal wind response of the barotropic vorticity equation with a forcing at 108N–08, 1608–
2808E linearized about the 200-mb streamfunction climatology for (a),(b) August; (c),(d) September; (e),(f) October. Left column CI is
2 3 1026 s21. Right column CI is 1 m s21. In all plots, the zero contour is thickened; negative contours are dashed. Boxes highlight the MDR.

(between 108N and 08 and 1608 and 2808E) where El
Niño–related precipitation and upper-tropospheric divergence anomalies are greatest.
Figure 17 shows the results of ray tracings initiated at
the same 22 locations along the ITCZ for August, September, and October backgrounds. The results confirm
that the later months of the hurricane season admit
eastward-propagating waves, whereas August does not.
In fact, there is a progression that is consistent with the
results of the experiments with the linearized barotropic
vorticity equation with sponge layers. Specifically, August produces no rays propagating to the Northern
Hemisphere subtropical Atlantic; instead, all Rossby
waves propagate southward, either remaining in the
tropics or penetrating the extratropics. September finds
northward and eastward propagation from a very limited area of the Pacific (108N, 120–1158W). October
admits Rossby wave propagation to the Atlantic from a
large region of the eastern equatorial Pacific (7.58–108N,
1208–1008W). These October ray traces propagate either
over the United States and into the Atlantic or across
Mexico into the Gulf and Caribbean. The changes in
barotropic Rossby wave propagation as the season progresses reflect changes in the zonal winds (not shown).

From August to October, there is a slackening of the
upper-tropospheric easterlies over the equatorial Pacific.

7. Atlantic basin monthly storm activity
The findings of the preceding section indicate that
monthly differences in eastward-and westward-propagating
stationary barotropic Rossby wave response to El Niño
event convective activity over the equatorial Pacific
Ocean exist. In addition, on a monthly basis these differences have consequences for the large-scale Atlantic
basin environment in which tropical cyclogenesis occurs. This finding suggests that monthly differences in
hurricane activity response to ENSO variability should
be manifest.
To examine this possibility, we analyzed differences
in Atlantic basin cyclogenesis. Figure 18 displays the
initial track positions of Atlantic basin tropical storms
during 1856–2002 for years with ASO El Niño events
and ASO La Niña events. The initial track position of
the majority of these storms is as either a tropical depression or a tropical storm, and therefore gives some
indication of the location of cyclogenesis. In addition,
six subbasins of the Atlantic are defined and mapped
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FIG. 14. Perturbation vorticity response of the barotropic vorticity equation with a forcing at 108N–08, 1608–2608E linearized about (a)
August with damping centered at 908W, (b) September with damping centered at 1058W, and (c) October with damping centered at 908W.
CI is 2 3 1026 s21. The zero contour is thickened; negative contours are dashed.
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FIG. 15. Perturbation vorticity response of the barotropic vorticity equation with a forcing at 108N–08, 1608–2608E linearized about
(a) August with damping centered at 1508E, (b) September with damping centered at 1508E, and (c) October with damping centered at
1508E. CI is 2 3 1026 s21. The zero contour is thickened; negative contours are dashed.
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FIG. 16. Nondivergent zonal winds derived from the vorticity solutions presented in Figs. 14 and 15. (a) August with damping centered
at 908W, (b) August with damping centered at 1508E, (c) September with damping centered at 1058W, (d) September with damping
centered at 1508E, (e) October with damping centered at 908W, and (f) October with damping centered at 1508E. CI is 1 m s21. The zero
contour is thickened; negative contours are dashed. Boxes highlight the MDR.

(Fig. 18c). These subbasins include the MDR, the Gulf
of Mexico, the Caribbean, the southwest Atlantic, the
open Atlantic, and the larger main development region
(LMDR), which includes the MDR, the Caribbean, and
parts of the Gulf and southwest Atlantic regions.
Figure 19 shows the monthly change in El Niño minus
La Niña composite anomalies of 200-mb zonal wind and
200–850-mb zonal wind vertical shear averaged over
these six subbasins. With the exception of the open
Atlantic subbasin, from July to November there is a
general decrease in both the 200-mb zonal wind and
wind shear composite anomalies. The ENSO-related
shear composite anomaly is greatest and conditions are
least favorable for tropical cyclogenesis during July. As
the season progresses, the effect of ENSO conditions on
Atlantic basin wind shear diminishes. This decrease in
shear anomaly response over the subtropical Atlantic basin coincides with the increasing penetration of eastwardpropagating stationary barotropic Rossby waves during

September, October, and November (Figs. 15 and 17;
November not shown).
Table 1 presents bootstrapped significance test results
comparing the number of Atlantic basin tropical cyclones initiated in each basin within the Atlantic during
El Niño and La Niña years. During ASO, fewer tropical
storms form within the entire Atlantic, the MDR, the
LMDR, and the Caribbean during ASO El Niño event
years ( p , 0.05). However, on a month-by-month basis
differences are evident. Within the MDR, it is only
during September that a statistically significant difference between El Niño and La Niña event years exists.
During October, on average more storms form in the
MDR during El Niño event years, though this difference is not statistically significant. These changes
in MDR hurricane activity response to ENSO variability are consistent with the monthly changes in wind
shear observed for that region (Figs. 12 and 19). These
monthly differences in MDR hurricane activity response
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FIG. 17. Rossby wave ray tracing with 200-mb (top) August, (middle) September, and
(bottom) October climatologies. All tracings were initiated with zonal wavenumber 5 and
integrated for 15 days. For each monthly climatology, rays were initiated at the same 22
locations along the ITCZ.

to ENSO variability are also consistent with the forced
solutions of the barotropic vorticity equation linearized
about monthly climatologies. Specifically, the westwardpropagating stationary barotropic Rossby waves produce their maximum westerly 200-mb nondivergent
zonal wind anomalies over the MDR during September
(Fig. 16c); these same westward-propagating waves
generate much reduced westerly 200-mb nondivergent
zonal wind anomalies over the MDR during October
because of the southward migration of the NAA jet
(Fig. 16e). In addition, during October, the eastwardpropagating stationary barotropic Rossby waves reach
the tropical Atlantic and produce an easterly 200-mb
nondivergent zonal wind anomaly response over much
of the MDR (Fig. 16f) that cancels much of the response
due to the westward-propagating waves.

During August El Niño events, significantly fewer
storms form over the entire Atlantic basin and the
LMDR. During September El Niño events, significantly fewer storms form over the entire Atlantic basin, the MDR, and the LMDR. None of the subbasins
exhibit a statistically significant ENSO-related difference in tropical cyclogenesis during October. These
changes in hurricane activity response to ENSO variability from September to October are consistent with
the observed monthly changes in zonal wind vertical
shear over the Atlantic (Fig. 12). During September
El Niño events zonal wind vertical shear increases over
the MDR and LMDR (Figs. 12b and 19), and during
October El Niño events zonal wind shear anomalies
are on average near zero in these regions (Figs. 12c
and 19).
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FIG. 18. (a) Initial locations of tracked Atlantic basin tropical cyclones during ASO El Niño
event years, using the Niño-3 record (6 1 std dev); ASO El Niño event years are 1864, 1865,
1866, 1868, 1877, 1888, 1896, 1899, 1902, 1905, 1914, 1918, 1925, 1930, 1951, 1957, 1963, 1965,
1969, 1972, 1976, 1982, 1987, 1997, and 2002. (b) Initial locations of tracked Atlantic basin
tropical cyclones during ASO La Niña event years, using the Niño-3 record (6 1 std dev); ASO
La Niña event years are 1869, 1872, 1874, 1886, 1889, 1892, 1893, 1916, 1922, 1924, 1933, 1942,
1949, 1954, 1955, 1964, 1967, 1970, 1973, 1975, 1988, and 1999. (c) Subbasins of the Atlantic as
defined for this study: MDR (108–208N, 50–208W); the Gulf (17.58–27.58N, 1008–808W); the
LMDR (108–258N, 1008–208W); the Caribbean (108–208N, 908–608W); the southwest Atlantic
(208–358N, 808–508W); the open Atlantic (258–508N, 508–208W).

8. Discussion
In this paper, we have investigated the dynamics of
the association between ENSO and Atlantic basin
hurricanes. Our principal findings are as follows:

1) During the Atlantic basin hurricane season El Niño
convective activity over the equatorial Pacific Ocean
initiates westward-propagating stationary barotropic
Rossby waves that produce upper-tropospheric vorticity responses within and to the north and south of
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FIG. 19. Monthly NCEP–NCAR reanalysis El Niño minus La Niña event year composites of
(left) 200-mb zonal wind and (right) 200–850-mb vertical shear of the zonal winds, averaged
over 6 subbasins. The subbasin domains are as in Fig. 18. Monthly ENSO event years are
defined using the Niño-3 record (61 std dev). The ASO El Niño and La Niña years are as
defined in Fig. 11. July El Niño years are 1951, 1957, 1963, 1965, 1972, 1982, 1983, 1987, 1991,
and 1997. July La Niña years are 1949, 1954, 1964, 1970, 1973, 1975, 1978, 1985, 1988, and 1999.
November El Niño years are 1951, 1957, 1965, 1969, 1972, 1976, 1982, 1986, 1987, 1991, 1994,
1997, 2002, and 2006. November La Niña years are 1949, 1955, 1970, 1973, 1975, 1988, and 1999.

the NAA jet that extend over tropical Atlantic and
MDR. These vorticity responses produce uppertropospheric nondivergent westerly wind anomalies
over the tropical Atlantic. The wind anomalies increase zonal wind vertical shear during summertime
El Niño events, which inhibits tropical cyclogenesis
in much of the Atlantic basin.
2) El Niño convective activity over the equatorial Pacific
Ocean also initiates eastward-propagating stationary
barotropic Rossby waves that penetrate farther east
as the hurricane season progresses. By October,
these waves produce substantial vorticity anomalies
over the tropical Atlantic, some of which may destructively interfere with the vorticity response produced by the westward-propagating stationary barotropic Rossby waves. This interference, coupled with
the southward migration of the NAA jet, greatly diminishes the upper-tropospheric nondivergent westerly wind anomalies over the tropical Atlantic and
MDR. As a consequence, modulation of zonal wind
vertical shear in this region by ENSO variability is
negligible during the month of October.
3) September is the month in which Atlantic basin
tropical cyclogenesis is most affected by ENSO
variability. This sensitivity is due to the latitudinal
position of the NAA jet, which lies on the northern
edge of the MDR and LMDR during September. At
this latitude, the positive vorticity anomalies along the
NAA jet core, produced by the westward-propagating
stationary barotropic Rossby waves, produce strong
nondivergent westerly wind anomalies directly over

the MDR and LMDR and thus most directly inhibit
tropical cyclogenesis.
4) Atlantic basin tropical cyclogenesis is not affected by
ENSO variability during October. Two factors appear to contribute to this insensitivity: 1) the destructive interference of eastward-propagating stationary barotropic Rossby waves penetrating the
tropical Atlantic during October and disrupting the
westward-propagating stationary barotropic Rossby
wave response; 2) the more southerly latitudinal
position of the NAA jet during October, such that
vorticity disturbances within the jet produce their
strongest westerly wind anomalies to the south of
(outside) the MDR.
5) Month-to-month changes in hurricane activity response to ENSO variability (i.e., peak modulation in
September, followed by little response in October)
match monthly ENSO-related changes to uppertropospheric vorticity, zonal winds, and zonal wind
vertical shear.
Our findings describe the atmospheric dynamics through
which ENSO may influence tropical Atlantic basin upper-tropospheric winds during the hurricane season and
how this influence changes on a monthly basis. Our analyses highlight the roles of stationary barotropic Rossby
waves and the NAA jet in modulating zonal wind vertical shear over the MDR. It is somewhat surprising
that such a simple model, the linearized barotropic
vorticity equation, produces results significantly correlated with observations. This simple model neglects
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TABLE 1. Bootstrapped significance tests comparing the numbers of storms initiated in each basin and time period for El Niño and
La Niña years, where El Niño and La Niña are defined by 1 std dev the ASO Niño-3 SST index and of respective monthly Niño-3 SST
indices for individual months. A nonparametric Monte Carlo technique is used to bootstrap confidence intervals to establish significance.
Specifically, over the 147-yr record, we randomly draw years for El Niño and La Niña groupings. For example, for ASO, there are 25 yr
classified as El Niño events ($1 std dev of the Niño-3 index); we therefore randomly select 25 yr from the 147-yr record as our synthetic El
Niño grouping. We then repeat this for the 22 yr classified as La Niña events (#21 std dev of the Niño-3.0 index). We then calculate the
mean difference between the two groupings and then repeat this whole process 10 000 times. This generates a distribution of random
mean differences for ASO. Significance of the actual ASO mean difference is assessed based on this bootstrapped, synthetic distribution
of random mean differences. Values significant at p , 0.05 are in bold. Values close to zero are indicative of fewer storms during El Niño
events.
Time period

Whole Atlantic

MDR

Gulf

LMDR

Caribbean

Southwest Atlantic

Open Atlantic

ASO
July
August
September
October
November

0.0005
0.0474
0.0033
0.0051
0.1053
0.4369

0.0283
0.3664
0.1136
0.0017
0.7721
0.2019

0.0889
0.1025
0.0258
0.1372
0.6225
0.0663

0.0001
0.2057
0.0054
0.0003
0.1820
0.3377

0.0043
0.0260
0.1045
0.0364
0.0766
0.0214

0.4559
0.0614
0.4194
0.6167
0.0751
0.9154

0.1065
0.1268
0.4045
0.3801
0.3333
0.6436

moist processes, nonlinear interactions, and baroclinic
effects, including changes to the Walker circulation.
These effects need to be considered in future analyses to
provide a fuller picture of the ENSO–Atlantic basin
hurricane teleconnection.
The changes in upper-tropospheric conditions that
take place during the Atlantic basin hurricane season
and permit eastward-propagating stationary barotropic
Rossby wave penetration to the tropical Atlantic also
need to be explored further. It is conceivable that
seasonal changes in the subtropical Pacific or North
American jets occurring in boreal autumn are critical
for the development of these eastward-propagating
waves. The effects of submonthly atmospheric variability on this Rossby wave propagation also should be
explored. In addition, local heating anomalies within
the tropical Atlantic basin, including feedbacks from
tropical cyclones, may influence Atlantic basin conditions and need to be examined. For instance, on intraseasonal time scales, reduced precipitation along the
Atlantic ITCZ is associated with enhanced shear in the
MDR (Maloney and Shaman 2008).
ENSO variability only accounts for a portion of Atlantic
basin hurricane activity (Shapiro 1987; Goldenberg and
Shapiro 1996). Other large-scale environmental factors,
including sea level pressure anomalies (Shapiro 1982b),
the quasi-biennial oscillation (Shapiro 1982a; Gray
1984; Shapiro 1989), Sahel rainfall (Gray 1990; Landsea
and Gray 1992; Landsea et al. 1992), and MDR SSTs
(Shapiro 1982b), are also associated with Atlantic basin
hurricane activity. However, it is possible that ENSOrelated changes in the upper atmosphere interact with
some of these other phenomena (e.g., Sahel rainfall).
A better understanding of the dynamics of the ENSO–
Atlantic basin hurricane teleconnection may help improve long-term forecasting of Atlantic basin hurricane

activity. It may also improve projections of such hurricane activity in a changing climate. If ENSO responds
to global warming by locking in one phase (El Niño or
La Niña), the associated effect on vertical wind shear over
the MDR might potentially offset or exacerbate any increase in Atlantic basin hurricane number or destructive
potential caused by rising SSTs (Emanuel 2005; Webster
et al. 2005). In fact, increased tropical Atlantic zonal
wind vertical shear is projected over the twenty-first
century (Vecchi and Soden 2007).
Our findings indicate that the response of Atlantic
basin zonal wind vertical shear to ENSO variability
results from a balance of competing effects because of
westward- and eastward-propagating stationary barotropic Rossby waves. Changes to upper-tropospheric
conditions due to global warming could have a profound
impact on the ability of the eastward-propagating stationary barotropic Rossby waves to reach the tropical
Atlantic. Such changes would then alter Atlantic basin
zonal wind vertical shear and hurricane activity responses to ENSO variability. The results presented here
offer the opportunity for dynamical exploration of these
possibilities.
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