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ABSTRACT

Atlantic tropical cyclone (TC) activity is influenced by interannual tropical Pacific sea surface temperature
(SST) variability characterized by the El Nino-Southern Oscillation (ENSO), as well as interannual-to-
decadal variability in the interhemispheric gradient in tropical Atlantic SST characterized by the Atlantic
meridional mode (AMM). Individually, the negative AMM phase (cool northern and warm southern tropical
Atlantic SST anomalies) and El Nino each inhibit Atlantic TCs, and vice versa. The impact of concurrent
strong phases of the ENSO and AMM on Atlantic TC activity is investigated. The response of the atmospheric
environment relevant for TCs is evaluated with a genesis potential index.

Composites of observed accumulated cyclone energy (ACE) suggest that ENSO and AMM can amplify or
dampen the influence of one another on Atlantic TCs. To support the observational analysis, numerical
simulations are performed using a 27-km resolution regional climate model. The control simulation uses
observed SST and lateral boundary conditions (LBCs) of 1980-2000, and perturbed experiments are forced
with ENSO phases through LBCs and eastern tropical Pacific SST and AMM phases through Atlantic SST.

Simultaneous strong El Nino and strongly positive AMM, as well as strong concurrent La Nina and negative
AMM, produce near-average Atlantic ACE suggesting compensation between the two influences, consistent
with the observational analysis. Strong La Nina and strongly positive AMM together produce extremely intense
Atlantic TC activity, supported largely by above average midtropospheric humidity, while strong El Nino and
negative AMM together are not necessary conditions for significantly reduced Atlantic tropical cyclone activity.

1. Introduction

Interannual variability in tropical Pacific sea surface
temperature (SST) characterized by the El Nino-Southern
Oscillation (ENSO) strongly influences Atlantic tropical
cyclone (TC) activity by inducing changes in tropospheric
vertical wind shear (Gray 1984; Goldenberg and Shapiro
1996) and upper tropospheric temperatures (Tang and
Neelin 2004) in the tropical Atlantic. Atlantic TC activity
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is also influenced by modes of Atlantic climate variability,
including the interannual-to-decadal Atlantic meridional
mode (AMM) (Vimont and Kossin 2007; Kossin and
Vimont 2007), which describes the meridional gradient
between northern and southern tropical Atlantic SST
(Chang et al. 1997; Servain et al. 1999; Chiang and Vimont
2004), and the Atlantic multidecadal oscillation (AMO)
(Landsea et al. 1999; Goldenberg et al. 2001; Vitart and
Anderson 2001), which describes North Atlantic SST
variability.

Different phases of the AMO can dampen or amplify
the effect of ENSO on Atlantic TC activity on multi-
decadal time scales (Bell and Chelliah 2006). Similarly
ENSO and AMO together provide a more complete
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explanation of TC variability in the Caribbean region
than the individual climate modes do (Klotzbach 2011).
On interannual to decadal time scales, the AMM ex-
hibits strong correlations with Atlantic TC activity and
explains twice as much variance compared with local
SST in the TC development region (Vimont and Kossin
2007). This work focuses on how interferences between
interannual tropical Pacific (ENSO) and Atlantic (AMM)
climate modes influence tropical cyclone variability in the
Atlantic basin.

The objective of this study is to address the following
questions. What is the impact of concurrent extreme
phases of ENSO and AMM on seasonal Atlantic TC
activity, and how do various phases of ENSO and AMM
together shape the atmospheric environment for At-
lantic TCs? In the next section we review observed re-
lationships between ENSO and Atlantic TC activity,
and AMM and Atlantic TC activity, followed by a de-
scription of the data and methodology used in this study.
The questions posed above are then investigated by
analyzing composites of observed Atlantic TC activity
according to ENSO and AMM phases. We also evaluate
Atlantic TC activity during rare extreme events that are
conceivably absent from the data record due to its
brevity by forcing a regional climate model with con-
structed pairs of strong ENSO and AMM phases.

2. Background

Proper guidance for informed seasonal and climate
change projections of Atlantic tropical cyclone activity
relies on a solid understanding of how prominent modes
of climate variability influence TC activity; one such
dominant interannual mode in the tropical Pacific, the
El Nino-Southern Oscillation, has been widely studied
in the context of Atlantic TC variability. Tropical Pacific
SST variations associated with ENSO drive changes in
the upper tropospheric circulation of the tropical At-
lantic through the Walker circulation (Arkin 1982).
During El Nino, warmer than average eastern tropical
Pacific SST suppresses Atlantic TCs by shifting con-
vection in the tropical Pacific eastward and enhancing
upper tropospheric westerly winds and vertical wind
shear over the tropical Atlantic (Gray 1984; Goldenberg
and Shapiro 1996; Zhu et al. 2012). High values of tro-
pospheric vertical wind shear suppress tropical cyclones
(Tuleya and Kurihara 1981; Frank and Ritchie 2001;
Wong and Chan 2004), with a threshold of about 7.5
10ms~ " above which TCs are largely inhibited (Zehr
1992; DeMaria et al. 1993). El Nino also inhibits Atlantic
TC activity through warm upper tropospheric temper-
ature anomalies (Tang and Neelin 2004). Likewise, cool
eastern tropical Pacific SST anomalies during La Nina
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support strong Atlantic TC activity through reduced
vertical wind shear and cooler than average upper tro-
pospheric temperatures in the tropical Atlantic.

ENSO has a profound influence on Atlantic TC
landfall over the United States, with a probability of one
or more major hurricanes striking the U.S. coast of 23%
during El Nino compared to 63% during La Nina, based
on the 1900-97 period (Bove et al. 1998). Similarly, U.S.
hurricane damage is 20 times greater during La Nina
than El Nino years (Pielke and Landsea 1999), and
during the 1900-2005 period La Nina significantly in-
creased the probability of hurricanes making landfall on
the U.S. East Coast, with minimal changes in landfall
frequency along the Gulf of Mexico or Florida (Smith
et al. 2007). Owing to the relatively small sample size
(about a century) of the data, it is possible for these
estimates to change as the record of ENSO and TC ac-
tivity grows.

Along with interannual variations in tropical Pacific
SST, interannual-to-multidecadal Atlantic SST variability
strongly affects Atlantic TCs, with warmer North Atlantic
SST supporting enhanced TC activity (Emanuel 2005;
Webster et al. 2005; Vimont and Kossin 2007; Klotzbach
and Gray 2008) through changes in the local boundary
layer and tropospheric vertical wind shear in the Atlantic
main development region (MDR) (Landsea et al. 1999;
Goldenberg et al. 2001; Vitart and Anderson 2001). Two
prominent modes of climate variability expressed through
Atlantic SST include 1) the Atlantic multidecadal oscilla-
tion, which describes multidecadal North Atlantic SST
variations and 2) the Atlantic meridional mode (Chiang
and Vimont 2004), or the “dipole mode” (Chang et al.
1997; Servain et al. 1999), which characterizes interannual
to decadal variations in the cross-equatorial gradient
between Northern and Southern Hemisphere tropical
Atlantic SST. Both the AMO and AMM encompass
the Atlantic main development region; in addition, the
AMO includes the remote subtropical and midlatitude
North Atlantic, while the AMM includes the remote
southern tropical Atlantic. The AMM is a coupled ocean—
atmosphere mode that can be generated by external
forcings such as ENSO and the North Atlantic Oscillation
and is supported by a positive wind-evaporation—SST
(WES) feedback (Curtis and Hastenrath 1995; Nobre and
Shukla 1996; Chang et al. 1997; Xie and Tanimoto 1998;
Giannini et al. 2000).

Recently, Vimont and Kossin (2007) demonstrated
a strong positive relationship on both the interannual
and decadal time scales between Atlantic TC activity
and tropical Atlantic SST characterized by the AMM.
Several conclusions arise from that study with signifi-
cant bearing on the way we think about Atlantic TC
variability: 1) Atlantic TC activity is correlated more
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strongly with the AMM than with the AMO, 2) the
AMM explains twice as much variance in Atlantic TC
activity compared with local SST in the MDR/northern
tropical Atlantic, and 3) the AMM influences several
environmental factors that cooperate in their impact on
Atlantic TCs, including thermodynamic (static stability)
and dynamic (vertical wind shear and low-level vortic-
ity) variables. Modeling experiments with prescribed
SST forcings provide evidence that the vertical wind
shear and air temperature and moisture anomalies cor-
related with the AMM in observations are indeed
caused by the AMM (Smirnov and Vimont 2011). The
AMM is also positively correlated with the frequency of
African easterly waves (Belanger et al. 2014), which may
further contribute to its influence on Atlantic TC ac-
tivity through the number of TC “‘seeds” (Avila 1991;
Landsea 1993). These studies suggest that the conven-
tional perspective of considering North Atlantic SST
and/or local SST in the northern tropical Atlantic (i.e.,
the MDR) should be refined to focus on the cross-
equatorial SST gradient, which depends on both north-
ern and southern tropical Atlantic SST, and that the
AMM may be more useful than the AMO in un-
derstanding the Atlantic’s influence on tropical cyclones
on both interannual to decadal time scales; for these
reasons we focus on the AMM, rather than the AMO, in
this study.

The importance of both tropical Atlantic and Pacific
SST variability in controlling Atlantic TC activity spurs
the questions: what is the impact of concurrent phases of
ENSO and AMM on seasonal Atlantic TC activity, and
how do ENSO and AMM together shape the atmospheric
environment for Atlantic TCs? Bell and Chelliah (2006)
demonstrated that the AMO can dampen or amplify
ENSO’s influence during hurricane seasons and suggest
that both modes together offer a more comprehensive
understanding of seasonal Atlantic TC variability com-
pared to considering only ENSO. Similarly, ENSO and
AMO in combination provide a more complete expla-
nation of Caribbean TC variability, with La Nina and
positive AMO together producing 14 times more major
hurricanes than El Nino with negative AMO during the
19002008 period (Klotzbach 2011). Both aforemen-
tioned studies motivate applying this perspective to
understanding seasonal TC activity in the entire North
Atlantic.

Of additional interest is how Atlantic tropical cyclone
activity responds to extreme AMM and ENSO phases,
cases which may be missing from the short observational
record simply because they are relatively rare. The im-
portance of this question is highlighted by the most ac-
tive Atlantic hurricane season on record, the destructive
season of 2005, which occurred during an extremely
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positive AMM and neutral ENSO. Although pre-
dictions released in August 2005 by both the National
Oceanic and Atmospheric Administration (Bell et al.
2005) and the team of W. M. Gray at Colorado State
University (Gray and Klotzbach 2005) called for one of
the most active hurricane seasons on record, both un-
derpredicted the number of tropical storms and hurri-
canes. In addition, the midseason forecast by NOAA
predicted a seasonal accumulated cyclone energy
(ACE) (Bell et al. 2000), which is defined as the sum of
the squares of the 6-hourly maximum sustained wind
speed throughout the life of a tropical cyclone, of 158—
236 (X10*kt?) (180%—270% of the median), noting that
the primary uncertainty was not whether the season
would be above normal, but by how much; the observed
ACE exceeded the upper range of the prediction at
250 (X10%kt?). Understanding how Atlantic TC activity
responds to extreme tropical climate variability by using
model simulations to fill gaps in the data record, as dis-
cussed in section 6, can help improve challenging fore-
casts like that of the 2005 Atlantic hurricane season for
which there are few, if any, similar observed cases.

While this study focuses on the influence of phases of
AMM and ENSO on Atlantic TC activity, we emphasize
the significance of factors other than Atlantic and Pacific
SST variability in shaping Atlantic hurricane seasons.
For example, despite similar favorable tropical Pacific
and Atlantic SST conditions (positive AMM and neutral
ENSO) during the 2005 and 2013 Atlantic hurricane
seasons, there was a stark difference in the TC activity
between the two, with an extremely high ACE of 250 in
2005, but a well below average ACE of about 35 in 2013.
The inactive 2013 Atlantic hurricane season, having
been linked to anomalously dry conditions in the mid-
troposphere, midtropospheric subsidence, and a stronger-
than-normal trade wind inversion (Klotzbach and Gray
2013), highlights the importance of factors besides AMM
and ENSO.

3. Data and methodology

The following subsections describe the observational
datasets, climate indices, regional model and simula-
tions, and diagnostic tools that are used in this study.

a. Observational data and climate indices

Observations of seasonal Atlantic accumulated cy-
clone energy and tropical cyclone, hurricane, and major
hurricane frequency are from the revised Hurricane
Database (HURDAT?2) (Landsea and Franklin 2013),
which is updated from HURDAT (Landsea et al.
2004). The HURDAT? contains information from the
“best tracks” of the National Hurricane Center (NHC),
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a component of the National Centers for Environmental
Prediction (NCEP), including 6-hourly tropical and
subtropical cyclone intensity, central pressure, position,
and size from 1851 to present for the Atlantic and
eastern North Pacific basins. Data are available from the
Atlantic Oceanographic and Meteorological Labora-
tory (AOML)/National Oceanic and Atmospheric Ad-
ministration (NOAA) Hurricane Research Division
(HRD) and from the NHC.

The Atlantic meridional mode is defined as the lead-
ing mode of the maximum covariance analysis (MCA)
applied to SST and the 10-m wind vector in the tropical
Atlantic (21°S-32°N, 74°W-15°E) with a measure of
ENSO variability removed as in Chiang and Vimont
(2004). For a detailed description of the procedure by
which the AMM is calculated, we refer the reader to
Chiang and Vimont (2004). The AMM index used in this
study is the time series produced by projecting SST from
the NCEP-National Center for Atmospheric Research
(NCAR) reanalysis (Kalnay et al. 1996) onto the spatial
structure of the MCA mode 1, and is calculated by D. J.
Vimont at the University of Wisconsin-Madison and
provided by the NOAA Earth System Research Labo-
ratory (ESRL).

ENSO variability is represented by the Nino-3.4 in-
dex of the NOAA Climate Prediction Center (CPC),
calculated as the area average of eastern-central equa-
torial Pacific (5°S-5°N, 170°-120°W) monthly SST from
the Extended Reconstructed Sea Surface Temperature
(ERSST.v3b) dataset (Smith et al. 2008). We express the
Nino-3.4 index in terms of anomalies by subtracting the
1950-79 monthly climatology from the Nino-3.4 index.
The results here are insensitive to the chosen base period
since our focus is primarily on percentiles of the index.

b. Regional climate model and simulations

Numerical experiments designed to augment the ob-
servational analysis are conducted with the Weather Re-
search and Forecasting Model (WRF) (Skamarock et al.
2008) version 3.3, which is developed and maintained
by NCAR. WREF is a nonhydrostatic terrain-following
model, and the following physical parameterizations [de-
scribed in chapter 8 of Skamarock et al. (2008)] are used:
the Kain—Fritsch cumulus, Lin et al. microphysics, the
Rapid Radiative Transfer Model for general circula-
tion models (RRTMG) longwave radiation, Goddard
shortwave radiation, Yonsei University (YSU) planetary
boundary layer using a Monin—Obukhov surface scheme,
and the Noah land surface model. WRF is configured with
a horizontal resolution of 27km and 28 levels in the
vertical reaching to 50 hPa on a domain (Fig. 1) covering
the Atlantic sector. The model time step is 90s, and
output is saved every 6 h.
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Initial and lateral boundary conditions are prescribed
from the 6-hourly 2.5° X 2.5° NCEP-U.S. Department
of Energy (DOE) Atmospheric Model Intercomparison
Project II (AMIP-II) Reanalysis (NCEP-2) (Kanamitsu
et al. 2002). SST and sea ice are based on the monthly 1.0° X
1.0° Hadley Centre Global Sea Ice and Sea Surface Tem-
perature dataset (HadISST) (Rayner et al. 2003).

The 21-yr control integration (Table 1) is initialized
on 15 January 1980 and run through 31 December 2000,
and is named ‘‘year’-el corresponding to each of 21
years. Additional simulations for the 1987 (1987-e2 and
1987-e3) and 1999 (1999-e2 and 1999-¢3) Atlantic hur-
ricane seasons are run by initializing the model with
NCEP-2 during March of the corresponding year (Table
1). For example, the initial conditions of the 1987-¢2 and
1987-e3 simulations are taken from NCEP-2 on 29 and
30 March 1987, respectively. The first month of each
simulation is disregarded as model spinup.

Much of the control simulation setup follows the pro-
tocol of the coordinated experiments of the U.S. Climate
Variability and Predictability Program (CLIVAR) Hur-
ricane Working Group, specifically the “interannual”
experiment (U.S. CLIVAR 2011). This includes the SST
and sea ice forcings, annually updating observed green-
house gas forcings (e.g., CO,, CHy, N,O, CFC-11, and
CFC-12), and integration period.

Four perturbed sets of experiments (Table 1) are
conducted to investigate the role of extreme ENSO
and AMM phases on Atlantic TC activity. ENSO
forcing is prescribed through Pacific SST and, since the
western domain edge transects the eastern Pacific (Fig.
1), the lateral boundary conditions (LBCs), while
prescribed Atlantic SST represents the AMM forcing.
The forcings for each strong climate mode phase are
based on an observed case when the August—October
(ASO) averaged index representing that phase was
less than the 15th or exceeded the 85th percentile over
the ASO averaged 1950-2012 period. ENSO is repre-
sented by the Nino-3.4 index and AMM by the AMM
index as described in section 3a. The ASO average is
chosen since it is the peak of the Atlantic hurricane
season.

By designing the experiments this way, Pacific SST
and LBCs of 1987 and 1999 are chosen to represent
a strong El Nino and La Nina, respectively, while
strongly positive, moderately positive, neutral, and
strongly negative AMM are represented by Atlantic
SST of 2005, 1999, 1987, and 1984, respectively. Exper-
iments are named by the following convention: “‘[year of
ENSO case]_[year of AMM case]Atl-e[ensemble num-
ber].” For example, the first ensemble member of the
strong La Nina and strongly positive AMM experiment
is called ““1999_2005Atl-e1.” Initial conditions for each
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FIG. 1. Prescribed SST (K) forcing averaged over August—October (ASO), as a departure from the ASO 1980-
2000 mean, for the (a) 1999_2005Atl, (b) 1999, (c) 1999_1984Atl, (d) 1987_2005Atl, (e) 1987, and (f) 1987_1984Atl
simulations on the regional model domain. Land is white, and the main development region and Gulf of Mexico are

in black hatching.

experiment are taken from either the model state of the
control simulation or reanalysis, as in Table 1, and ex-
periments are run through one hurricane season, termi-
nating on 1 December. Throughout the analysis, when an
ensemble-averaged quantity is shown, that quantity is
similar among the individual ensemble members unless
otherwise noted.

The SST forcings prescribed in the regional climate
model (RCM) simulations are shown in Fig. 1, averaged
over ASO. The relatively cool eastern tropical Pacific

SST of 1999 is prescribed in simulations forced with
strong La Nina conditions (Figs. 1a—c), while the warmer
than average eastern tropical Pacific SST of 1987 is
prescribed in simulations forced with a strong El Nino
(Figs. 1d—f). A strongly positive AMM is represented by
the above average northern and below average southern
tropical Atlantic SST of 2005 (Figs. 1a,d), and a strongly
negative AMM is forced through the below average
northern and above average southern tropical Atlantic
SST of 1984 (Figs. 1c,f).
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TABLE 1. Regional climate model simulations designed to investigate the response in Atlantic tropical cyclone activity to forcing
characteristic of ENSO (column 2) and AMM (column 3).

Pacific SST and LBC

Simulation (ENSO forcing)

Atlantic SST
(AMM forcing)

Initial condition (NCEP-2, unless
otherwise stated)

19802000/ variable
1987/ El Nino (strong)

“year”’-el, for years 1980-2000
1987_1984Atl-el through -e3
1987-¢2 and -e3 (control simulation 1987/ El Nino (strong)
includes 1987-¢1)
1987_2005Atl-el through -e3 1987/ El Nino (strong)

1999_1984Atl-el through -e3 1999/ La Nifia (strong)

1999-e2 and -e3 (control simulation 1999/ La Nina (strong)
includes 1999-e1)

1999_2005Atl-el through -e4 1999/ La Nina (strong)

19802000/ variable
1984/ negative (strong)

1987/ neutral

2005/ positive (strong)
1984/ negative (strong)
1999/ positive (moderate)

2005/ positive (strong)

15 Jan 1980

29 Mar 1987 (model state of 1987-e1),
29 Mar 1987, 30 Mar 1987

29 Mar 1987, 30 Mar 1987

29 Mar 1987 (model state of 1987-¢1),
29 Mar 1987, 30 Mar 1987

26 Mar 1999 (model state of 1999-e1),
26 Mar 1999, 27 Mar 1999

26 Mar 1999, 27 Mar 1999

26 Mar 1999 (model state of 1999-e1),
26 Mar 1999, 27Mar 1999,
28 Mar 1999

We note that an inconsistency between LBCs and SST
is imposed in the model experiments that use prescribed
SST forcings characteristic of the AMM. This prevents
the atmospheric response to the SST forcing from
propagating globally; however, the local response in
Atlantic TCs is captured by the experimental design. As
discussed in the following sections, the response in TC
activity to AMM and ENSO in the model simulations is
similar to that in observations, supporting the validity of
the experimental design.

The observational record of Atlantic tropical cyclone
activity is relatively short, so it is conceivable that the
data record does not include rare extreme events that
have yet to be observed. Forcing the model with con-
structed pairs of extreme phases of ENSO and AMM
allows us to evaluate potential gaps in the data record.
As we force the model with these extreme combinations
of ENSO and AMM, we note that central-eastern
tropical Pacific SST can be influenced by North Atlan-
tic SST (Wang et al. 2011); in addition, Atlantic SST is
not independent of the Pacific and is influenced by
ENSO, particularly in the spring (Enfield and Mayer
1997; Klein et al. 1999; Saravanan and Chang 2000; Mo
and Hékkinen 2001; Chang et al. 2006). Northern trop-
ical Atlantic SST may also be affected by the North
Atlantic Oscillation (Mo and Hakkinen 2001; Czaja
et al. 2002), the AMO (Vimont and Kossin 2007), an-
thropogenic warming, and sulfate and volcanic aerosols
(Mann and Emanuel 2006; Dunstone et al. 2013).
Therefore, while this may lead to some tendency for
preferred ENSO-AMM combinations, it does not pre-
clude the occurrence of each combination. In fact, each
ENSO-AMM pair was observed during at least three
Atlantic hurricane seasons from 1950 to 2012. This
demonstrates that our proposed question is not

contrived and further supports the validity of testing
each ENSO-AMM combination.

c. Genesis potential index

The response in environmental conditions relevant
for Atlantic TC activity in association with phases of
ENSO and AMM is assessed using the tropical cyclone
genesis potential index (GPI) developed by Emanuel
and Nolan (2004). The GPI, which builds upon the TC
genesis index of Gray (1979), is defined as

3
GPI = 1052 (1 (Voo 1401V, )72 1
1™ 55) (59 ) A H01WVge) — (D)

where 7 (s ') is absolute vorticity at 850 hPa; H (%) is
relative humidity at 600 hPa; Vo (m s~ 1) is potential
intensity (Emanuel 1995; Bister and Emanuel 1998;
Bister and Emanuel 2002), which is a function of SST,
sea level pressure, and vertical profiles of atmospheric
temperature and specific humidity; and Ve, (ms™') is
the magnitude of vertical wind shear between 850 and
200 hPa. The GPI is computed from monthly averaged
quantities.

To assess the utility of the GPI in understanding en-
vironmental conditions important for TC activity, we
compare the correlation between various measures of
observed seasonal Atlantic TC activity from HURDAT2
and reanalyzed GPI for the 1950-2011 period. GPI is
computed from the NCEP-NCAR reanalysis (Kalnay
et al. 1996) and averaged over ASO and the MDR (9°-
21.5°N, 80°-20°W). The correlations (R) between sea-
sonal reanalyzed GPI and observed number of TCs,
number of hurricanes, and ACE are 0.38, 0.56, and 0.60,
respectively. These correlations suggest that the GPI
is a reasonable measure to better understand several
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of the atmospheric conditions that support TC activity as
measured by ACE. (We note that, as expected with any
diagnostic, GPI does not provide a full explanation of
ACE variability.)

4. Influence of ENSO and AMM on Atlantic
tropical cyclone activity: Observations

Investigation of the influence of concurrent phases of
ENSO and AMM on Atlantic TC activity begins with an
analysis of observed seasonal Atlantic accumulated cy-
clone energy from HURDAT?2 (Landsea and Franklin
2013). Figure 2a shows the deviation from the 1950-2012
mean in observed seasonal Atlantic ACE as a function
of the percentile of the corresponding observed ASO
averaged AMM and Nino-3.4 indices. The ASO average
is chosen for the AMM and Nino-3.4 indices since it is
the peak of the Atlantic hurricane season. Itis clear from
Fig. 2a that a large portion of interannual variability in
Atlantic tropical cyclone activity is explained by each
AMM and ENSO individually, as has been demon-
strated in previous studies (e.g., Gray 1984; Goldenberg
and Shapiro 1996; Vimont and Kossin 2007); in addition,
it is apparent that considering both AMM and ENSO
together provides a more complete explanation of sea-
sonal Atlantic ACE than considering the role of either
climate mode alone, with the most active seasons tend-
ing to occur during La Nina and/or positive AMM, and
the least active seasons tending to occur during El Nino
and/or negative AMM. Therefore, we create composites
of Atlantic ACE according to the ASO averaged AMM
and Nino-3.4 indices (Fig. 2b), with the negative and
positive phase defined by the O0th-25th and 75th-100th
percentiles, respectively, of the ASO average of those
indices as denoted by the dashed black lines in Fig. 2a.
(The 25th and 75th percentiles of the ASO averaged
Nino-3.4 index for the 1950-2012 period are —0.37 and
0.81, respectively. The 25th and 75th percentiles of the
ASO averaged AMM index for the 1950-2012 period
are —0.96 and 1.49, respectively.) While we focus on the
influence of the AMM and ENSO, we note that a por-
tion of variability in seasonal Atlantic ACE is related
to other factors [e.g., upper tropospheric temperature
variations unrelated to ENSO or AMM, African east-
erly waves, Saharan dust (Evan et al. 2006), and internal
variability], as evident in Fig. 2a.

The composites of observed Atlantic ACE show that
there is vital information to be gained by accounting for
both ENSO and AMM together (Fig. 2b). On average,
the most active Atlantic TC seasons occur during a
positive AMM and La Nina together, with ACE of 181,
which is 73% more than the 1950-2012 mean of 105. The
observed mean ACE during positive AMM and La Nina
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FIG. 2. (a) Deviation from the 1950-2012 mean in observed
seasonal Atlantic accumulated cyclone energy (ACE) (10*kt?)
from HURDAT2, with the percentile of the observed ASO aver-
aged AMM and Nino-3.4 indices. Deviation in ACE is proportional
to the diameter of the circle, with positive shaded gray and neg-
ative shaded white. The gray axes represent the 50th percentiles,
and the black dashed lines represent the 25th and 75th percentiles,
of the ASO averaged AMM and Nino-3.4 indices from 1950 to
2012. (b) Average deviation from the 1950-2012 mean (105 X 10*kt?)
in observed seasonal Atlantic ACE (percent) from HURDAT? for
composites according to the ASO averaged AMM and Nino-3.4
indices. A negative and positive phase is defined by the 0-25th and
75th-100th percentiles, respectively, of the ASO averaged AMM
and Nino-3.4 indices during the 1950-2012 period (denoted by the
black dashed lines in Fig. 2a). Deviation in ACE is proportional to
the diameter of the circle (positive shaded gray) and listed to its
right, and the number of occurrences (N) for each ENSO-AMM
pair is in parentheses. A mark inside the circle denotes the mean
ACE for the given AMM-ENSO pair that is significantly (10%
level) different from the mean ACE for the set of all cases not
characterized by that AMM-ENSO pair according to a Student’s
t test. The ¢ test is one-tailed, except for AMM—-ENSO pairs with
destructive influences on Atlantic tropical cyclones (i.e., positive
AMM with positive ENSO, or negative AMM with negative ENSO).

together is significantly (10% level) greater than the
mean ACE during the set of all other cases. In addition,
concurrent positive AMM and La Nina generally sup-
port the greatest number of Atlantic hurricanes (Fig. 3a)
and major hurricanes (Fig. 3b) per season. There were
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FIG. 3. Average deviation from the 1950-2012 mean in ob-
served number of Atlantic (a) hurricanes and (b) major (category
3,4, and 5) hurricanes from HURDAT?2 for composites according
to ASO averaged AMM and Nino-3.4 indices, defined as in Fig.
2b. Deviation is proportional to the diameter of the circle (posi-
tive shaded gray) and listed to its right. The 1950-2012 mean is in
parentheses.

over 5.5 times more major Atlantic hurricanes per sea-
son observed during positive AMM with La Nina com-
pared to concurrent negative AMM and El Nino in the
1950-2012 period, a result that is analogous to the re-
lationship between the number of major hurricanes im-
pacting the Caribbean with AMO and ENSO (Klotzbach
2011). The number of hurricanes that made landfall in the
United States during 1950-2012 is also above average
during positive AMM with La Nina, although the greatest
anomaly occurs during positive AMM with El Nino (not
shown). This may be due to the small sample size of
a relatively rare event (in comparison to number of At-
lantic hurricanes), or differences in preferred TC tracks
due to large-scale circulation patterns associated with
ENSO and AMM.

The composites of Atlantic ACE also reveal that El
Nino alone is not a sufficient condition for weaker than
average Atlantic tropical cyclone activity: in fact, when
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paired with a positive AMM the seasonal activity is on
average 39% greater than the mean (Fig. 2b), and the
number of Atlantic hurricanes and major hurricanes is
greater than the mean (Fig. 3). (We note that the sample
sizes for the observationally based composites are gen-
erally small, with as few as three observed cases for an
AMM and ENSO pair, which motivates the modeling
experiments discussed in section 6.) Similarly, La Nina
and a negative AMM together support marginally below
average (20% less than the mean) Atlantic ACE, sug-
gesting that phases of ENSO and AMM that individually
oppose each other in their influence on Atlantic TCs to-
gether have a compensating effect. The mean Atlantic
ACE during concurrent El Nino and positive AMM, as
well as during concurrent La Nina and negative AMM, is
not significantly different from the mean ACE during the
set of all other ENSO and AMM cases (Fig. 2b). The
observational analysis indicates that AMM and ENSO
are both primary influences on Atlantic TCs; that is, the
AMM does not act as a secondary influence to modulate
the impact of ENSO.

Another interesting result from the composites of
observed Atlantic ACE is that the weakest Atlantic TC
seasons generally do not require the most TC-inhibiting
ENSO and AMM conditions together, that is, concur-
rent El Nino and negative AMM. Atlantic ACE is
nearly the same (50% less than the mean) for both
negative AMM with El Nino and negative AMM with
neutral ENSO (Fig. 2b), and the Atlantic ACE during
each of these ENSO and AMM npairs is significantly
(10% level) less than the ACE during the set of all cases
not characterized by that ENSO and AMM pair. The
response in number of Atlantic hurricanes and major
hurricanes is similar (Fig. 3), with relatively little dif-
ference during negative AMM with either El Nino or
neutral ENSO. This suggests that the environmental
conditions for TCs are sufficiently poor during concur-
rent negative AMM and neutral ENSO to effectively
reduce Atlantic TC activity.

Although many of the results based on observed At-
lantic TC activity presented in this section are statistically
significant, the relatively small sample size of 63 seasons
and scarcity of observed extreme cases warrant additional
investigation using model simulations. The following
sections present an evaluation of modeled TCs and an
analysis of the influence of extreme AMM and ENSO
pairs on simulated Atlantic tropical cyclone activity.

5. Atlantic tropical cyclones in the regional
climate model

In this section we examine the ability of the regional
climate model to represent the observed climatology
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FIG. 4. Time series of (a) deviations from the corresponding
1980-2000 mean (in parentheses) in seasonal ACE (10*kt?) of
Atlantic tropical cyclones and (b) seasonal number of Atlantic
tropical cyclones, with 1980-2000 mean (in parentheses), from
HURDAT? observations (solid line, closed mark) and the regional
climate model control simulation (dashed line, open mark).

and interannual variability of Atlantic tropical cyclones,
as well as observed relationships between Atlantic TCs
and modes of Atlantic and Pacific climate variability.
This is done to demonstrate the model’s suitability to
study the impacts of ENSO and AMM on Atlantic TC
activity.

Tropical cyclones in the RCM are identified according
to the tracking algorithm of Walsh (1997), which in-
cludes criteria for a minimum 10-m wind speed of
17.5ms™ %, a closed minimum in surface pressure, a
minimum 850-hPa vorticity threshold over a 5° by 5°
region over the TC center, and a warm core. Additional
criteria include a duration threshold of at least 2 days
and an origin south of 30°N. We refer to tropical cy-
clones as including tropical storms and hurricanes.

The RCM reproduces the observed interannual vari-
ability of 1980-2000 Atlantic ACE (Fig. 4a, correlation
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TABLE 2. Statistics of Atlantic tropical cyclone seasons over the
1980-2000 period from HURDAT?2 observations and the RCM
control simulation. Unit of ACE is 10*kt>.

Model control

Observations RCM simulation bias
ACE mean 94 112 19%
ACE minimum 17 13 —4 (10*kt?)
ACE 25th percentile 36 73 37 (10*kt?)
ACE median 88 100 12 (10*kt?)
ACE 75th percentile 135 171 36 (10°kt?)
ACE maximum 228 209 —19 (10*kt?)
ACE standard deviation 61 59 —2%
No. of tropical 10.4 16.0 55%
cyclones

R = 0.58) and number of Atlantic TCs (Fig. 4b, corre-
lation R = 0.59) fairly well. Two simulations using the
Geophysical Fluid Dynamics Laboratory (GFDL) re-
gional model at 18-km resolution produce correlations
between observed and simulated ACE (R = 0.72 and
R = 0.66, Knutson et al. 2007) comparable to those from
the RCM control simulation. In the context of the
GFDL simulations, which employ spectral nudging to
reanalysis on the domain interior, the performance of
the RCM, which does not use nudging in the domain
interior, is relatively good.

Tropical cyclone activity is quantified by the seasonal
(May-November) total of ACE (Bell et al. 2000,
10*kt?), which is preferentially used for the remainder of
the study since it is an integrated measure that accounts
for storm strength, number, and duration. Although the
classical definition of the Atlantic hurricane season is
June-November, we perform the analysis for May—
November since the model produces a nonnegligible,
but still relatively small, number of tropical cyclones
in May.

Statistics of Atlantic ACE and number of Atlantic
TCs from the control simulation are compared with
observations (Table 2). The RCM simulates a 1980-2000
mean seasonal Atlantic ACE of 112, which is 19%
greater than the observed mean of 94; in addition, the
simulated median of seasonal ACE also exceeds the
observed. While the Atlantic ACE during the most
active and inactive seasons is fairly similar between the
RCM and observations, there is a positive shift in the
simulated distribution of ACE relative to observations,
with the 25th and 75th percentiles in the control sim-
ulation exceeding those of the observations. Despite
the bias in the simulated distribution of seasonal At-
lantic TC activity, the simulated standard deviation of
ACE is nearly identical to the observed, indicating the
RCM reproduces variability in seasonal ACE about the
mean well.
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TABLE 3. Correlations (R) between seasonal Atlantic ACE of
HURDAT? observations and of the RCM control simulation with
climate indices over the 1980-2000 period. All climate indices are
averaged over August—October. Correlations that are not statisti-
cally significant (10% level) are in parentheses. For quantities
prescribed in the model (i.e., the Nino-3.4 index, MDR SST, AMO
index, and AMM index), the simulated and observed ACE are
correlated with the observed quantities. For variables that are
calculated by the model (i.e., wind shear) simulated ACE is cor-
related with the RCM simulated quantities, and observed ACE is
correlated with the reanalyzed (NCEP-2) quantities. The MDR
includes 9°-21.5°N, 80°-20°W.

HURDAT2 RCM
Atlantic ACE Atlantic ACE
Nino-3.4 index —0.63 -0.59
MDR SST 0.59 0.29
AMO index 0.57 (0.21)
AMM index 0.77 0.44
NCEP-2 or RCM MDR vertical —-0.67 -0.71

wind shear between 850 and
200 hPa

The RCM simulates too many Atlantic tropical cy-
clones, 16.0 per season, compared to the observed 10.4
per season (Table 2). This positive bias in number of
TCs contributes to the positive ACE bias; however, the
ACE bias (19%) is smaller than expected from the bias
in number of TCs (55%) because the model produces
too few category 3-5 hurricanes (not shown). This
weak bias in TC intensity is expected given that the
model horizontal resolution is only 27 km—sufficient
to represent general TC dynamics but too coarse to
fully resolve complete tropical cyclone dynamics. The
spatial distribution of TCs in the control simulation
compares fairly well with observations; one exception
is an underrepresentation of TCs in “‘cluster 17’ (Fig. 2¢
of Daloz et al. (2014, manuscript submitted to J. Climate),
which represents storms that tend to draw energy from
a baroclinic environment (Kossin et al. 2010). In asso-
ciation with the underrepresentation of ‘“‘cluster 1”
TCs, there fewer than observed TC landfalls along the
east coast of the United States in the control simulation
(Fig. 4c of Daloz et al. 2014, manuscript submitted to
J. Climate).

The RCM reasonably represents observed relation-
ships between Atlantic tropical cyclone activity and
Pacific and Atlantic modes of climate variability. The
observed correlation between seasonal Atlantic ACE
and ASO averaged eastern tropical Pacific SST, repre-
sented by the Nino-3.4 index, is R = —0.63 during 1980—
2000, and the RCM reproduces this well with R = —0.59
(Table 3). Observed seasonal Atlantic ACE is positively
and significantly correlated with measures of Atlantic
SST variability including MDR SST and the AMO and
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AMM indices (Table 3), with Atlantic ACE most
strongly correlated with the AMM index (R = 0.77) asin
Vimont and Kossin (2007). The RCM simulates positive,
but weaker, correlations between Atlantic ACE and
these measures of Atlantic SST and, like observations,
produces a relationship between Atlantic ACE and the
AMM that is stronger than the relationship between
ACE and either AMO or MDR SST (Table 3).

Observed relationships between Atlantic tropical
cyclone activity and environmental variables impor-
tant for TCs are also simulated reasonably well in the
RCM control simulation (Table 3). Large values of
tropospheric vertical wind shear inhibit tropical cy-
clones (Tuleya and Kurihara 1981; Zehr 1992; DeMaria
et al. 1993; Frank and Ritchie 2001; Wong and Chan
2004), and the RCM captures this inverse relationship
between ACE and tropospheric vertical wind shear in
the MDR, with R of —0.67 in observations and —0.71 in
the control simulation.

Based on the evaluation above, we conclude that the
RCM is a suitable tool for this study.

6. Influence of ENSO and AMM on Atlantic
tropical cyclone activity: RCM simulations

The response in Atlantic ACE to the prescribed
ENSO and AMM forcings in the RCM experiments
supports the observational analysis, demonstrating that
the tropical Pacific and Atlantic climate modes together
have a pronounced influence on Atlantic TC activity.
This is discussed in detail below, with support from
Fig. 5a, which shows seasonal Atlantic ACE from the
RCM experiments (Table 1) with the 1980-2000 RCM
control mean (112 X 10*kt?) for reference, and from
Fig. S5b, which shows the ensemble average of seasonal
Atlantic ACE from the RCM simulations as a percent of
the 1980-2000 mean and in terms of the percentile over
the 1950-2012 period of the ASO averaged AMM and
Nino-3.4 indices that correspond to the prescribed AMM
and ENSO forcings.

The response in environmental conditions relevant
for Atlantic TC activity due to the ENSO and AMM
forcings prescribed in the RCM simulations is also pre-
sented below and diagnosed with the GPI (Emanuel and
Nolan 2004) described in section 3c. Figure 6 shows the
ensemble and ASO averaged GPI as percent deviation
from the 1980-2000 ASO mean from the RCM simula-
tions, together with composites according to ENSO and
AMM of the ASO averaged GPI as percent deviation
from the 1950-2012 ASO mean computed from the
NCEP-NCAR reanalysis (Kalnay et al. 1996), averaged
over the MDR and Gulf of Mexico (Fig. 1). The GPI
computed from reanalysis is composited using the same
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FIG. 5. (a) Seasonal ACE (10*kt?, denoted next to mark) of
Atlantic tropical cyclones from RCM simulations forced by the
LBCs and Pacific SST of the 1999 La Nina (filled circle) and 1987 El
Nino (open circle) and Atlantic SST (corresponding ASO averaged
AMM index on the x axis), with the RCM 1980-2000 mean Atlantic
ACE (dashes). Each mark represents one season-long integration.
(b) Asin (a), except ACE is expressed as percent of the 1980-2000
mean, the ASO averaged AMM and Nino-3.4 indices are expressed
in terms of percentile over the ASO averaged 1950-2012 period,
and each mark corresponds to the RCM experiment ensemble
average.
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procedure as for the HURDAT?2 Atlantic ACE (Fig.
2b). The reanalyzed GPI deviations are generally qual-
itatively similar in the Gulf of Mexico versus the MDR
for ENSO/AMM cases that have a relatively strong
deviation in GPI; an exception is the El Nino and neutral
AMM case, which is characterized by negative GPI
anomalies in the MDR and mixed GPI anomalies in the
Gulf of Mexico (not shown). We note caution when
comparing the GPI between the RCM simulations and
reanalysis, since the RCM simulations represent ex-
treme phases of AMM and ENSO, while the composites
from reanalysis include all strengths of AMM and
ENSO passing a percentile-based threshold.
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To estimate the contribution of each atmospheric
factor in supporting the response in GPI, the GPI is also
calculated by varying each term while keeping the
others fixed at their climatological values (Fig. 6), as in
Camargo et al. (2007). Note that since the GPI is non-
linear, the sum of the estimated contribution from in-
dividual factors does not equal the GPI. This approach is
used to provide an estimate of the primary factors that
support simulated changes in the GPI.

a. TC limiting conditions: El Nirnio with neutral
or negative AMM

Consistent with the observational analysis, strong El
Nino conditions paired with a strongly negative AMM
effectively inhibit Atlantic TC activity, with simulated
seasonal Atlantic ACE of 35, 60, and 62, compared with
the 1980-2000 mean of 112 (Fig. 5a). Under the same El
Nino conditions together with a near-neutral AMM, the
Atlantic TC activity remains well below average, with
seasonal Atlantic ACE of 38, 43, and 81. The ensemble-
mean response in Atlantic ACE is nearly equal during
the strong (90th percentile) El Nino case paired with
Atlantic conditions characterized by an AMM index in
both the Oth and 60th percentile (Fig. 5b), supporting the
observationally based finding that both unfavorable
ENSO and AMM conditions are not required to sig-
nificantly reduce Atlantic TC activity.

In response to the strong El Nino and near-neutral
AMM forcings, the GPI is below average (—13%), with
increased vertical wind shear as the largest contributing
factor, while the GPI is strongly below average (—55%)
due to the strong El Nino and negative AMM forcings,
in association with considerable increases in vertical
wind shear and decreases in relative humidity and po-
tential intensity (Fig. 6a). It is interesting that although
the simulated response in Atlantic ACE is similar due
to the concurrent strong El Nino and neutral AMM,
and the concurrent strong El Nino and strongly nega-
tive AMM forcings (Fig. 5), the reduction in GPI is
much larger for the latter than the former. The obser-
vational record/reanalysis shows a similar discrepancy
between the ACE and GPI, with below average ACE
of a similar magnitude for composites according to
concurrent El Nino and neutral AMM, as well as El
Nino with negative AMM (Fig. 2b), but a negative
anomaly in GPI that is much larger for the latter than
for the former (Fig. 6b).

This discrepancy between the ACE and GPI may be
explained by the threshold response in Atlantic TCs to
tropospheric vertical wind shear, with tropical cyclones
limited over wind shear of approximately 7.5-10ms !
(Zehr 1992; DeMaria et al. 1993). While the simulated
vertical wind shear between 850 and 200 hPa in the main
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FIG. 6. (a) Percent deviation from the ASO 1980-2000 mean in the ASO averaged GPI index (black) from the
ensemble average of the (left to right) 1987_1984Atl, 1987, 1987_2005At1, 1999_1984Atl, 1999, and 1999_2005Atl
RCM simulations. A strong climate mode phase is denoted by an asterisk (*). (b) Composites of percent deviation
from the ASO 1950-2012 mean in the ASO averaged GPI index (black) computed from the NCEP-NCAR re-
analysis for observed cases of concurrent (left to right) El Nino with negative, neutral, and positive AMM, and La
Nina with negative, neutral, and positive AMM. Composites are defined as in Fig. 2b. Also shown are the same
values as above, but calculated by varying each term while setting the others fixed at their climatological values, for
850-200-hPa vertical wind shear (dark gray), 600-hPa relative humidity (medium gray), potential intensity (light
gray), and 850-hPa vorticity (white). GPI deviations are averaged over the main development region and Gulf of
Mexico (hatching in Fig. 1), and positive indicates conditions for tropical cyclones that are more favorable than

average.

development region and Gulf of Mexico is stronger than
average due to imposed strong El Nino and neutral
AMM conditions (Fig. 7a), and much stronger than av-
erage in response to strong El Nino and negative AMM
(Fig. 7b), the absolute vertical wind shear exceeds
10ms ™' over most of the Atlantic TC development re-
gion in response to both sets of conditions (Figs. 7d,e).
This suggests that concurrent strong El Nino and neutral
AMM are sufficiently limiting for Atlantic tropical cy-
clone development due to the threshold response in TCs
to vertical wind shear; this threshold dependence on
vertical wind shear is not included in the GPI, which
explains the discrepancy between the ACE and GPI in
both the simulations and observations/reanalysis. For
comparison, the vertical wind shear is below the 10ms !
threshold over most of the Atlantic TC development
region in response to strong La Nina and moderately
positive AMM forcings (Fig. 7f) in association with be-
low average vertical wind shear (Fig. 7c); this permits
active tropical cyclone seasons that are also strongly
influenced by midtropospheric moisture, as discussed in
section 6c¢.

Reductions in GPI in response to the strong concur-
rent El Nino and negative AMM forcings are strongest
in the western portion of the northern tropical Atlantic,
as shown in Fig. 8a, which displays the deviation from
the ASO 1980-2000 mean in ASO averaged GPI from
the ensemble average of the 1987_1984Atl experiments.

In addition, the simulated reduction in GPI is accom-
panied by a vast reduction in the region of favorable
development for Atlantic tropical cyclones, as shown by
the contours of Fig. 8a, which denote the ASO averaged
GPI value of 0.5 from the 1980-2000 mean and experi-
ment. The value 0.5 is chosen as an example to dem-
onstrate how the spatial pattern of favorable conditions
for TCs changes in response to the AMM and ENSO
forcings, with regions east of the 0.5 contour relatively
unfavorable and west of the 0.5 contour relatively fa-
vorable. The relatively favorable environment for TCs is
confined to the Gulf of Mexico and northwestern por-
tion of the tropical Atlantic (Fig. 8a), similar to the ob-
served northwest shift in TC genesis during the negative
AMM phase relative to the positive phase (Kossin and
Vimont 2007).

b. Destructive interferences: El Ninio with positive
AMM, La Nina with negative AMM

In response to strong simultaneous El Nino and pos-
itive AMM, the RCM produces a near-average ensem-
ble mean Atlantic ACE of 107 (ACE of 81, 93, and 148
in individual seasons) compared to the simulated control
mean of 112 (Fig. 5a). Atlantic TC activity is also near
average (ACE of 97, 100, and 120) in response to strong
La Nina with strongly negative AMM (Fig. 5a). These
RCM experiments support the observational analysis,
which indicates that modes of tropical Atlantic and
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FIG. 7. Deviation from the ASO 1980-2000 mean in the ASO averaged vertical wind shear (ms™') between 850 and 200 hPa from the

ensemble average of the (a) 1987, (b) 1987_1984atl, and (c) 1999 simulations; bold contouris O0ms™
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(ms ') between 850 and 200 hPa from the ensemble average of the (d) 1987, (¢) 1987_1984atl, and (f) 1999 simulations; contouris 10ms ™~
and white denotes favorable vertical wind shear for tropical cyclones.

Pacific SST variability individually opposing each other
in their influence on Atlantic TCs together produce
compensating effects, resulting in insignificant de-
viations from the mean in Atlantic TC activity.

The idea that the influences on the atmospheric en-
vironment of simultaneous La Nina and negative AMM,
and simultaneous El Nino and positive AMM, com-
pensate each other is supported by the simulated and
reanalyzed GPI. In both the 1999 _1984Atl and 1987_
2005Atl RCM experiments, the GPI is near average or
weakly deviates from the mean (+20%) in association
with near-average contributions from each of tropo-
spheric vertical wind shear, 600-hPa relative humidity,
potential intensity, and 850-hPa vorticity (Fig. 6a). The
reanalysis-based composites produce a similar weak
GPI response to La Nina with negative AMM, and to El
Nino with positive AMM (Fig. 6b).

While the compensation (in terms of influence on
Atlantic TC activity) between competing ENSO and
AMM influences is a robust response in both observa-
tions and the RCM simulations, it is not clear if there is a
dominant influence of AMM, ENSO, or neither. Atlantic
ACE in the RCM simulations forced with combinations

of strongly opposing ENSO and AMM phases does not
show a clear dominating influence of ENSO or AMM
(Fig. 5a), with nearly identical ensemble averages in the
two RCM experiments (Fig. 5b). In addition, the ob-
served mean ACE during each competing ENSO and
AMM pair (i.e., positive AMM with El Nino; negative
AMM with Nina) is insignificantly different (10% level)
from the mean ACE during the set of all other ENSO and
AMM pairs (Fig. 2b).

c. Constructive interferences: La Nina with positive
AMM

The RCM experiments support the observational
analysis in section 4 by producing the most active At-
lantic TC seasons in response to both positive AMM and
La Nina together. Above average Atlantic tropical cy-
clone activity is simulated in response to concurrent
strong La Nina and moderately positive AMM condi-
tions, and concurrent strong La Nina and strongly positive
AMM work together constructively to sustain extremely
active Atlantic TC seasons. Forced by the strong La Nina
conditions of 1999, the RCM simulates above average
Atlantic ACE of 146, 176, and 209 under a coincident
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relatively favorable. Land is white.

moderately positive AMM, and extremely above average
Atlantic ACE of 273, 310, 312, and 312 under a coincident
strongly positive AMM (Fig. 5a). During strong La Nina
conditions there is a nonlinear response in ACE to Atlantic
SST conditions described by the AMM, with Atlantic ACE
fairly greater for prescribed Atlantic conditions corre-
sponding to an AMM index in the 80th percentile com-
pared to the Oth percentile, but dramatic ACE increases for
an AMM index in the 100th percentile (Fig. 5b).

The simulated response in Atlantic ACE to concur-
rent strong La Nina and strongly positive AMM in each
of the four ensemble members exceeds the ACE of the
most active observed Atlantic hurricane season, which
occurred in 2005 and produced an ACE of 250. Even if
we consider the bias in mean Atlantic ACE in the con-
trol simulation (Table 2) and scale the ACE of the
model experiments accordingly, the “adjusted” ACE
values for the concurrent strong La Nina and strongly
positive AMM simulations (229, 260, 262, and 262) ex-
ceed that observed in the 2005 season in three of four
ensemble members. This suggests that the Atlantic may

experience hurricane seasons that are more active than
the season of 2005 if ““prime” conditions in the tropical
Atlantic and Pacific occur simultaneously.

The Atlantic ACE of the RCM simulations, which are
designed to isolate the influence of ENSO and AMM
from other factors, suggests that both strong La Nina
and strongly positive AMM are required to support the
upper limit of seasonal Atlantic tropical cyclone activity,
assuming other factors are equal. This is in rough
agreement with the observations, which show that con-
current La Nina and positive AMM support the most
above average Atlantic ACE on average (Fig. 2b). We
note that, while concurrent La Nina and positive AMM
always produced relatively active tropical cyclone sea-
sons, both La Nina and positive AMM were not neces-
sary during some cases of the strongest Atlantic ACE in
the observational record (Fig. 2a), including the most
active observed season of 2005, which occurred during
neutral ENSO conditions; we suspect that, during these
cases, variability in factors aside from ENSO and AMM
significantly controlled tropical cyclone activity as well.
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Comparing the GPI of the RCM simulation forced
with a moderately positive AMM and strong La Nina to
that derived from reanalysis as the composite including
all observed positive AMM and La Nina TC seasons
reveals that in both cases, which represent similar but
not equal AMM and ENSO conditions, increased mid-
tropospheric relative humidity and decreased tropospheric
vertical wind shear support the positive deviations in GPI
and ACE (Figs. 6a,b). Similar to the observationally based
findings of Vimont and Kossin (2007), multiple atmo-
spheric factors change in ways that cooperate in their in-
fluence on Atlantic TCs in response to the AMM forcing in
the model simulations (Fig. 6a). In addition, reanalyzed
vertical wind shear is positively correlated with the AMM
index over the MDR, and negatively correlated with the
Nino-3.4 index over the Gulf of Mexico and Caribbean Sea
(Fig. 6 of Kossin and Vimont 2007); the reduction in ver-
tical wind shear is located over the MDR, Gulf of Mexico,
and Caribbean Sea in response to concurrent moderately
positive AMM and strong La Nina forcings in the RCM
simulations (Fig. 7c), supporting the idea that positive
AMM and La Nina work together constructively in their
influence on the atmospheric environment.

We rely on the RCM simulations to understand the
influence of strong La Nina and strongly positive AMM
on environmental conditions since this extreme case is
not represented in the observational record. The GPI
indicates that above normal midtropospheric relative
humidity is an essential driver for the prime conditions for
tropical cyclones during strong La Nina and strongly
positive AMM (Fig. 6a). While the strong La Nina and
moderately positive AMM produce moderately above
average relative humidity and below average vertical
wind shear, strongly above normal midtropospheric rel-
ative humidity is the main factor supporting the exceed-
ingly favorable conditions for TCs during concurrent
strong La Nina and positive AMM (Fig. 6a). The physical
mechanism for this response in midtropospheric relative
humidity to the AMM SST forcing may be linked to the
northward shift of the Atlantic intertropical convergence
zone (ITCZ) in association with the positive AMM and to
the weakened vertical wind shear in the northern tropical
Atlantic associated with La Nina, both conditions that
favor deep convection. The enhanced GPI during strong
simultaneous La Nina and positive AMM is associated
with an eastward expansion of the region favorable for
tropical cyclone development relative to the mean (Fig.
8b), similar to Atlantic TC genesis that occurs throughout
the tropical Atlantic during the AMM positive phase and
is located farther east in comparison with the AMM
negative phase (Kossin and Vimont 2007).

We note that the results presented in this section are
based on atmosphere-only model simulations forced
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with prescribed SST, and thus do not take into full ac-
count atmosphere-ocean feedbacks in the development
of the AMM and ENSO. Future studies are needed to
examine how air-sea feedbacks, such as the WES, can
affect the influence of the AMM on TCs.

7. Conclusions

The influence of eastern tropical Pacific SST variability
during the El Nino-Southern Oscillation on seasonal
Atlantic tropical cyclone activity is well documented,
with warmer than average SST during El Nino inhibiting
Atlantic TCs (e.g., Gray 1984; Goldenberg and Shapiro
1996; Tang and Neelin 2004). Atlantic SST variability also
significantly influences Atlantic tropical cyclone activity;
the relationship between Atlantic TC activity and the
meridional gradient between northern and southern
tropical Atlantic SST, which is characterized by the At-
lantic meridional mode, is strong on both interannual and
decadal time scales (Vimont and Kossin 2007). In this
study, we quantify the impact of concurrent extreme
phases of ENSO and AMM on seasonal Atlantic TC
activity and the atmospheric environment using obser-
vations and regional climate model experiments.

Composites of observed Atlantic accumulated cy-
clone energy (ACE) reveal that individually ENSO or
AMM alone provides an incomplete explanation of
seasonal Atlantic tropical cyclone variability and that
both are primary influences on Atlantic TC activity (i.e.,
the AMM does not act as a secondary influence to
modulate the impact of ENSO). On average, the upper
limit of seasonal Atlantic tropical cyclone activity re-
quires a positive AMM and La Nina together, while
significantly reduced seasonal Atlantic TC activity does
not require both unfavorable ENSO and AMM condi-
tions. In addition, a warm ENSO phase is generally not
a sufficient condition for below average Atlantic TC
activity since a positive AMM phase exerts a compen-
sating influence.

Regional climate model simulations are used to aug-
ment the observational analysis, which is based on
a relatively small sample size of 63 seasons, and poten-
tially lacks rare occurrences of concurrent extreme
ENSO and AMM phases. Simulations at 27-km resolu-
tion are performed with WRF. The control simulation
uses observed SST and lateral boundary conditions of
1980-2000, and experiments are forced with ENSO
phases through LBCs and eastern tropical Pacific SST
and AMM phases through Atlantic SST. Each pre-
scribed ENSO and AMM phase is based on an observed
case.

The RCM simulations produce relationships between
Atlantic tropical cyclone activity and concurrent AMM
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and ENSO phases that are consistent with the observa-
tional analysis and improve our understanding of the
influence of extreme phases of Atlantic and Pacific cli-
mate modes on Atlantic TCs:

 Strong concurrent La Nina and positive AMM work
together constructively to sustain extremely active
Atlantic TC seasons primarily through above average
midtropospheric relative humidity with below average
tropospheric vertical wind shear, which produce an
extensive region of conditions favorable for TCs.
Under strong La Nina conditions, Atlantic TC activity
responds nonlinearly to AMM, with dramatic in-
creases for extremely warm Atlantic SST conditions.
This combination of “‘prime” Atlantic and Pacific
conditions supports simulated Atlantic hurricane sea-
sons that are more active than the most active season
currently on record, 2005.

o Strong phases of ENSO and AMM that individually
oppose each other in their influence on Atlantic TCs
together produce compensating effects and support
near-average Atlantic tropical cyclone activity and
environmental conditions relevant for TCs in the
Atlantic development region.

« Strong concurrent El Nino and negative AMM are not
required to effectively inhibit Atlantic TC activity
because the threshold in tropospheric vertical wind
shear that suppresses TCs can be achieved without this
combination of the most unfavorable Pacific and
Atlantic conditions.

This work emphasizes that understanding Atlantic
tropical cyclone activity relies critically on considering
both ENSO and AMM, with the implication that future
predictions of Atlantic TC activity require knowledge of
the distribution of seasonal tropical Atlantic and Pacific
SST, not just climatological mean SST changes. Al-
though this study does not address seasonal TC pre-
diction directly, it may be applied to guide predictions of
Atlantic TC activity, especially for seasons occurring
during extreme AMM and ENSO phases, remembering
that other factors including upper tropospheric tem-
perature variability, African easterly wave activity, and
Saharan dust also play an important role and are not to
be neglected.
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