
How Well Do Global Climate Models Simulate the Variability of Atlantic
Tropical Cyclones Associated with ENSO?

HUI WANG,* LINDSEY LONG,* ARUN KUMAR,1 WANQIU WANG,1 JAE-KYUNG E. SCHEMM,1

MING ZHAO,# GABRIEL A. VECCHI,# TIMOTHY E. LAROW,@ YOUNG-KWON LIM,&

SIEGFRIED D. SCHUBERT,** DANIEL A. SHAEVITZ,11 SUZANA J. CAMARGO,##

NAOMI HENDERSON,## DAEHYUN KIM,## JEFFREY A. JONAS,@@
AND KEVIN J. E. WALSH

&&

* NOAA/NWS/NCEP/Climate Prediction Center, College Park, and Innovim, Greenbelt, Maryland
1NOAA/NWS/NCEP/Climate Prediction Center, College Park, Maryland
#NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey

@Center for Ocean-Atmospheric Prediction Studies, Florida State University, Tallahassee, Florida
&Global Modeling and Assimilation Office, NASA Goddard Space Flight Center, and Goddard Earth Sciences

Technology and Research, I.M. Systems Group, Greenbelt, Maryland

** Global Modeling and Assimilation Office, NASA Goddard Space Flight Center, Greenbelt, Maryland
11Department of Applied Physics and Applied Mathematics, Columbia University, New York, New York

##Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York
@@Center for Climate System Research, Columbia University, and NASA Goddard Institute for Space

Studies, New York, New York
&& School of Earth Sciences, University of Melbourne, Parkville, Victoria, Australia

(Manuscript received 11 October 2013, in final form 10 April 2014)

ABSTRACT

The variability of Atlantic tropical cyclones (TCs) associated with El Niño–Southern Oscillation (ENSO) in

model simulations is assessed and compared with observations. The model experiments are 28-yr simulations

forced with the observed sea surface temperature from 1982 to 2009. The simulations were coordinated by the

U.S. Climate Variability and Predictability Research Program (CLIVAR) Hurricane Working Group and

conducted with five global climate models (GCMs) with a total of 16 ensemble members. The model per-

formance is evaluated based on both individual model ensemble means and multimodel ensemble mean. The

latter has the highest anomaly correlation (0.86) for the interannual variability of TCs. Previous observational

studies show a strong association betweenENSOandAtlantic TCactivity, aswell as distinctions during eastern

Pacific (EP) and central Pacific (CP) El Niño events. The analysis of track density and TC origin indicates that
each model has different mean biases. Overall, the GCMs simulate the variability of Atlantic TCs well with
weaker activity during EP El Niño and stronger activity during La Niña. For CP El Niño, there is a slight
increase in the number of TCs as compared with EP El Niño. However, the spatial distribution of track density
and TC origin is less consistent among the models. Particularly, there is no indication of increasing TC activity
over theU.S. southeast coastal region duringCPElNiño as in observations. The difference between themodels
and observations is likely due to the bias of themodels in response to the shift of tropical heating associatedwith
CP El Niño, as well as the model bias in the mean circulation.

1. Introduction

It is well known that El Niño–Southern Oscillation

(ENSO) strongly influences the interannual variability

of Atlantic tropical cyclones (TCs). El Niño (La Niña)
tends to suppress (enhance) Atlantic seasonal TC activity
(e.g.,Gray 1984; Pielke and Landsea 1999; Landsea 2000;

Bell and Chelliah 2006). Although other climate modes,

such as the Atlantic meridional mode, the North Atlantic

Oscillation, and the Madden–Julian oscillation, also mod-

ulate North Atlantic TC activity (e.g., Kossin et al. 2010),

here our focus is solely on ENSO. The state of ENSO is
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one of the key climate factors considered by the National

Oceanic and Atmospheric Administration (NOAA) for

their Atlantic hurricane season outlooks (NOAA 2013).

Using observational data, Kim et al. (2009) found dis-

tinct differences in Atlantic TC activity associated with

eastern Pacific (EP) El Niño and central Pacific (CP) El
Niño. The EP El Niño is the conventional El Niño with
the warmest sea surface temperature (SST) anomalies
in the tropical eastern Pacific, whereas CP El Niño or El
Niño Modoki (Ashok et al. 2007) is a nonconventional

El Niño with the warmest SST anomalies in the tropical
central Pacific. The zonal shift of the warmSST anomalies
indicates a change in tropical heating and consequent
changes in atmospheric response.
A composite analysis of TC track density anomaly in

Kim et al. (2009, their Fig. 2) displays coherent weak-

ening in TC activity over the Caribbean Sea, Gulf of

Mexico, and U.S. Atlantic East Coast region during EP

El Niño and strengthened TC activity over the same
regions during La Niña. Surprisingly, the composite for
CP El Niño is also opposite to that for EP El Niño over
these regions and closely resembles the La Niña com-
posite. The results suggest a higher chance of landfalling
TCs along the Gulf Coast and U.S. East Coast during CP
El Niño than during EP El Niño.
It is well recognized that global climatemodels (GCMs),

even at a low resolution, are able to simulate the in-

terannual response of North Atlantic TCs to ENSO (e.g.,

Camargo et al. 2005; Zhao et al. 2009). Given the distinc-

tions in the Atlantic TC activity associated with different

El Niño types revealed in observations (Kim et al. 2009), it

will also be interesting to know whether state-of-the-art

GCMs can reproduce the different response to the two

types of El Niño. Such a capability by models in dis-
tinguishing the responses of Atlantic TCs to different
ENSO patterns is also important to both dynamical (e.g.,
Schemm and Long 2009) and statistical–dynamical (e.g.,

Wang et al. 2009; Vecchi et al. 2011) hurricane seasonal

prediction systems.

With a primary focus on climate modeling studies

of TCs, the U.S. Climate Variability and Predictability

Research Program (CLIVAR) launched a Hurricane

Working Group (HWG) in 2011 (U.S. CLIVAR 2011).

To improve understanding of the interannual variability

and trends in TC activity, as well as projections of future

TC activity under a warming climate, the HWG initiated

a series of simulations with high-resolution atmospheric

GCMs (K. J. E. Walsh et al. 2014, unpublished manu-

script). One set of simulations is the interannual exper-

iment, which is Atmospheric Model Intercomparison

Project (AMIP)-type simulations with multiple GCMs

forced with the same observed time-varying SST from

1982 to 2009. This set of simulations provides necessary

data to characterize TC response to ENSO in climate

models.

This study aims to evaluate the performance of rela-

tively high-resolution GCMs in simulating the interannual

variability of Atlantic TCs associated with ENSO. The

assessment is based on the analysis of AMIP-type simu-

lations with five GCMs and comparisons with observa-

tions. The analysis targets one of the HWG objectives

involving improved understanding of interannual vari-

ability of TC activity. The following three scientific ques-

tions are to be addressed in this study. How is the overall

performance of GCMs in simulating the variability of

Atlantic TCs?What are the characteristics ofAtlantic TCs

associated with ENSO in the models? What are the pos-

sible explanations for the differences between the models

and observations? The study is expected to provide in-

sights into the basic characteristics of Atlantic TC activity

associated with different types of ENSO in GCMs.

This paper is organized as follows. Section 2 provides

a brief description of data, models, and analysis methods

used. Section 3 characterizes the Atlantic TC activity as-

sociated with ENSO in observations. The performance of

GCMs in simulating the variability of the Atlantic TCs is

assessed in section 4. Some possible explanations for the

differences between the models and observations are ex-

plored in section 5. Conclusions are given in section 6.

2. Data and models

The data used in this study consist of SST, Atlantic

TC tracks, precipitation, 500-hPa relative humidity, and

200-, 500-, and 850-hPa winds over a 28-yr (1982–2009)

period from both observations and simulations with five

atmospheric GCMs. For observations, the SST data are

taken from the Hadley Centre Sea Ice and Sea Surface

Temperature (HadISST) dataset (Rayner et al. 2003) on

a 18 3 18 (latitude 3 longitude) grid. The 28-yr monthly

mean SSTs were also prescribed as low boundary forcing

for the GCMs. The Atlantic TC track data are from the

National Hurricane Center second-generation Atlantic

hurricane database (HURDAT2; Landsea and Franklin

2013). The precipitation data are from the Climate Pre-

diction Center (CPC) Merged Analysis of Precipitation

(CMAP) dataset (Xie and Arkin 1997). Both the relative

humidity and horizontal winds are from the National

Centers for Environmental Prediction–U.S. Department

of Energy (NCEP–DOE) Reanalysis 2 (R2; Kanamitsu

et al. 2002). The precipitation data, as well as the re-

analysis data, are monthly means on a 2.58 3 2.58 grid.
Vertical wind shear is defined as the difference be-

tween the 200- and 850-hPa zonal winds. The zonal-wind

shear is highly correlated with the entire wind shear field

over the tropical North Atlantic (correlation. 0.9) and
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also dominates the variability of the entire wind shear

over this basin (not shown). Therefore, the results ob-

tained using the zonal-wind shear are expected to be

consistent with those using the entire wind shear field.

Similar to Colbert and Soden (2012), a deep-layer steering

flow is derived based on the horizontal wind fieldsV at 850,

500, and 200hPa, defined as 0.25V850hPa 1 0.5V500hPa 1
0.25V200hPa.

The five GCMs employed for the HWG interannual

experiments (1982–2009) are the Florida StateUniversity

(FSU) model (Cocke and LaRow 2000), the Geophysical

Fluid Dynamics Laboratory (GFDL) model (Zhao et al.

2009), the National Aeronautics and Space Administra-

tion (NASA)Goddard Institute for Space Studies (GISS)

model E2 (Schmidt et al. 2014), the NASA Goddard

Space Flight Center (GSFC) Earth Observing System

Model, version 5 (GEOS-5; Rienecker et al. 2008; Molod

et al. 2012), and the NCEP Global Forecast System

(GFS) model (Saha et al. 2014). More detailed descrip-

tions of the models can be found in K. J. E. Walsh et al.

(2014, unpublished manuscript).

Table 1 lists the number of ensemble runs and model

data resolutions, which are also close tomodel resolutions,

aswell as the references for TC tracking algorithms for the

five models. The ensemblemembers vary from two to five

with a total of 16 realizations. Horizontal resolutions range

fromabout 0.58 to 18. The TC track datawere provided by

each modeling group with different tracking algorithms.

The differences in these TC detection methods include

not only different variables but also different thresholds

used. For example, the criterion required in Zhao et al.

(2009) for the warm-core structure of TCs is a local max-

imum temperature averaged between 300 and 500hPa,

which is at least 18C warmer than the surrounding local

mean and located within 28 from the center of TCs. The

criterion for the warm core in Camargo and Zebiak (2002)

is the local 300–850-hPameanwarm temperature anomaly

exceeding one standard deviation, based on the tempera-

ture anomalies at 300, 500, 700, and 850hPa.

The Atlantic TC activity is quantified by the annual

total number of TCs, as well as the spatial distribution of

track density and TC origin. For observations, both

subtropical storms and nondeveloping tropical depres-

sions are excluded from HURDAT2. For the track

density, the extratropical stages are also excluded from

the observations. Given the spatially discrete nature of

TC tracks, the track density is derived as follows: (i) the

number of TCs passing through each 58 3 58 box during
an entire hurricane season is first counted for each grid

point centered in the 58 3 58 box on a 18 3 18 grid res-

olution; and (ii) the TC counts are then averaged with

the TC numbers in the 58 3 58 boxes for eight sur-

rounding grid points with a weighting coefficient of 0.5

for the center grid point and 1/16 for each surrounding

grid point. This procedure is the same as for Kim et al.

(2009) to ensure a spatially smoothed distribution. The

TC origin is defined as the first point in HURDAT2

when the system becomes a tropical depression or a

tropical storm. For the models, it is the first point de-

tected by the TC tracking methods. Composites of SST,

precipitation, vertical wind shear, relative humidity, and

deep tropospheric steering flow anomalies averaged

over August–October (ASO), the peak of the Atlantic

hurricane season, are examined for different ENSO

categories. The statistical significance of the composite

anomalies is estimated by the Monte Carlo technique

(e.g., Wilks 1995). The analysis is performed for both

observations andmultimodel ensemble (MME)mean, as

well as individual model ensemble means. The MME

mean is obtained by averaging individual model en-

semble means. In this way, each model is treated with an

equal weight for the MME, regardless of the number of

ensemble members.

3. Variability of Atlantic TCs associated with
ENSO in observations

During the 28-yr period (1982–2009), there were five

EP El Niño (1982, 1986, 1991, 1997, and 2006) and five
CP El Niño (1987, 1994, 2002, 2004, and 2009) years
identified based on the definition of McPhaden et al.

(2011), and eight La Niña years (1983, 1984, 1988, 1995,
1998, 1999, 2005, and 2007). Figure 1 shows the com-

posite of ASO seasonal mean SST anomalies for EP

El Niño, CP El Niño, and La Niña, respectively. Com-
pared to EP El Niño (Fig. 1a), the SST anomalies in CP

El Niño (Fig. 1b) shift toward the west. This may lead to

significant differences in tropical heating for the atmo-

sphere between the two types of El Niño. The amplitude
of the CP El Niño SST anomalies (;1K) is also smaller

than the EP El Niño (;1.5K), but comparable to the La

Niña (;1K, Fig. 1c).

TABLE 1. List of five GCMs for the HWG interannual experi-

ments, the number of ensemble members, model data grid, and

references for TC tracking algorithms.

Model

Ensemble

members

Model data

grid points

(zonal 3 meridional)

Tracking

algorithm

FSU 3 384 3 192 LaRow et al. (2008)

GFDL 3 576 3 360 Zhao et al. (2009)

GISS 3 360 3 180 Camargo and

Zebiak (2002)

GSFC 2 576 3 361 LaRow et al. (2008)

GFS 5 360 3 181 Camargo and

Zebiak (2002)
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Similar composites are shown in Fig. 2 for TC track

density (top row) and track density anomaly (middle

row), respectively, associated with the three ENSO

types. In La Niña years (Fig. 2c), track density displays

high values (.1) across the North Atlantic basin. Areas

with track densities greater than 1.5 are found in the

central main development region (MDR; 108–208N,

208–808W), the Gulf of Mexico, and U.S. east coastal

region. In contrast, track density is relatively low over

these regions for EP El Niño (Fig. 2a), but increases

considerably for CP El Niño (Fig. 2b), particularly in the

MDR and U.S. southeast coastal region.

Consistent with the track density patterns, track den-

sity anomalies are generally below normal across the

basin for EP El Niño (Fig. 2d), with the largest negative

anomalies over the Gulf and MDR, and above normal

during La Niña (Fig. 2f). Associated with CP El Niño
(Fig. 2e), positive track density anomalies are found

over the MDR, the Caribbean Sea, Gulf Coast and the

southeastern coast, and negative anomalies farther to the

east, as well as in the west Gulf of Mexico. The results

indicate that relative to EP El Niño, there is a higher

chance of landfalling TCs along the U.S. southeastern
coast during CP El Niño.
The spatial distributions of total TC origins for the

three ENSO categories are also shown in Fig. 2 (bot-

tom). For a fair comparison with five EP El Niño and
five CP El Niño, TC origins for La Niña are also shown
for five episodes that occurred in the most recent years.
There are increased TC origins over theMDRduring CP
El Niño (Fig. 2h) as compared to EP El Niño (Fig. 2g)
and an additional increase of TC formation over the

Gulf of Mexico during La Niña (Fig. 2i).
Although the sample size for ENSO composites is

very limited over the 28 years, the composite anomalies

in Fig. 2 (middle) are statistically significant above the

90% level. The anomaly patterns also resemble those in

Kim et al. (2009) with longer records (57 yr, 1950–2006).

Additionally, the sampling issue can be partially addressed

by using HWG interannual experiments, which provide

more atmospheric realizations than for the observations.

Although the AMIP type of simulations does not increase

the sample size of ENSO events, the ensemble of AMIP

runs presented in the next section increases the sample size

FIG. 1. Composites of ASO seasonalmean SST anomalies (K) for (a) EPElNiño (1982, 1986,
1991, 1997, and 2006), (b) CP El Niño (1987, 1994, 2002, 2004, and 2009), and (c) LaNiña (1983,
1984, 1988, 1995, 1998, 1999, 2005, and 2007) during 1982–2009. The anomalies circled by light

gray lines are above the 99% significance level estimated by the Monte Carlo test.
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of atmospheric realizations for a fixed set of ENSO events.

This can effectively enhance the signal-to-noise ratio

(Kumar andHoerling 1995) and thereby provides a more

reliable estimate for the ENSO-forced variability of the

Atlantic TCs.

4. Variability of Atlantic TCs associated with
ENSO in GCMs

The climatology and interannual variability of the an-

nual number ofAtlantic TCs are examined first. Figure 3a

shows the time series of the annual number of Atlantic

TCs from 1982 to 2009 for both observations and model

simulations, including MME mean and individual model

ensemblemeans. Both observations andMMEdisplay an

upward trend over the 28-yr period. The gray shading in

Fig. 3a denotes the range of61 standard deviation of the

spreads of the five individual model ensemble means

around the MME mean. Over 80% (23 out of 28 yr) of

the observations fall into this range. Obviously, the GFS

model has very high numbers of TCs and theGISSmodel

has low numbers of TCs.

Table 2 summarizes the TC statistics for the obser-

vations and model simulations, including the climato-

logical mean value, variance of interannual variability,

linear trend over the 28 years, anomaly correlation (AC)

between the models and observations (OBS), and root-

mean-square error (RMSE). The GFDL model (12.7)

and GSFC model (10.9) have a mean value close to the

observations (11.7). In contrast, the climatology in the

FIG. 2. Composites of (a)–(c) TC track density and (d)–(f) track density anomaly for (a),(d) EP El Niño, (b),(e) CP El Niño, and (c),(f)
La Niña years, and distribution of TC origins during (g) five EP El Niño, (h) five CP El Niño, and (i) five La Niña years derived from
observations. The anomalies circled by light white lines in (d)–(f) are above the 90% significance level estimated by the Monte Carlo test.

The boxes with dashed lines denote the main development region (MDR; 108–208N, 208–808W).
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GISSmodel (6.2) is only about a half of the observations

while the GFS model (22.0) has double the number in

observations. The strength of the interannual variability

in the GSFC and GFS models is comparable to obser-

vations and weaker in the other models and the MME.

The linear trends in all models (;2 TCs decade21) are

weaker than in the observations (;4 TCs decade21). AC

is highest for the MME (0.86), followed by the GFDL

(0.74) and GFS (0.73) models. This implies that 74% of

the observed interannual TC variance is captured by the

time series of theMMEmean number of TCs and 54% is

captured by the GFDL and GFS models. Additionally,

the MME has the smallest RMSE. As a result of the

large mean biases, the GFS and GISS models have rel-

atively large RMSEs.

The correlation coefficients, such as 0.74 in the GFDL

model, are close to that (0.78) in LaRow et al. (2008)

based on the 20-yr TC rank correlation. However, this

correlation for Atlantic TCs in the GFDL model (0.74)

is less than the correlation (0.83) for Atlantic hurricanes

in the same model (Zhao et al. 2009). The difference

indicates that the model may have a better skill for in-

tense TCs.

In terms of the five parameters in Table 2 (i.e., mean,

interannual variability, trend, AC, and RMSE), the

overall performance of the MME, GFDL, and GSFC

models is better than that of the FSU, GISS, and GFS

models. It should be noted that both the GFDL and

GSFC models have a higher resolution than the other

three models. This may suggest that a GCM with a

higher resolution gets better performance in simulating

the interannual variability of Atlantic TCs.

The observed trend showing an increase in the annual

number of Atlantic TCs in HURDAT2 is much larger

than the trend in the model simulations (Fig. 3a and

Table 2). Landsea et al. (2010) found that the number of

short-lived TCs (duration less than 2 days) in this dataset

has increased markedly in the recent two decades. It is

suggested that this variation is due to the changes in

instrumentation and analysis methodology rather than

changes in climate variability. Villarini et al. (2011) also

confirmed that the long-term increase in the short-lived

Atlantic TCs is closely associated with the changes in

observing system over time. To assess how the short-lived

TCs affect the results presented in Fig. 3a and Table 2,

a similar analysis is performed with the annual number of

TCs after the removal of the short-lived TCs from both

the observations and model data, which are the TCs with

winds of at least 18ms21 but lasting less than 2 days. The

wind thresholds of 9 and 12ms21 are used for the At-

lantic TCs in the GISS and GSFC models, respectively,

because of relatively weak winds associated with the TCs

in the two models.

The time series of the annual number of Atlantic TCs

without the short-lived TCs are shown in Fig. 3b, and the

corresponding TC statistics are summarized in Table 3.

FIG. 3. (a) Time series of annual number of Atlantic TCs from

1982 to 2009 for observations (OBS) and multimodel ensemble

(MME) mean (thick lines with open circles), as well as individual

model ensemble means (thin lines). (b) Corresponding time series

after short-lived TCs are removed. Gray shading denotes the range

of 61 std dev of the spreads of the five individual model ensemble

means around the MME mean.

TABLE 2. List of TC statistics for observations, MMEmean, and

individual model ensemble means, including 28-yr (1982–2009)

long-term mean annual number of Atlantic TCs, variance of in-

terannual variability, linear trend (increase of TCs per decade),

anomaly correlation between observations and model-simulated

interannual TC anomalies, and root-mean-square error. The vari-

ance for each model is the average of the variance derived from

individual ensemble members. All the trends and ACs are above

the 95% significance level.

Model Mean Variance Trend AC RMSE

OBS 11.7 25.9 3.7

MME 13.1 17.0 1.9 0.86 3.5

FSU 13.5 9.2 1.7 0.62 4.5

GFDL 12.7 16.4 2.2 0.74 3.6

GISS 6.2 8.8 1.1 0.68 6.7

GSFC 10.9 24.5 2.6 0.62 4.2

GFS 22.0 26.1 2.1 0.73 10.9
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The removal of the short-lived TCs leads to a 17% reduc-

tion of the annual mean TC counts and a 42% reduction

of TC variance in the observations (Table 3). The changes

in the GCMs are small, ranging from 1% to 15% for the

annual mean and from 2% to 24% for the variance. The

trend in the annual TC frequency decreases by 1.2 TCs

decade21 in the observations and by 0.3 TC decade21 or

less in themodels. As a result, the simulated trend is closer

to the observations in Table 3 than in Table 2. Overall,

there are no significant changes in AC between the two

tables but a slight decrease ofRMSE inTable 3. The results

suggest that the short-lived TCs influence HURDAT2

more than the model data, consistent with the findings of

Landsea et al. (2010) and Villarini et al. (2011). In the

following analysis, the short-lived TCs are retained in both

the model data and the observations.

The average number of TCs for each ENSO category

is examined in Table 4 and compared with the corre-

sponding 28-yr climatology for both observations and

simulations. In the observations, there are about 7, 10,

and 15 TCs each hurricane season in EP El Niño, CP
El Niño, and La Niña years, respectively, equivalent to
58%, 87%, and 125% of the mean value (11.7). All
models show consistent increases in the number of TCs
from EP El Niño to CP El Niño and further increases to
La Niña, except for the GSFC model. However, the
changes in TC counts from one ENSO type to another in
the models are much more conservative than in the ob-
servations. In the MME, for instance, there is a 15%
increase in TCs from EP El Niño to CP El Niño and an
additional 16% increase to La Niña in terms of the mean
value. The corresponding changes in observations are
29% and 38%. The results indicate a weaker interannual
variability of Atlantic TCs in the model simulations. It
should also be noted that the MME mean approach, by
averaging out random variability, may reduce the vari-
ability of TC counts in the models.
The spatial characteristics of mean TC activity are

presented in Fig. 4 for both observations and simulations

in the form of 28-yr mean track densities and total TC

origins during the entire 28 years. Compared to the

observations (Fig. 4a), each model has different mean

biases.Among the fivemodels, theGFDLmodel (Fig. 4d)

is closest to the observations for both the magnitude and

spatial coverage of track density. The FSU, GSFC, and

GFS models (Figs. 4c,f,g) have a very high track density

(.3) over the west MDR, east-central MDR, andmost of

the North Atlantic basin, respectively, whereas the GISS

model (Fig. 4e) has a very low track density over the entire

basin. The MME mean pattern (Fig. 4h) shows a higher

track density in the MDR than the observations (Fig. 4a).

The track density over theU.S. east coastal regions is close

to the observations. Overall, theMME is better thanmost

individual models.

The TC origins in observations (Fig. 4b) are charac-

terized by two regions with large populations—one over

the MDR and the other over the Gulf of Mexico—and

adjacent sectors of the Atlantic Ocean and Caribbean

Sea. The FSU, GSFC, and GFS models exhibit very

dense TC origins over the central and to the south of the

MDR (Fig. 4i), to the south of the east MDR (Fig. 4l),

and to the south and east of the MDR (Fig. 4m), re-

spectively. The GISS model shows a lack of TC forma-

tions over the east MDR. The GFDLmodel (Fig. 4j) and

MME (Fig. 4n) have a distribution of TC origins closer

to the observations than the other models. The model

biases in the distribution of TC origins are consistent with

the biases of track density and mean number of TCs. For

example, the dense TC origins in the FSU and GSFC

models (Figs. 4i,l) lead to high track density over the re-

gions to the northwest of the TC origins (Figs. 4c,f).

Similar to the ENSO composites of track density for

observations (Fig. 2, top), Fig. 5 displays the ENSO

composites of track density for individual model en-

semble means, as well as MME mean. In spite of the

distinct biases in each model revealed in Fig. 4, the

composites consistently show relatively low track den-

sities during EP El Niño (Fig. 5, left) in all models and

TABLE 3. As in Table 2, but for corresponding TC statistics when

short-lived TCs are removed from the annual number of TCs.

Values in parentheses are the percentage changes of mean and

variance due to the removal of the short-lived TCs.

Model Mean Variance Trend AC RMSE

OBS 9.7 (17%) 15.0 (42%) 2.5

MME 11.9 (9%) 15.5 (9%) 1.8 0.85 3.1

FSU 13.4 (1%) 9.4 (2%) 1.7 0.61 4.8

GFDL 11.8 (7%) 14.4 (12%) 1.9 0.70 3.5

GISS 5.6 (10%) 6.7 (24%) 0.8 0.68 5.0

GSFC 10.1 (7%) 23.7 (3%) 2.6 0.57 3.9

GFS 18.6 (15%) 23.4 (10%) 2.0 0.76 9.3

TABLE 4.Mean annual number of TCs over the entire 28 years, five

EPElNiño, fiveCPElNiño, and eight LaNiña years, respectively, for
observations,MME, and individual model ensemblemeans. Values in
parentheses are the percentages of the 28-yr climatology.

Model Mean EP El Niño CP El Niño La Niña

OBS 11.7 6.8 (58%) 10.2 (87%) 14.6 (125%)

MME 13.1 10.4 (80%) 12.4 (95%) 14.5 (111%)

FSU 13.5 11.9 (88%) 12.0 (89%) 15.3 (113%)

GFDL 12.7 9.5 (75%) 11.0 (87%) 15.5 (122%)

GISS 6.2 4.5 (73%) 5.7 (91%) 7.3 (117%)

GSFC 10.9 6.9 (63%) 12.9 (118%) 11.2 (102%)

GFS 22.0 19.3 (88%) 20.5 (93%) 23.1 (105%)
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FIG. 4. Climatology of track density for (a) observations, (c)–(g) individual model ensemblemeans, and (h)MMEmean, and 28-yr total

TC origins for (b) observations, (i)–(m) one ensemble member of each model, and (n) MME total from one member of each model. The

boxes with dashed lines denote the MDR.
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FIG. 5. Composites of track density during (left) EP El Niño, (center) CP El Niño, and (right) La Niña for five individual model ensemble
mean and (bottom) MME mean. The boxes with dashed lines denote the MDR.
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high track densities during La Niña in most models
(Fig. 5, right), except for theGSFCmodel. Furthermore,

there is a clear increase in track density fromEPEl Niño
to CP El Niño (Fig. 5, center).
The corresponding composites for track density anom-

aly are illustrated in Fig. 6. The track density anomalies

in theGCMs are generally below normal across the basin

during EP El Niño (Fig. 6, left) and above normal during

La Niña (Fig. 6, right). In some spots, the negative

anomalies associated with EP El Niño (left column)
become positive during CP El Niño (Fig. 6, center). The
results in Figs. 5 and 6 suggest that the GCMs are able

to capture some of the observed features of the Atlantic

TC activity associated with ENSO. Qualitatively, there

is less TC activity associated with EP El Niño, more
activity associated with La Niña, and increasing TC ac-
tivity during CP El Niño with respect to EP El Niño.
However, the patterns of track density vary from model
to model and differ from observations. Particularly,
there are no indications of increasing landfalling TCs
along the U.S. southeastern coast during CP El Niño in
the model simulations.
The modeled TC origins over five years from one

ensemble member of each model are shown in Fig. 7 for

each ENSO category. Relative to EP El Niño (Fig. 7,
left), there are increases in the formation of TCs over or

near theMDRduring CPEl Niño (Fig. 7, center) and La
Niña (Fig. 7, right) in some models, such as the GSFC

and GFS models. Only the GFDL model shows some

increase in TC origins at high latitudes between 208 and
408N, especially during CP El Niño. Unlike observations
(Fig. 2i), there are no increases in TC origins over the

Gulf of Mexico and west Caribbean Sea in all models

during La Niña. This may be related to the model bias in
simulating the TC formations over these regions (Fig. 4).
The differences in TC origins among the three ENSO

categories in the MME (Fig. 7, bottom) are not as large

as in the observations (Fig. 2, bottom). This is another

indication of relatively weak interannual variability of

Atlantic TCs in GCMs.

5. Possible explanations for model biases

The changes in both themean and variability ofAtlantic

TCs is accompanied by changes in atmospheric circulation

(e.g., Goldenberg and Shapiro 1996; Goldenberg et al.

2001). Therefore, in order to understand the mean

biases of TC activity in GCMs, Fig. 8 shows the ASO

season climatology of vertical shear of zonal wind be-

tween 200 and 850 hPa derived from observations and

mean biases for individual model ensemble means and

theMMEmean. The regions of weak mean vertical wind

shear (,10ms21, Fig. 8a) coincide with the regions of

high mean track density and TC origins in observations

(Figs. 4a,b).

The mean bias in the vertical wind shear may account

for themean bias inAtlantic TC activity in somemodels.

In the FSUmodel (Fig. 8b), for instance, a large negative

bias of vertical wind shear (over 210m s21) in the west

MDR leads to a close-to-zero mean state of vertical

wind shear, which favors the generation and develop-

ment of TCs. This is consistent with the mean bias

of high track density and TC origins over this region

(Figs. 4c,i). In the GISS model (Fig. 8d), a positive bias

of vertical wind shear in the east MDR enhances the

mean vertical wind shear and prevents TCs from oc-

curring over this area. As a result, TC tracks and TC

origins shift toward the west (Figs. 4e,k).

Both individual model ensemble means (Figs. 8b–f) and

theMMEmean (Fig. 8g) exhibit negative biases in vertical

wind shear over and/or near the MDR and positive biases

to the north, especially over the Gulf Coast and U.S.

southeastern coast. Consequently, there are biases of high

track density and dense TC origins at low latitudes and

low track density and sparse TC origins over the Gulf and

U.S. southeastern coast in the models (Fig. 4). The nega-

tive wind shear biases over the MDR are mainly due to

tooweak upper-level westerlies in themodels (not shown).

The striped pattern of the vertical zonal-wind shear biases

(Fig. 8) is likely related to improperly simulating the trop-

ical upper-tropospheric trough (Fitzpatrick et al. 1995).

More specifically, having a weaker upper-level trough in

the models will alter the location of the trough relative to

the trade winds, leading to lower wind shear over the

MDR and higher wind shear over the subtropics.

Figure 9 displays the composites of ASO season ver-

tical wind shear anomalies associated with the three

ENSO categories for observations (Figs. 9a–c) andMME

(Figs. 9d–f), respectively. Overall, the model circulation

response to different ENSO SST anomalies agrees with

the observations, both with positive vertical wind shear

anomalies to the south of 208N associated with EP

El Niño (Fig. 9, left) and negative anomalies associated

with La Niña (Fig. 9, right). The circulation response to

CP El Niño is less significant or less spatially coherent
over the subtropical North Atlantic (Fig. 9, center). This
is likely due to the weak amplitude and small area cov-

erage of theCPElNiño SST anomalies (Fig. 1). Thus, the
atmospheric response may be weak (e.g., Wang et al.

2013). In spite of that, it is still evident that wind shear

anomalies over the MDR are largely reduced as com-

pared to EP El Niño, a condition that is more favorable
for TC activity during CP El Niño. The results present in
Fig. 9 are also consistent with the better simulations of

Atlantic TC activity in GCMs for EP El Niño and La
Niña than for CP El Niño.
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FIG. 6. Composites of track density anomaly during (left) EP El Niño, (center) CP El Niño, and (right) La Niña for five individual model
ensemble mean and (bottom)MMEmean. The anomalies circled by light white lines are above the 90% significance level. The boxes with
dashed lines denote the MDR.
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FIG. 7. Distribution of TC origins during five (left) EP El Niño, (center) five CP El Niño, and (right) five La Niña years from one ensemble
member of each model and (bottom) MME total from one member of each model. The boxes with dashed lines denote the MDR.
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ENSO influences the Atlantic TC activity by altering

vertical wind shear (e.g., Goldenberg and Shapiro 1996)

and atmospheric stability (Tang and Neelin 2004) over

theAtlantic through atmospheric teleconnection. It may

also change tropical Atlantic SST via local air–sea in-

teraction (Enfield andMayer 1997), which in turn affects

the TC activity (Goldenberg et al. 2001). The compos-

ites of SST anomalies in Fig. 1 suggest very weak At-

lantic SST anomalies associated with ENSO in ASO.

Furthermore, diagnostics of the ENSO modulation of

TC activity using a genesis potential index identified

vertical wind shear as one of the main environmental

factors responsible for this modulation in the North

Atlantic (Camargo et al. 2007). Therefore, the atmo-

spheric response to tropical heating related to ENSO

SST and atmospheric teleconnection are likely the pri-

mary processes responsible for the ENSO impact.

The westward shift of warm SST anomalies from EP

El Niño to CP El Niño (Fig. 1) may lead to changes in

tropical heating. In the tropics, precipitation associated

with deep convection is a good indicator of tropical

heating in the atmosphere. Similar toWang et al. (2012),

the composites of ASO season precipitation anomalies

over the tropical Pacific are used to illustrate and verify

the changes in tropical heating, as shown in Fig. 10. In

both observations and the MME mean of the GCM

simulations, associated with EP El Niño (Figs. 10a,d),
there are positive precipitation anomalies across the

central and eastern equatorial Pacific. Associated with

CP El Niño (Figs. 10b,e), precipitation anomalies shift

toward thewest with no large anomalies over the eastern

Pacific. In La Niña, negative precipitation anomalies
cross the tropical Pacific (Figs. 10c,f). In general, the

GCMs reproduce the observed major features of pre-

cipitation anomalies over the tropical Pacific for differ-

ent types of ENSO. On the other hand, precipitation

response to ENSO over the tropical North Atlantic

varies considerably across the models (not shown), which

FIG. 8. (a) Observed ASO season climatology of vertical shear of zonal wind (m s21) between 200 and 850 hPa and mean bias in the

(b) FSU, (c) GFDL, (d) GISS, (e) GSFC, and (f) GFS models, as well as (g) the MME. The boxes with dashed lines denote the MDR.
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may contribute to the model diversity in simulating the

TC variability associated with ENSO.

There are also differences in precipitation between

observations and simulations over the tropical Pacific,

such as weaker precipitation anomalies in the models

between 1608E and the date line for all ENSO cate-

gories. These differences may be related to model con-

vection schemes and model sensitivity to SST. Together

with model biases in mean circulation (not shown), they

may modify the Rossby wave source (Sardeshmukh and

Hoskins 1988) and thus affect the detailed structure of

circulation response to ENSO.

Figure 11 gives a simple example of changes in vertical

wind shear associated with a westward shift of warm SST

anomalies from the Niño-3 region (58S–58N, 908–1508W)

to the Niño-4 region (58S–58N, 1508W–1608E). First, the
ASO season vertical wind shear anomalies are regressed

against the Niño-4 and Niño-3 SST indices, separately.
The differences between the two sets of regression co-
efficients are shown for observations (Fig. 11a) and the

MME (Fig. 11b), respectively. Both the observations

and the MME exhibit a similar large-scale wave train

pattern originating from the western and central equa-

torial Pacific and along a great circle route to tropical

Atlantic. A closer inspection of Fig. 11 reveals some

differences in the changes of vertical wind shear over the

tropical North Atlantic between the observations and

simulations. Negative wind shear anomalies are found to

the north of the MDR in the observations (Fig. 11a)

whereas positive anomalies are found over the MDR in

theMME (Fig. 11b). The results illustrate the difference

between the observations and GCMs in North Atlantic

vertical wind shear response to the shift of tropical Pa-

cific SST anomalies. The difference may cause further

changes in the responses of Atlantic TCs to the shift of

SST anomalies.

In addition to the vertical wind shear, the large-scale

humidity field also affects both mean TC activity (Peng

et al. 2012) and the ENSO-related variability (Camargo

et al. 2007). Figure 12 shows the ASO season climatol-

ogy of 500-hPa relative humidity over the tropical and

North Atlantic for both observations and the MME

mean, as well as the composite anomalies of 500-hPa

relative humidity for the three ENSO categories. The

ASOmean atmosphere is moremoistened in themodels

than in the observations (Figs. 12a,b). The mean hu-

midity field is thus more favorable for TC genesis and

development (Peng et al. 2012) in the GCMs than in the

observations, consistent with the higher mean track

density in the MME (Figs. 4a,h).

Overall, the ENSO-related humidity variability over

the North Atlantic basin is weaker in the models (Fig. 12,

bottom) than in the observations (Fig. 12, middle). This

is partially due to the MME averaging, as well as the

FIG. 9. Composites of ASO seasonal mean vertical wind shear anomalies (m s21) for (a),(d) EP El Niño; (b),(e) CP El Niño; and (c),(f)
La Niña during 1982–2009 in (a)–(c) observations and (d)–(f) theMMEmean. The anomalies circled by light gray lines are above the 90%

significance level. The boxes with dashed lines denote the MDR.
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model bias in simulating the humidity variability. For

example, the negative humidity anomalies to the north

of the MDR during CP El Niño (Fig. 12d) coincide with
the negative TC track density anomalies in the obser-

vations (Fig. 2e). In the MME mean, in contrast, the

absence of these large TC track density anomalies and

a less spatially coherent pattern in the same region

(Fig. 6, bottom center) may be related to the weak

variability of humidity associated with CP El Niño in
the models (Fig. 12g).
Compared to EP El Niño (Fig. 2d), there are in-

creased landfalling TCs over the southeastern United

States associated with CP El Niño (Fig. 2e). However,

the GCMs fail to capture this observed feature (Fig. 6,

center). A recent study by Colbert and Soden (2012) dem-

onstrated that the shift in TC tracks between El Niño

FIG. 10. Composites of ASO seasonal mean precipitation anomalies (mmday21) for (a),(d) EP El Niño; (b),(e) CP
El Niño; and (c),(f) La Niña during 1982–2009 in (a)–(c) observations and (d)–(f) the MME mean. The anomalies

circled by light gray lines are above the 99% significance level.

FIG. 11. Changes in vertical wind shear (m s21K21) associated with a westward shift of warm SST anomalies from

the Niño-3 region (58S–58N, 908–1508W) to the Niño-4 region (58S–58N, 1508W–1608E) for (a) observations and

(b) the MME mean. The boxes with solid lines denote the MDR.
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and La Niña years is largely attributable to the vari-
ability of deep tropospheric steering flow. An analysis
similar toColbert and Soden (2012) is performed for the

steering flow variations stratified not only by El Niño
and La Niña events but also by EP and CP El Niño
events. Figure 13 presents the composites of anomalous

deep-layer steering flow in ASO associated with the

three ENSO categories for both observations and the

MME, respectively, superimposed onto the correspond-

ing TC track density anomalies.

In the observations, the anomalous deep-layer steer-

ing flow is characterized by northwesterlies over theU.S.

East Coast associated with EP El Niño (Fig. 13a) and
easterlies over the Gulf of Mexico associated with La

Niña (Fig. 13c). Consequently, there are less landfalling

TCs along the East Coast in the EP El Niño years and
higher TC track density over the Gulf in the La Niña
years. Although the steering flows are weak in theMME

mean, they display the same characteristics as the ob-
servations for EP El Niño and La Niña with consistent
track density distributions (Figs. 13d,f). For CP El Niño,
the increase in landfalling TCs over the southeastern
Unites States is closely related to the enhanced south-
westerly steering flow over this region. In contrast, the
modeled TC steering flow over the same region is op-
posite to the observations, leading to near-normal TC
tracks over the Southeast (Fig. 13e).

6. Summary and conclusions

Based on the analysis of the HWG interannual ex-

periments, the GCM’s performance in simulating the

variability of Atlantic TCs associated with ENSO are

assessed. The results indicate that each model has dif-

ferent mean biases in terms of track density and TC

origin. Among the five models, the GFDL model with

FIG. 12. ASO season climatology of 500-hPa relative humidity (%) in (a) observations and (b) theMMEmean, and composites of ASO

seasonal mean 500-hPa relative humidity anomalies (%) for (c),(f) EP El Niño; (d),(g) CP El Niño; and (e),(h) La Niña during 1982–2009
in (c)–(e) the observations and (f)–(h) the MME mean. The boxes with dashed lines denote the MDR.
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a relatively high resolution has the best performance.

The MME mean has the highest anomaly correlation

for the number of TCs and the least RMSE. Therefore,

using an MME should be considered a better approach

for dynamical hurricane season prediction than using a

single model, assuming that coupled GCMs can accu-

rately predict global SST.

Overall, theGCMs simulate the variability of Atlantic

TCs well with weaker activities during EP El Niño and
stronger activities during La Niña. For CP El Niño, there

is a slight increase in the number of TCs as compared
with EP El Niño. However, the spatial distribution of
track density and TC origin is less consistent among the
models. Particularly, there is no indication of increasing
TC activity over the U.S. southeast coastal region as
found in observations. The differences between the
models and the observations may be due to the bias of
vertical wind shear in response to the shift of tropical
heating associated with CP El Niño, as well as the model
bias in the mean circulation. Themodels also have biases

FIG. 13. Composites of ASO seasonalmean deep-layer steering flow anomaly (vectors; m s21) and TC track density

anomaly (shadings) for (a),(d) EP El Niño; (b),(e) CP El Niño; and (c),(f) La Niña during 1982–2009 in (a)–(c)

observations and (d)–(f) the MME mean. Arrow scales are given at the top of the left and right panels for the

observations and MME, respectively. The boxes with gray lines denote the MDR.
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in simulating the ENSO-related variations of the large-
scale humidity field and deep-layer steering flow, both
of which affect the genesis of TCs and the distribution of
TC tracks. It should also be noted that there are limited
sample sizes for both EP and CP El Niño events in the
observations. The differences between EP and CP El
Niño composites may not be just due to ENSO response,
but may also contain some intersample variability.
There are at least two factors that may affect the re-

sults presented in this paper. One is themodel sensitivity

to different SST datasets (e.g., LaRow 2013). For ex-

ample, the FSUmodel forced with the NOAA optimum

interpolation SST, version 2 (OISST v2; Reynolds et al.

2002), may improve the simulations of Atlantic TC ac-

tivity with a better TC climatology (11.5) and RMSE

(4.5) than those forced with HadISST (Tables 2 and 3).

Knowledge of the model sensitivity to SST forcing may

help estimate the uncertainty of the model simulated

TCs. In this study, different TC tracking algorithms were

employed by the five modeling groups for their GCMs

(Table 1). Track density and TC origin in the models

may also be sensitive to the algorithms used. A unified

tracking algorithm may be helpful to reduce the related

uncertainty for model assessment. The sensitivity of TCs

to tracking methods has been tested by the HWG with

four GCMs, including the GISS and GFS models

(M. Horn et al. 2014, unpublished manuscript). The anal-

ysis consists of a series of multimodel intercomparisons

with TCs in different models but with a uniform TC de-

tection method, as well as TCs in the same model but with

different detection methods. The results are also re-

ported in this special collection for the Journal of Climate

(M. Horn et al. 2014, unpublished manuscript).

The impact of ENSO on Atlantic TC activity may

have some implications for projections of future TC

variability under a warming climate. Studies have shown

an increase in tropical Atlantic wind shear (Vecchi and

Soden 2007) and a reduction of Atlantic TCs associated

with global warming with a high-resolution GCM (Zhao

and Held 2010). In more recent studies, no robust

changes in North Atlantic TC activity were found in the

twenty-first-century simulations with low-resolution

models (Camargo 2013; Tory et al. 2013). On the other

hand, downscaling studies of these simulations lead to

contradictory results, varying from a significant decrease

(Knutson et al. 2013), ambiguous trends (Villarini and

Vecchi 2012), to a significant increase (Emanuel 2013) in

North Atlantic TC activity by the end of the twenty-first

century. In addition to possible changes in the mean TC

activity, the variability of TC activity is also expected to

change as the intensity of CP El Niño (EP El Niño)
would increase (decrease) under a warming climate
(Kim and Yu 2012). In fact, CP El Niño has been

documented to occur more frequently in the most recent
two decades (Yeh et al. 2009), which could be a mani-

festation of global warming in observations.

There is a possibility that the relationship between

Atlantic TC activity and ENSO under the present-day

climate found in Kim et al. (2009) might not be main-

tained under a warming climate. Indeed, changes in at-

mospheric teleconnection in response to ENSO have

been detected in model simulations for the twenty-first

century (e.g., Stevenson 2012). This would add addi-

tional uncertainty to the future projection of Atlantic

TC variability. Nevertheless, this study indicates the

feasibility of utilizing high-resolution GCMs to assess

the Atlantic TC activity associated with ENSO for cli-

mate change projections.
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