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ABSTRACT

Tropical cyclone (TC) activity in theNorth Pacific andNorthAtlanticOceans is known to be affected by the

El Niño–SouthernOscillation (ENSO). This study uses the GFDL Forecast Oriented LowOcean Resolution

Model (FLOR), which has relatively high resolution in the atmosphere, as a tool to investigate the sensitivity

of TC activity to the strength of ENSO events. This study shows that TCs exhibit a nonlinear response to the

strength of ENSO in the tropical eastern North Pacific (ENP) but a quasi-linear response in the tropical

western North Pacific (WNP) and tropical North Atlantic. Specifically, a stronger El Niño results in dis-

proportionate inhibition of TCs in the ENP and North Atlantic, and leads to an eastward shift in the location

of TCs in the southeast of theWNP.However, the character of the response of TCs in the Pacific is insensitive

to the amplitude of La Niña events. The eastward shift of TCs in the southeast of the WNP in response to a

strong El Niño is due to an eastward shift of the convection and of the associated environmental conditions

favorable for TCs. The inhibition of TC activity in the ENP and Atlantic during El Niño is attributed to the

increase in the number of days with strong vertical wind shear during stronger El Niño events. These results

are further substantiated with coupled model experiments. Understanding of the impact of strong ENSO on

TC activity is important for present and future climate as the frequency of occurrence of extreme ENSO

events is projected to increase in the future.

1. Introduction

Tropical cyclones (TCs) are one of the deadliest

natural disasters causing intense damage to human life

and property (Landsea 2000; Peduzzi et al. 2012;

Pielke et al. 2008). Thus, there is interest in predicting
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TCs, particularly to help support decisions. Scientists

have been researching for predictors of TCs for sev-

eral decades. The El Niño–Southern Oscillation

(ENSO) phenomenon has been shown to exhibit

considerable influence on TCs through changes in the

thermodynamic factors and large-scale circulation

(Gray 1984; Goldenberg and Shapiro 1996; Chia and

Ropelewski 2002; Wang and Chan 2002; Tang and

Neelin 2004; Vimont and Kossin 2007; Kim et al. 2011;

Kim et al. 2014; Vecchi et al. 2014; H.Wang et al. 2014;

Murakami et al. 2015; Villarini et al. 2014). Pielke and

Landsea (1999) indicate that the state of the tropical

Pacific has a significant influence on the probability of

losses exceeding $1 billion (U.S. dollars) in the United

States caused by TCs. The probability of landfall of

TCs over the United States is significantly higher

during La Niña than El Niño (Bove et al. 1998) and

the spatial distribution of TC-related flooding was

shown to depend on the phase of ENSO (Villarini

et al. 2014).

Climate change studies suggest that ENSO may un-

dergo significant changes in the next century with an

increase in extreme El Niño and La Niña events in

response to increased greenhouse gas concentrations

(Power et al. 2013; Cai et al. 2014, 2015; Wittenberg

2015). Thus, it is important to examine the response of

regional TCs to changes in the state of the tropical Pacific

Ocean either caused by climate change or other factors.

Further, evaluation of the ability of current generation

coupled climate models in simulating these changes in

the ENSO–TC relation in different ocean basins in re-

sponse to the changes in the strength of ENSO could

advance our ability to predict the variations in TCs using

these models.

Several studies have analyzed the effect of ENSO

on TC activity in the Pacific and Atlantic Oceans.

ENSO affects the genesis, tracks, intensity, and life-

time of TCs in the West North Pacific (WNP), the

central to east North Pacific (ENP), and the North

Atlantic, through the regional changes in sea surface

temperature (SST), vertical wind shear (VWS), ex-

tension of the monsoon trough, and relative vorticity

induced by the wind anomalies in the lower tropo-

sphere and changes in the upper-tropospheric temper-

atures (Wang and Chan 2002; Chia and Ropelewski

2002; Gray 1984; Shapiro 1987; Goldenberg and Shapiro

1996; Tang andNeelin 2004). El Niño favors the genesis

of TCs in the southeast of the WNP and inhibits in the

northwest of the WNP (Chan 1985; Dong 1988; Chia

and Ropelewski 2002). Thus, TCs have higher prob-

ability to hit Japan, Korea, and northern China during

La Niña years compared to El Niño years (Kim et al.

2011). In contrast, the likelihood of TCs reaching

Hawaii is higher during El Niño events than during La

Niña (Schroeder and Yu 1995; Irwin and Davis 1999;

Wu and Lau 1992; Chu 2004). This is due to El Niño
causing a westward shift of the genesis location of TCs

in the ENP, which enhances the formation of TCs in

the central Pacific (Schroeder and Yu 1995; Irwin and

Davis 1999; Wu and Lau 1992) in addition to extend-

ing their lifetime (Chu 2004). The influence of El Niño
occurs through the increase in the cyclonic vorticity,

the decrease in VWS, and the enhancement of the

moist layer depth due to the boundary layer conver-

gence (Chu 2004).

In theNorthAtlantic, ElNiño inhibits the formation of

TCs through the enhancement of the VWS, subsidence,

and reduced relative humidity in the tropical Atlantic

(Gray 1984; Shapiro 1987; Goldenberg and Shapiro 1996;

Camargo et al. 2007; Chu 2004). El Niño also induces

warm tropospheric temperatures over the North Atlantic

causing disequilibrium with the North Atlantic SSTs and

thus creating an unfavorable environment for the for-

mation of TCs (Tang and Neelin 2004). In addition, ob-

servational and model studies have explored the effect of

different flavors of ENSO on TC activity such as the east

Pacific warming (canonical El Niño) and central Pacific

warming (El Niño Modoki) (Kim et al. 2009; Chen 2011;

Zhang et al. 2012; Wang et al. 2013; X. Wang et al. 2014;

Li andWang 2014). ElNiñoModoki favors the formation

of TCs over the South China Sea and southeast of Japan

in contrast to the canonical El Niño that creates un-

favorable conditions (Chen and Tam 2010; Chen 2011).

In the North Atlantic, El Niño Modoki increases the

frequency and landfall potential of TCs along Central

America and the coast of the Gulf of Mexico (Kim et al.

2009; H. Wang et al. 2014).

These earlier studies have focused only on the effect

of different phases of ENSO (El Niño and La Niña) and
on the effect of their relative shift in the location of SST

anomalies (canonical ENSO orModoki ENSO) on TCs.

The effect of changes in the strength of ENSO on TC

activity has not been fully explored. Wang and Chan

(2002) have attempted to understand the effect of

ENSO strength on regional TC activity in the WNP.

Considering that the extreme ENSO precipitation

events are suggested to increase in the coming century in

response to an increased ENSO amplitude (Power et al.

2013; Wittenberg 2015; Cai et al. 2014, 2015) and given

that the amplitude of ENSO exhibits multidecadal var-

iability (e.g., Wittenberg 2009), it is important to un-

derstand the changes in the ENSO teleconnections such

as the regional TC activity in the Pacific and Atlantic

Oceans associated with stronger ENSO events. To over-

come the challenge of limited sample size in obser-

vations, we make use of long control simulations from
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Geophysical Fluid Dynamics Laboratory (GFDL) Fore-

cast Oriented Low Ocean Resolution Model (FLOR) to

investigate the sensitivity of TCs to the strength ofENSO.

The observations that are used, the details of the model

and model experiment, and the methodology used are

described in section 2. Results from this investigation are

presented in section 3. The conclusions and discussion

are presented in section 4.

2. Data and method of analysis

a. Observations

We use SST data from HadISST1.1 from the Hadley

Centre for Climate Prediction and Research. The SST

data span over the period 1870–2013 and are available

on 18 3 18 grid (Rayner et al. 2003). The zonal winds

are from NASA’s Modern-Era Retrospective Analysis

for Research and Applications (MERRA) high-

resolution reanalysis data. They comprise zonal

winds on 0.58 3 0.58 in longitude 3 latitude for the

period 1979–2013 at 42 vertical levels (Rienecker et al.

2011). The precipitation data are obtained from the

Climate Prediction Center (CPC) Merged Pre-

cipitation analysis (CMAP) at http://www.esrl.noaa.

gov/psd/ (Xie and Arkin 1997). They are available on

2.58 3 2.58 grid and for the period 1979–2013. The TC

data are obtained from the International Best Track

Archive for Climate Stewardship (IBTrACS). From

the IBTrACS collection (Knapp et al. 2010), we choose

data from the Joint Typhoon Warning Center for the

west Pacific Ocean and from the National Hurricane

center for the east Pacific and Atlantic Oceans for the

period 1979–2012.

b. Model and experiment

We make use of a coupled climate model developed

at GFDL, FLOR, which has high-resolution atmo-

sphere and land components at 0.58 3 0.58 spatial res-
olution and 32 vertical levels. The oceanic component

is at 18 resolution. Details on the FLOR model can be

found in Vecchi et al. (2014) and Jia et al. (2015). We

use 600 years of data from the FLOR 1990 control

simulation. It has been shown in Vecchi et al. (2014)

that the FLOR model has biases in simulating the ob-

served ENSO–TC relationship in the Pacific and At-

lantic Oceans. Thus, we also analyze 500 years of data

from a flux-adjusted version of FLOR (FLOR-FA).

The FLOR-FA run is also described in Vecchi et al.

(2014). In FLOR-FA, the SST and wind stress are ad-

justed toward observed estimates to improve the mean

climate state, which in turn translates into better sim-

ulation of climate variability, teleconnections, and

forecasts of some major climate features compared to

FLOR (Vecchi et al. 2014; Krishnamurthy et al. 2015;

A. T. Wittenberg et al. 2014, unpublished manuscript;

Delworth et al. 2015). We perform a restoring SST

experiment, to explore the hypothesis that the differ-

ences in the ENSO–TC teleconnection between FLOR

and FLOR-FA arise from differences in the strength of

ENSO. In this experiment, the tropical Pacific SSTs in

FLOR are restored to FLOR monthly climatology re-

peating every year plus the monthly anomalies from

FLOR-FA (hereafter referred as FLOR_FA-enso).

The rest of the oceans are fully coupled wherein the

atmosphere responds to the ocean-generated SSTs.

This experiment is run for 100 years. Further details on

this experiment can be found in Krishnamurthy

et al. (2015).

c. Method of analysis

To focus on regional TC activity, our main index of

TC activity is TC track density (for brevity we use TC

density to refer to TC track density throughout the

manuscript). The TC track density is calculated as

follows. Tropical cyclones are detected based on the

algorithm used in Zhao et al. (2009) with modifications

in the detection criteria. In the first step, a potential

storm at a location is identified using 6-hourly data,

which satisfies the criteria that the relative vorticity at

850 hPa exceeds 3.5 3 1025 s21 within 68 3 68 domain,

and is associated with a local minimum in sea level

pressure and a warm core center within a distance of 28
latitude3 28 longitude limit. Using this potential storm

data, the storm trajectory is determined where the

trajectory lasts at least 3 days and has a maximum wind

speed greater than 15.3m s21. We choose the 15.3m s21

threshold based on the 90% scale on the observed

threshold for the 50-km model resolution based on

Walsh et al. (2007). Based on this, the threshold for

gale-force winds is 15.3m s21 in FLOR (Vecchi et al.

2014). Further, TC density and genesis density are

calculated from this data based on the methodology

defined in Vecchi et al. (2014). The density is de-

termined on 18 3 18 resolution. The number of TCs

passing through the 108 3 108 box surrounding each

18 3 18 grid point at every 6-h interval is counted and

divided by 4 to obtain the storm days. The data are fi-

nally smoothed to obtain TC density.

We have also employed composite analysis in this

study and the composites are tested for their significance

using a resampling bootstrap method (Chu and Wang

1997; Chen 2011). We performed a significance test to

determine if the TC density during El Niño years is

significantly different from non–El Niño years. For the

procedure of significance test we follow the resampling
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and permutation method suggested in Chu and Wang

(1997) and Chen (2011).

This test involves the following null hypothesis and

alternative hypothesis,

H
0
:m

i
5m

j
H

1
:m

i
6¼ m

j
, (1)

where, mi is the mean of the El Niño sample and mj is the

mean of the non–El Niño sample.

Following the technique in Chu and Wang (1997) and

Chen (2011), we resample the data to group into new set

of El Niño and non–El Niño years. The test statistic as

below is computed:

TABLE 1. Number of years associated with Niño-3.4 greater than 1.0 SD (second column) and with less than21.0 SD (fourth column).

Rate of occurrence of El Niño andLaNiña events per year with a binomial estimate of uncertainty is shown forElNiño (third column) and

La Niña (fifth column), respectively. The years corresponding to El Niño are 1982, 1987, 1997, 2002, 2004, and 2009, and those corre-

sponding to La Niña are 1988, 1998, 1999, and 2007 in observations.

Data El Niño Rate of El Niño La Niña Rate of La Niña

Observations 6 0.17 6 0.12 4 0.11 6 0.10

FLOR 108 0.18 6 0.03 110 0.18 6 0.03

FLOR-FA 47 0.09 6 0.02 54 0.10 6 0.02

FLOR-FA_enso 15 0.15 6 0.06 18 0.18 6 0.07

FIG. 1. ASO seasonal composites of TCdensity for (a) observations, (c) FLOR, (e) FLOR-FA, and (g) FLOR-FA_

enso for El Niño. (b),(d),(f), (h) As in (a),(c),(e),(g), but for LaNiña. The criteria for El Niño (LaNiña) composites is

based on ASO seasonal Niño-3.4 greater (less) than 1.0 SD (21.0 SD). The number of years over which composites

are based is noted in Table 1. The dotted regions indicate 5% significance level. The regions marked by green lines

north of 108N correspond to the North Pacific and NorthAtlantic TC activity. In regions west of 1308E, east of 1308E,
and east of 1308W in the Pacific are referred to as northwest ofWNP, southeast ofWNP, and ENP, respectively. The

unit for TC density is the number of tropical cyclones per season in a 18 3 18 grid box.
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where n is the sample size, x is mean, var is variance, kk

is sample variance, i refers to the El Niño sample, and j

refers to the non–El Niño sample in Eqs. (1) and (2).

This test statistic in Eq. (2) is based on the assumption

that the variances of two batches are not equal but their

ratio is known.

We repeat the above procedure 1000 times and create a

distribution of U statistic of resampled data. If the U sta-

tistic value of actual data lies outside of the 95% level of the

distribution, we reject the null hypothesis at the 5% level.

3. Results

a. ENSO-related TC activity

We first assess the ability of FLOR to capture the

observed ENSO–TC relationship. We show the com-

posites of TC density for both the warm and cold phases

of ENSO during August–September–October (ASO)

based on the standardized Niño-3.4 index (Fig. 1). We

choose the ASO season, as this is the common peak

season over which TCs occur over the west North Pa-

cific, central to the east North Pacific and the North

Atlantic basins. Years with standardized Niño-3.4
exceeding 11.0 standard deviation (SD) are considered

as El Niño years and those with Niño-3.4 below21.0 SD

are considered as La Niña years. The number of years

included in each composite for observations and model

are given in Table 1. The comparison of the composites

between El Niño and La Niña highlights the non-

linearity in the ENSO–TC relation. During El Niño, the
observed composite (Fig. 1a) suggests reduced TC ac-

tivity off the coast in theWNP, ENP, and tropical North

Atlantic, and increased TC activity west of the date line

in theWNP and central Pacific. LaNiña has the opposite
effect on TC activity to the west of the date line in the

WNP and the tropical Atlantic (Fig. 1b), suggesting

linearity in the teleconnection in these regions. How-

ever, La Niña leads to a reduction in TC activity in the

farWNP (over the South China Sea) and ENP similar to

El Niño, suggesting nonlinearity in these regions.

The ENSO-related TC activity in FLOR is different

fromobservations with an erroneous eastward extension

of enhanced TC activity during El Niño and reduced

activity in the southeast of the WNP extending into the

central Pacific during La Niña that is not observed

(Figs. 1c and 1d). The magnitude of suppression of TC

activity in the westAtlantic during El Niño years and the

enhancement during La Niña years is weaker in FLOR

relative to observations (Figs. 1c and 1d). In the ENP,

El Niño in FLOR leads to an excessive inhibition of TC

activity and La Niña is associated with an increase in

activity, in contrast to a reduced activity in observations.

Meanwhile, consistent with Vecchi et al. (2014), FLOR-

FA shows an improvement relative to FLOR in the

simulation of both the El Niño– and LaNiña–related TC
activity in the Pacific and Atlantic Oceans. The marked

improvements in the southeast ofWNP and the ENP are

present during both El Niño and La Niña events.

Comparison of SSTs in the tropical Pacific and re-

gional TC density suggests that the differences in the

simulation of the ENSO–TC relationship in FLOR rel-

ative to observations and FLOR-FA may arise from a

too strong ENSO in FLOR (Vecchi et al. 2014;

Krishnamurthy et al. 2015). The monthly standard de-

viation of Niño-3.41 indicates that the magnitude of

ENSO is higher in FLOR than in observations and

FLOR-FA (Fig. 2). The strength of ENSO is improved

in FLOR-FA, and it was hypothesized in Vecchi et al.

(2014) that this may lead to improvements in the

ENSO–TC teleconnection. The model simulates re-

alistic TC response to ENSO, although the strength of

ENSO is slightly higher than observations. Restoring

the FLOR SST anomalies in the tropical Pacific to the

FIG. 2. Standard deviation of monthly Niño-3.4 for observations
(solid black), FLOR, (solid red), FLOR-FA (solid green), and

FLOR_FA-enso (solid blue). The dashed curves, are as in Niño-
3.4, but for Niño-3.

1We have also compared the strength of ENSO among obser-

vations, FLOR, and FLOR-FA using the Niño-3 index and show

similar results.
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FIG. 3. ASO composites of TC density for FLOR based on Niño-3.4 (a) greater than 18C, (c) between 1.08 to
1.58C, (e) between 1.58 to 2.08C, (g) between 2.08 to 2.58C, (i) between 2.58 to 3.08C, and (k) between 3.08 to
3.58C for El Niño. La Niña composites are based on Niño-3.4 (b) less than 21.08C, (d) between 21.08 and
21.58C, (f) between 21.58 and 22.08C, (h) between 22.08 and 22.58C, (j) between 22.58 and 23.08C, and
(l) between 23.08 and 23.58C. The number of years over which composites are based is noted in Table 2. The

dotted regions indicate the 5% significance level. The unit for TC density is the number of tropical cyclones per

season in a 18 3 18 grid box.
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SST anomalies from FLOR-FA (which by construction

produces a similar amplitude of ENSO as that of FLOR-

FA) supports this hypothesis (Figs. 1g,h). The marginal

improvement in the WNP may highlight the importance

of the mean state in addition to the magnitude of SST

anomalies. In this study we focus on the sensitivity of

TCs to the magnitude of SST anomalies.

In the next sections, we explore this hypothesis that

strongENSOevents contribute to differences in response

of the TC activity to ENSO in FLOR, FLOR-FA, and

observations. We also analyze the underlying mecha-

nisms for the sensitivity of TCs to incremental changes in

the strength of ENSO. Since FLOR-FA successfully

simulates the observed TCs and its teleconnection with

ENSO, in the following, we use FLOR-FA as a reference

(instead of observations) to evaluate FLOR.

b. Sensitivity of TCs to the strength of ENSO

To explore the sensitivity of TC activity to the magni-

tude of ENSO events, we analyze composites of TC

density based on the magnitude of Niño-3.42 SST

anomalies. The composites of TC density for El Niño
years are constructed over years for which Niño-3.4 is

between 1.08–1.58C, 1.58–2.08C, 2.08–2.58C, 2.58–3.08C,
and 3.08–3.58C. The composite computed for all years

during which Niño-3.4 is greater than 18C is also shown

(Fig. 3a) to compare with the composite based on years

with standardized Niño-3.4 greater than one standard

deviation (Fig. 1c) and the comparison suggests that they

have a close resemblance. Similarly, we define compos-

ites for La Niña years using below-normal Niño-3.4
temperatures. The number of years included in each

composite for FLOR and FLOR-FA are tabulated in

Tables 2 and 3, respectively. Since FLOR-FA shows im-

provement in the simulation of ENSO amplitude and

does not show as excessive ENSO amplitude as in FLOR,

it does not indicate ENSO events with Niño-3.4 index

greater than or less than 38 and 238C, respectively.
The TC activity related to El Niño shows stronger

sensitivity to the strength of ENSO in the southeast of

the WNP, ENP, and the Atlantic (cf. Figs. 3c,e,g,i,k).

The sensitivity of TCs in the North Atlantic needs to be

interpreted with caution, as the values are not signifi-

cant. The stronger El Niño results in disproportionate

inhibition of TC activity off the coast in the WNP and

ENP, and an eastward shift in the longitudinal location

of TCs from the southeast of WNP to the central Pacific.

Strong La Niña events do not show such a marked im-

pact onTCactivity in the entire Pacific (cf. Figs. 3d,f,h,j,l),

although the WNP tends to show marginal sensitivity

in the magnitude up to 2.58C. This highlights the non-

linearity of the response of TC activity to the strength of

ENSO. In theWNP, a strong El Niño leads to a dramatic

eastward shift in TCs, which is not necessarily true for

strong La Niña events. In the ENP, El Niño leads to a

distinct reduction in TCs; however, La Niña does not

show such a distinct increase in TCs. The sensitivity of

TCs to the strength of La Niña is only seen over the

North Atlantic (cf. Figs. 3d,f,h,j,l). FLOR-FA shows a

similar sensitivity as FLOR to the strength of ENSO in

the southeast of the WNP and the North Atlantic but a

more realistic relationship in the ENP compared to

observations (cf. Figs. 1a,b,e,f and Fig. 4). The ENP TC

activity in FLOR-FA is not as suppressed as in FLOR

during El Niño years. Further, during La Niña years,

FLOR-FA shows improvements in simulating the sup-

pressed activity in contrast to FLOR where TC activity

is enhanced in the ENP. FLOR-FA also has a better

simulation of the location of ENSO-related TC activity

in the NorthAtlantic compared to FLORwhere TCs are

shifted eastward. The reasons for the improved simula-

tion of the ENSO–TC relationship in FLOR-FA and the

TABLE 2. Number of years (second column) associated with each

composite criterion of Niño-3.4 (first column) for FLOR for El

Niño composite. For the La Niña composite, the criteria are neg-

ative values of the temperatures in the first column and the cor-

responding number of years is listed in fourth column. Rate of

occurrence of El Niño and La Niña events per year with a binomial

estimate of uncertainty is shown for El Niño (third column) and La

Niña (fifth column), respectively.

Criteria El Niño Rate of El Niño La Niña Rate of La Niña

.1.08C 136 0.22 6 0.03 141 0.23 6 0.03

1.08–1.58C 52 0.08 6 0.02 53 0.08 6 0.02

1.58–2.08C 35 0.05 6 0.01 47 0.05 6 0.01

2.08–2.58C 23 0.03 6 0.01 27 0.04 6 0.01

2.58–3.08C 20 0.03 6 0.01 7 0.01 6 0.008

3.08–3.58C 6 0.01 6 0.007 6 0.01 6 0.007

TABLE 3. As in Table 2, but for FLOR-FA.

Criteria El Niño Rate of El Niño La Niña Rate of La Niña

.1.08C 78 0.15 6 0.03 77 0.15 6 0.03

1.08–1.58C 42 0.08 6 0.02 38 0.07 6 0.02

1.58–2.08C 25 0.05 6 0.01 25 0.05 6 0.01

2.08–2.58C 7 0.014 6 0.01 10 0.02 6 0.01

2.58–3.08C 3 0.006 6 0.006 3 0.006 6 0.006

2 To have an objective criterion for the strength of ENSO, the

composites are constructed based on an absolute value of Niño-3.4
rather than the conventional way of using the standard deviation of

Niño-3.4. Assessing the strength of ENSO based on standard de-

viation would be subjective as the standard deviation of Niño-3.4
varies among observations, FLOR, and FLOR-FA. Using Niño-3
index to define the composites yields similar results.
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mechanisms for sensitivity of TCs to strong ENSO

events are investigated below.

c. Effect of the strength of ENSO on the
environmental conditions related to TC activity

To understand themechanism for the sensitivity of TC

activity to the strength of ENSO in different ocean ba-

sins, we explore the sensitivity of several environmental

factors that are conducive for the formation of TCs, such

as, precipitation, sea level pressure, VWS, relative hu-

midity, relative vorticity, and static stability. Among

these environmental factors, we find that precipitation

and VWS are the main factors that explain the

mechanism for the sensitivity of TC activity to the

strength of ENSO in FLOR and FLOR-FA. They also

explain the differences in the ENSO–TC relationship

between observations, FLOR, and FLOR-FA. Thus, in

the following we present only composites related to

precipitation and VWS for different strengths of ENSO.

1) WESTERN NORTH PACIFIC

Previous studies have shown that the location of the

convection in the tropical Pacific is sensitive to the strength

of ENSO. Stronger El Niño is suggested to result in an

eastward extension of the convective anomalies (Vecchi

and Harrison 2006; Vecchi 2006; Lengaigne and Vecchi

FIG. 4. As in Fig. 3, but for FLOR-FA. The number of years over which composites are based is noted in Table 3.

The dotted regions indicate the 5% significance level.
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2010). Further, TC response in the WNP is shown to be

sensitive to the pattern of precipitation (Murakami et al.

2012). Since TCs are sensitive to the strength and location

of precipitation, the shift in convection due to stronger El

Niño events may also affect the location of TCs. To ex-

plore this hypothesis, we show composites of precipitation

for different strengths of ENSO (Fig. 5). Figure 5 clearly

demonstrates that stronger El Niño leads to an eastward

shift in convection from the west of the date line to

the east of the date line (cf. Figs. 5c,e,g,i,k). The shift in

the atmospheric convection is a result of the shift in the

Walker circulation associated with an eastward shift in

FIG. 5. As in Fig. 3, but that the composites are for precipitation. Units are in mmday21. The number of years over

which composites are based is noted in Table 2. The dotted regions indicate the 5% significance level.
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the SST anomalies. The low-level westerlies associated

with the Walker circulation also shift eastward and thus

lead to a shift in the associated positive relative vorticity

and weak VWS anomalies. This eastward shift of the

environmental conditions favorable to TCs is consistent

with the eastward shift of TCs in the WNP for extreme

El Niño cases in FLOR (Fig. 3). This is consistent with

Clark and Chu (2002), where low-level vorticity is en-

hanced and VWS is reduced leading to enhanced TCs

during El Niño. We hypothesize that, since FLOR has

stronger ENSO variability than observations, the total

composite of TCs shows an eastward shift in FLOR

relative to observations (cf. Figs. 1a and 1c). FLOR-FA

also suggests such a shift in the convective anomalies for

extreme El Niño cases (Fig. 6i) and thus a shift in TC

activity in the WNP (Fig. 4i). However, the reduced

precipitation anomalies west of the date line associated

with La Niña do not show a dramatic eastward shift in

the convection with the increase in the strength of

ENSO compared to El Niño; hence, the lack of east-

ward shift in the La Niña–related TC activity (e.g.,

Figs. 4j and 6j).

2) EASTERN NORTH PACIFIC

As stated in section 3a, FLOR simulates a dispro-

portionate inhibition of TCs relative to observations in

FIG. 6. As in Fig. 5, but for FLOR-FA. The number of years over which composites are based is noted in Table 3.

The dotted regions indicate the 5% significance level.
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the ENP during El Niño, while it is realistically simu-

lated in FLOR-FA. We also showed in section 3b that

TC activity in the ENP is sensitive to the strength of

El Niño and that the suppression is greater for strong

El Niño events (e.g., Fig. 3k). Here, we explain the

mechanism for the sensitivity of ENP TCs to the

strength of El Niño and the reasons behind the differ-

ences in TC activity among FLOR, FLOR-FA, and the

observations. Figure 7 shows composites of the number

of days with VWS greater than 10m s21 for different

FIG. 7. As in Fig. 3, but that the composites are for number of days the VWS is greater than 10m s21 in the ASO

season. The number of years over which composites are based is noted in Table 2. The dotted regions indicate the

5% significance level. The contours represent climatological genesis density and the contour interval is 0.03.
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amplitudes of Niño-3.4 with the location ofmean genesis

density superimposed.3 For extreme El Niño cases, we

notice that the number of days with VWS . 10ms21 is

higher and the regions with a high number of days

are collocated with the location of the mean genesis

density (cf. Figs. 7c,e,g,i,k). Thus, years with strong

El Niño are associated with a larger number of days with

VWS . 10ms21 during the ASO season creating un-

favorable conditions for the formation of TCs. This ex-

plains the disproportionate inhibition of TC activity in

FLOR in the ENP. In FLOR-FA (Fig. 8), even though

stronger El Niño’s increase the number of days with

VWS. 10m s21, the location of the high number of days

is westward of the mean genesis location; hence, it is

unable to suppress TC activity as much as in FLOR.

In sections 3a and 3b, we also showed that La Niña
has the opposite effect on the TC activity in the ENP

in FLOR in contrast to FLOR-FA and the observa-

tions, and that TCs are insensitive to incremental in-

creases in the strength of La Niña. The reasons behind

FIG. 8. As in Fig. 7, but for FLOR-FA. The number of years over which composites are based is noted in Table 3.

The dotted regions indicate the 5% significance level.

3We have verified the composites with the number of days with

VWS greater than 4, 6, 8, 10, 12, and 14m s21. The results are

similar with different choices of threshold for strong VWS and thus

we show results only for the threshold of 10m s21.
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these effects can also be understood based on the effect

of La Niña on VWS. In FLOR, La Niña favors the

formation of TCs (Figs. 7b,d,f,h,j,l) by reducing the

number of days with VWS . 10m s21 in the mean

genesis area. However, in FLOR-FA, the area of re-

duction is shifted westward of the genesis location;

hence, the lack of favorable environmental conditions

for the formation of TCs (Figs. 8b,d,f,h,j) similar to

observations (cf. Figs. 1f and 4b to Fig. 1b). However,

the reasons for inhibition of TCs in FLOR-FA are not

understood. The lack of linearity in the mechanism

(explained through VWS) for El Niño and La Niña in

FLOR-FAmay explain the nonlinearity in the effect of

ENSO on the TCs, where both phases lead to a re-

duction of TCs in the ENP.

3) NORTH ATLANTIC

The TC activity in the North Atlantic has been shown

to be sensitive to the strength of both El Niño and La

Niña events, with the magnitude of the response in-

creasing with incremental changes in ENSO strength

(section 3b). This effect of ENSOon TCs occurs through

the changes in VWS in the North Atlantic. In both

FLOR and FLOR-FA, the number of days with VWS.
10ms21 increases with the strength of El Niño and is

collocated with the mean genesis location creating

FIG. 9. ASO climatology of TC genesis density for (a) observations, (c) FLOR, and (e) FLOR-FA and track density

for (b) observations, (d) FLOR, and (f) FLOR-FA.
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unfavorable conditions for the development of TCs

(Figs. 7 and 8). A similar explanation holds for the effect

of La Niña except that during La Niña the number of

days withVWS. 10m s21 decreases with the increase in

the strength of La Niña and thus it favors TCs (Figs. 7

and 8).

Further, we investigate the reasons for the inability of

FLOR to simulate the relationship between ENSO and

TC activity in the west Atlantic and the improvement of

this relation in FLOR-FA. Examination of the clima-

tological genesis density in FLOR suggests that the

model fails to simulate the genesis of TCs in the west

Atlantic (Fig. 9c) and thus it has biases in the TC track

density (Fig. 9d). However, FLOR-FA shows moderate

improvement in the simulation of the genesis (Fig. 9e)

and tracks of TCs in the west Atlantic (Fig. 9f). Thus,

the lack of relationship between ENSO and TCs in the

west Atlantic in FLOR may be attributed to the lack of

genesis of TCs in this part of the basin. The lack of

genesis in the west Atlantic may be related to the biases

in the large-scale climate such as colder SSTs, higher

VWS, and lower potential intensity in FLOR compared

to observations in the west Atlantic creating unfavor-

able conditions for TC genesis (Vecchi et al. 2014).

These biases are improved in FLOR-FA leading to

better simulation of TC genesis.

d. Model experiment

To substantiate that the differences in the simulation

of the ENSO–TCs relation in the Pacific arises from

differences in the strength of ENSO between FLOR and

FLOR-FA, we perform a restoring model experiment

(FLOR-FA_enso) using FLOR. This experiment is

based on FLOR model and it has SST anomalies in the

tropical Pacific in FLOR restored to FLOR-FA anom-

alies. By construction, the strength of ENSO in FLOR-

FA_enso is, therefore, similar to that of FLOR-FA. In

this sensitivity experiment, TC activity related to

El Niño shows suppressed TCs in the ENP and the

northwest of WNP and enhanced TC activity west of

the date line (Fig. 10a; Table 4). Although the TC

density in the northwest of the WNP does not show

dramatic improvement (local mean state may play a

role in addition to the magnitude of SST anomalies),

FIG. 10. As in Fig. 3, but for FLOR-FA_enso. The number of years over which composites are based is noted in

Table 4. The dotted regions indicate the 5% significance level.

TABLE 4. As in Table 2, but for FLOR-FA_enso.

Criteria El Niño
Rate of

El Niño La Niña
Rate of

La Niña

.1.08C 17 0.17 6 0.07 19 0.19 6 0.07

1.08–1.58C 8 0.08 6 0.05 8 0.08 6 0.05

1.58–2.08C 8 0.08 6 0.05 5 0.05 6 0.04
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the TC density in the southeast of the WNP does show

improvement with improved representation of the

magnitude of the SSTs in the tropical Pacific Ocean.

This experiment suggests that an improved ENSO

variability yields a better ENSO–TC relation, similar

to observations. The composites of precipitation and

of the number of days with VWS . 10m s21 also sup-

port the mechanistic hypothesis proposed in the pre-

vious section for the differences in the ENSO-related

TC activity between FLOR and FLOR-FA. The max-

imum of convection in FLOR-FA_enso is located west

of the date line, which is consistent with the location

of ENSO-related TC activity in the southeast of the

WNP (Figs. 10a and 11a). The composite of number

of days with VWS . 10m s21 during El Niño also

does not show high number of days at the mean gen-

esis location in the ENP (Fig. 12a), which contributes

to a more realistic representation of the suppression

of TC activity during El Niño. In the case of the

La Niña composite, the number of days is not as re-

duced as in FLOR to favor TC activity (Figs. 10b

and 12b). The results from this experiment demon-

strate that the differences between FLOR and FLOR-

FA in the southeastern part of the WNP and ENP

relative to observations arise from the stronger ENSO

in FLOR.

4. Conclusions and discussion

In this study, we have investigated the sensitivity of

the regional TC activity in the Pacific and Atlantic

Oceans to strong ENSO events using long simulations

from coupled climate models. First, we assessed the

ability of the coupled climate model, GFDL FLOR to

simulate the relationship between the ENSO and re-

gional TC activity in the Pacific and Atlantic Oceans.

FLOR showed biases in the simulation of the ENSO–

TC relationship compared to observations. During El

Niño, TC activity in the WNP is shifted eastward and is

stronger than observed in the eastern part of the basin. It

also failed to simulate TC activity in the west Atlantic.

During La Niña, FLOR simulates enhanced TC activity

in the ENP in contrast to observations, which show re-

duced TC activity. However, the flux-adjusted version of

FLOR, FLOR-FA shows realistic simulation of the

observed relationship between ENSO and TC activity.

Thus, we use FLOR-FA for our investigation to un-

derstand the sensitivity of regional TCs to strong ENSO

events and the associated mechanisms are summarized

in Fig. 13 for El Niño events only. We suggest that TCs

exhibit a nonlinear response to the strength of ENSO in

the tropical eastern North Pacific (ENP) but a quasi-

linear response in the tropical west North Pacific (WNP)

FIG. 11. As in Fig. 5, but for FLOR-FA_enso. The number of years over which composites are based is noted in

Table 4. The dotted regions indicate the 5% significance level.
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and tropical North Atlantic. However, FLOR fails to

capture the nonlinear response in the ENP (cf. Figs. 14

and 15). We showed that the location and magnitude of

regional TC activity in the tropical North Pacific and

Atlantic Oceans are sensitive to the strength of El Niño.
A stronger El Niño shows an eastward shift of TC ac-

tivity in the southeastern part of WNP. This shift in TC

activity was shown to be related to a shift in the location

FIG. 12. As in Fig. 7, but for FLOR-FA_enso. The number of years over which composites are based is noted in

Table 4. The dotted regions indicate the 5% significance level.

FIG. 13. Schematic showing the effect of moderate and strong El Niño on TC activity.
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of atmospheric convection. StrongEl Niño events have a
tendency to shift the convection to the east (Fig. 13).

This further leads to an eastward shift in the environ-

mental conditions favorable for TC activity such as weak

VWS and thus causing an eastward shift in TC activity.

Strong El Niño events also tend to enhance the in-

hibition of TCs in the ENP and in the North Atlantic by

increasing the number of days with strong VWS

(Fig. 13). However, we showed that TC activity in the

North Pacific is insensitive to the increase in the strength

of La Niña events. Tropical cyclone activity does not

show a distinct shift in the longitudinal location in the

WNP with an increase in the strength of La Niña as

compared to El Niño. The magnitude of TC activity in

the ENP is also insensitive to the strength of La Niña.
The sensitivity of TCs to strong La Niña events could

only be seen in the North Atlantic, where stronger La

Niña events tend to reduce the number of days with

strong VWS, favoring TC activity.

We also investigated the reasons for the biases in the

simulation of the ENSO–TC relationship in FLOR. We

hypothesized that the biases in the ENSO–TC re-

lationship in the North Pacific arise from an excessively

strong ENSO in FLOR. An overly strong El Niño event

FIG. 14. Scatterplot of Niño-3.4 and area-averaged TC density index (FLOR) over (a) the west North Pacific

(108–308N, 1308E–1508W), (b) the east North Pacific (108–308N, 1308–1008W), and (c) the NorthAtlantic (108–308N,

958–608W).Red (blue) dots represent events withNiño-3.4. 0.58C (,20.58C) corresponding to El Niño (LaNiña)
in FLOR. Light red (blue) triangles represent events with Niño-3.4. 0.58C (,20.58C) corresponding to El Niño
(La Niña) in observations. The linear regression coefficients are shown in the table for FLOR.
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causes an excessive eastward shift in convection in

FLOR compared to observations and FLOR-FA, lead-

ing to an erroneous shift in the location of TCs. In

ENP, a strong El Niño increases the number of days with

strongVWS in FLOR, leading to stronger than observed

inhibition of TC activity in the ENP (Fig. 14b). Strong

La Niña events in FLOR decrease the number of days

with strong VWS and, hence, favor TC activity in con-

trast to observations and FLOR-FA.Using perturbation

experiment (FLOR_FA-enso) with a realistic repre-

sentation of the amplitude of ENSO, partly corrects for

the biases in FLOR, supporting our hypothesis.

Further, we showed that FLOR also fails to simulate

the signature of ENSO–TC teleconnection in the west

Atlantic during both the El Niño and La Niña events.

We suggested that these biases in the west Atlantic

teleconnection might be attributed to the biases in the

FLOR simulation of the mean genesis density and track

density in the west Atlantic. The mean genesis and thus

track density in FLOR is shifted to the east of the west

Atlantic relative to observations, thus causing the re-

sponse of TCs to ENSO to also shift eastward. FLOR-

FA shows improvement in the simulation of genesis and

track location and thus it has a better simulation of the

location of teleconnection with enhanced TC activity in

the west Atlantic during La Niña and a reduced activity

during El Niño.
There are twofold benefits from the evaluation of the

ability of the state-of-the-art coupled climate model to

simulate the ENSO–TC relationship. This study helps us

to recognize the biases in the simulations and work to-

ward its improvements. Although this study is based

on a single model, FLOR, these results could be useful

to other climate models that may have comparable

biases in the simulation of the amplitude of ENSO and

the genesis location of TCs. This study provides insights

FIG. 15. As in Fig. 14, but for FLOR-FA.
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on how the biases in the simulation of ENSOand genesis

location of TCs can reflect on the biases in the simula-

tion of ENSO–TC teleconnections. Our results also

suggest that coupled climate models with improved

simulation of ENSO and its relationship to regional TC

activity would aid in better prediction of TCs as shown in

Vecchi et al. (2014). Finally, using long control simula-

tions, we showed that the regional TC activity is sensi-

tive to the strength of the ENSO event. Given that the

frequency of extreme ENSO precipitation events is

projected to increase in warming scenarios (Power et al.

2013; Wittenberg 2015; Cai et al. 2014, 2015), this work

can help us to understand the effects of extreme ENSO

events on the regional TC activity, which further helps

us to understand the connections between a changing

climate and tropical cyclones.
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