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ABSTRACT

The Madden–Julian oscillation (MJO) has been demonstrated to play a role in tropical cyclone (TC) ac-

tivity around the globe in a number of recent studies. While the impact of the MJO on TCs in the Atlantic

basin since themid-1970s has beenwell documented, a newly developed 107-yr-long index for theMJO allows

for additional analysis of the impacts of theMJO onAtlantic TC activity. TC activity in the Atlantic increases

whenMJO-related convection is enhanced overAfrica and the IndianOcean, while TCactivity in theAtlantic is

suppressed when theMJO enhances convection over the western Pacific. This long-term record of theMJOalso

allows for the analysis of how the MJO’s impacts may be modulated by other climate modes, such as the

El Niño–Southern Oscillation (ENSO) over interannual time scales and the Atlantic multidecadal oscillation

(AMO) over multidecadal time scales. When climatologically unfavorable conditions such as an El Niño event
or a negative AMO phase are present, even TC-favorable MJO conditions are not enough to generate statis-
tically significant increases in TC activity from the long-term average across the Atlantic basin. However, cli-
matologically favorable conditions during a LaNiña event or a warmAMOphase act to enhance themodulation
of TC activity over the Atlantic basin by the MJO.

1. Introduction

The Madden–Julian oscillation (MJO), a quasi-

oscillatory phenomenon with a convective signal that

often originates in the tropical Indo-Pacific and propa-

gates around the equator with a time scale between 30

and 70 days (Madden and Julian 1971, 1972), has been

shown to impact tropical cyclone (TC) activity in all

ocean basins (Camargo et al. 2009; Klotzbach 2014; and

references therein). This impact has been tied to mod-

ulations by the MJO of climate fields that are known to

impact TC activity (e.g., vertical wind shear, vertical

motion, low-level and midlevel moisture, and relative

vorticity) (Gray 1968). In fact, the MJO is one of the

likely reasons why TCs have been observed to cluster in

time (Gray 1979).

The impact of the MJO on North Atlantic TCs has

been well documented. Maloney and Hartmann (2000)

showed that Gulf of Mexico and western Caribbean Sea

hurricane genesis was 4 times more likely to occur when

low-level eastern Pacific winds associated with the MJO

were westerly than when they were easterly. Barrett and

Leslie (2009) showed that enhanced upper-tropospheric

divergence was an important driver of hurricane for-

mation in the Atlantic. When MJO-related convection

was of a heightened magnitude at 1208W, hurricanes

[1-min maximum sustained winds greater than 63 kt

(1kt’ 0.51ms21)] andmajor hurricanes (1-minmaximum

sustained winds greater than 95 kt) were 4 times more

likely to make landfall than when convection was sup-

pressed in this region. Klotzbach (2010) primarily fo-

cused on TCs forming in the main development region

(MDR; 7.58–22.58N, 758–208W) and showed that major

hurricane formation in the Atlantic MDR was favored

when convection was enhanced over Africa and the

western Indian Ocean. Ventrice et al. (2011) found

similar results when examining African easterly wave
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activity and TC genesis likelihood in the Atlantic basin.

These studies demonstrated approximately 3:1 ratios

between major hurricane development and accumulated

cyclone energy (ACE) generation (Bell et al. 2000) when

the MJO’s convective enhancement is located over

Africa and the western Indian Ocean, compared with

when it is located over the western Pacific. Statistically

significant differences in vertical wind shear, midlevel

moisture and vertical motion all appear to be contribu-

tors to this observed difference in TC formation.

The aim of this paper is to examine the relationship

between the MJO and Atlantic TCs over a longer time

period than has been possible previously. This can be

accomplished using a long historical reconstruction of

the Wheeler and Hendon (2004) MJO index over the

1905–2011 period (Oliver and Thompson 2012). The

object of this analysis is to examine the stability of

the MJO–Atlantic TC relationship over multidecadal

time scales, with a much longer time period than is

possible using only theWheeler andHendonMJO index

(which extends back only to 1974).

This paper is organized as follows: Section 2 describes

the data utilized in this paper. Section 3 examines both

MJO-related modulations of large-scale atmospheric

fields across the tropics as well as variations in Atlantic

TC activity using both the Wheeler and Hendon (2004)

MJO index over 1979–2011 and the extended MJO

index of Oliver and Thompson (2012) over the same

period. Section 4 then examines the stability of the

MJO–Atlantic TC relationships over the earlier part of

the twentieth century from 1905 to 1978. Examinations

of how the strength of the MJO–Atlantic TC relation-

ship are modulated by El Niño–Southern Oscillation

(ENSO; Rasmusson and Carpenter 1982) and by the

Atlantic multidecadal oscillation (AMO; Goldenberg

et al. 2001) are presented in section 5. A discussion and

conclusions are presented in section 6.

2. Data sources

In this paper, we characterize the MJO using two in-

dices. The first is theWheeler–Hendon (WH)MJO index

(Wheeler and Hendon 2004), which combines 200- and

850-mb zonal winds and outgoing longwave radiation

(OLR) using a multivariate EOF analysis in order to

extract the MJO signal, after removing the annual mean

and ENSO-related variability in order to focus on intra-

seasonal time scales. The resulting real-time multivariate

MJO (RMM) time series are then normalized to have

a standard deviation of one over the 1979–2001 period.

This index is available from 1974 to the present (with an

absence of data for most of 1978 because of incomplete

OLR observations).

We also used a recently developed reconstruction of

the MJO index over the time period 1905–2011 in order

to examine relationships with Atlantic basin TCs over

longer time scales. This index was developed by Oliver

and Thompson (2012) using a multiple linear regression

of surface pressures from the Twentieth Century Re-

analysis (Compo et al. 2011) onto the Wheeler–Hendon

MJO index to reconstruct both components of the

RMM time series prior to 1974. This index was nor-

malized to have a standard deviation of one over the

1905–2008 period. For the remainder of the paper, this

index will be referred to as the OT MJO index. The

index removes the mean over the previous 120 days,

which eliminates significant levels of interannual vari-

ability along with much of the convective signal associ-

ated with ENSO when substantial temporal trends in

these signals are absent. Oliver and Thompson (2012)

demonstrate good agreement with the Wheeler–

Hendon index over the 1979–2008 period. They also

show robust relationships with other phenomena known

to be closely related to the MJO, such as zonal surface

winds and cloud cover in the tropics, intense rainfall

over Australia and sea level in the western Pacific

(Oliver and Thompson 2012) as well as surface air

temperatures over Alaska (Oliver 2014).

Table 1 displays the strength of theMJO (asmeasured

by mean amplitude, median amplitude, and percentage

of days where the index exceeds one standard deviation)

for the OT index over three time periods: 1905–47,

1948–78, and 1979–2011 and compares them with the

same statistics for the WH index over the 1979–2011

period. (The reasons for selecting these three time pe-

riods for the OT index are discussed in the following

paragraph.) The MJO has a slight positive trend as de-

fined by the OT index over the course of the twentieth

century, but this increase is slight and should not impact

the results of this paper significantly. In fact, the pro-

portion of time spent above an amplitude of one does

not change appreciably among the two indices and three

time periods (Table 1). The amplitude of the OT and

WH index is virtually the same from 1979 to 2011. It

should be noted that both of these indices are statistical

approximations to the state of the MJO and therefore

cannot be expected to fully capture the dynamics of the

MJO but are quite useful for bulk statistical analyses

such as those conducted here. Several reanalysis data-

sets are utilized to characterize the large-scale climate

fields. For the time period from 1905 to 1947, we use the

Twentieth Century Reanalysis (Compo et al. 2011). This

reanalysis was defined on a 28 latitude by 28 longitude
grid; assimilates surface pressure, sea level pressure, sea

surface temperature, and sea ice data; and then utilizes

an ensemble Kalman filter and an ensemble of weather
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forecasts from a global numerical weather prediction

model to arrive at a best estimate of the state of the

atmosphere. We also utilize the Twentieth Century

Reanalysis for all vertical shear figures. For the time

period from 1948 to 1978, for the data in our tables, we

use the National Centers for Environmental Prediction–

National Center for Atmospheric Research (NCEP–

NCAR) reanalysis (Kistler et al. 2001). This reanalysis

was defined on a 2.58 latitude by 2.58 longitude global

grid and utilizes three-dimensional variational data as-

similation to arrive at its estimate of the background

state at a specific time. For the time period from 1979 to

2011, we use the European Centre for Medium-Range

Weather Forecasts (ECMWF) Interim Re-Analysis

(ERA-Interim; Dee et al. 2011). This reanalysis was

created on a 1.58 latitude by 1.58 longitude global grid

and utilizes four-dimensional variational data assimila-

tion to arrive at its estimate of the background state at

a specific time. In addition, we analyze OLR from the

National Oceanic and Atmospheric Administration

(NOAA) interpolated OLR product (Liebmann and

Smith 1996). This product is available on a 2.58 latitude
by 2.58 longitude global grid and covers the period 1974–

2013 (we utilize OLR data only over the period 1979–

2011 in this paper).

Atlantic basin TC activity statistics are calculated from

the second-generation hurricane database (HURDAT2;

Landsea and Franklin 2013). HURDAT2 provides

6-hourly estimates of location and maximum sustained

wind for every TC in the Atlantic basin since 1851, with

reanalyzed statistics (as part of the HURDAT2 re-

analysis project) over the period from 1905 to 1945 in-

cluded in this study. ACEwill typically be utilized as the

metric for TC activity in this paper. It is calculated by

squaring the maximum 1-min sustained wind speed in

knots at each 6-hourly interval where a TC is at least

at tropical storm strength according to the National

Hurricane Center and then dividing by 10 000.

The multivariate ENSO index (MEI) is utilized to

characterize ENSO for each TC season (Wolter and

Timlin 1998). In general, the MEI is considered to be

a more robust measure of the atmospheric and oceanic

response to ENSO than simply using a sea surface

temperature (SST) index. For example, there may be

cases where the Niño 3.4 SST index indicates a weak El
Niño is present, but the associated Walker circulation
shift and weakening is limited. The MEI overcomes
this limitation by including SST, sea level pressure,
zonal and meridional winds, cloudiness, and surface
temperature from the International Comprehensive
Ocean–Atmosphere Data Set (ICOADS; Woodruff

et al. 2011). We also use the extended MEI (Wolter

and Timlin 2011) to characterize ENSO for the period

from 1905 to 1949. The extended MEI utilizes SST

from the Second Hadley Centre Sea Ice and Sea Sur-

face Temperature dataset (HadSST2; Rayner et al.

TABLE 1. Mean amplitude, median amplitude, and percentage of days for which the MJO indices exceed one. These statistics are shown

for the OT index over the 1905–47, 1948–78, and 1979–2011 periods and for the WH index over the 1979–2011 period.

OT (1905–47) OT (1948–78) OT (1979–2011) WH (1979–2011)

Mean amplitude 1.18 1.26 1.31 1.26

Median amplitude 1.09 1.15 1.22 1.17

Percentage of days where amplitude .1 56% 59% 62% 61%

TABLE 2. July–October-averaged anomalies of 200-mbU, 850-mbU, 200-mbU2 850-mbU (vertical shear), SST, SLP (1mb5 1 hPa),

OLR, 300-mb v, and 700-mb RH in the North Atlantic MDR (7.58–22.58N, 758–208W) between 1979 and 2011 using ERA-Interim.

Anomalies are calculated as deviations from theMJO index phase 1–8 average when theWHMJO index is greater than one. Values that

are significantly different at the 1% level from the phase 1–8 average in a TC-favorable manner are highlighted in boldface type, whereas

differences that are significant at the 1% level from the phase 1–8 average in a TC-unfavorable manner are highlighted in boldface and

italics.

MJO index

phase

200-mb

U (m s21)

850-mb

U (m s21)

200-mb U 2 850-mb

U (m s21) SST (8C) SLP (mb) OLR (Wm22)

300-mb

v (mbday21)

700-mb

RH (%)

1 20.85 0.04 20.89 20.04 20.50 21.67 21.85 0.00

2 21.93 0.61 22.54 0.12 20.50 23.85 24.85 1.51

3 21.69 0.34 22.03 0.07 0.29 0.77 0.51 0.83

4 0.05 0.22 20.17 0.20 0.18 2.81 2.27 0.29

5 1.58 20.07 1.65 0.13 0.28 0.69 0.53 0.26

6 1.94 20.60 2.54 20.12 0.42 1.17 2.50 21.55

7 2.77 20.97 3.74 20.25 0.29 20.42 0.76 21.76

8 2.20 20.18 2.38 0.00 20.57 21.19 20.36 20.65
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2006) and surface pressure from the Second Hadley

Centre Sea Level Pressure dataset (HadSLP2; Allan

and Ansell 2006). Both the extended MEI and the

MEI are computed using a bimonthly average. The

MEI value over the Atlantic TC season is calculated

as the average of July–August, August–September,

and September–October values. If the MEI is greater

(less) than or equal to 0.75 (20.75), an El Niño
(La Niña) event is defined; all times for which values
lie between 20.75 and 0.75 are defined as neutral

events.

The AMO is characterized by a horseshoe-shaped

SST pattern in the North Atlantic (Goldenberg et al.

2001). Positive phases generally have warm water anom-

alies in the tropical and subpolar North Atlantic, while

negative phases have opposite-signed SST anomalies.

Positive and negative AMO periods are as defined using

the phases discussed by Klotzbach and Gray (2008), with

the recent positive period defined in their analysis ex-

tended to include up to 2011. Namely, we define 1926–69

and 1995–2011 as positive AMO phases and 1905–25 and

1970–94 as negative AMO phases.

FIG. 1. Zonal vertical shear anomalies (200-mb U 2 850-mb U) for all days where the WH

MJO index exceeded an amplitude of one for (top left) MJO index phases 1–3 and (top right)

MJO index phases 5–7. Also displayed are zonal vertical shear anomalies for all days where the

OT MJO index exceeded an amplitude of one for (bottom left) MJO index phases 1–3 and

(bottom right) MJO index phases 5–7.

TABLE 3. As in Table 2, but for the OT MJO index using ERA-Interim from 1979 to 2011.

MJO index

phase

200-mb

U (m s21)

850-mb

U (m s21)

200-mb U 2 850-mb

U (m s21) SST (8C) SLP (mb) OLR (Wm22)

300-mb

v (mbday21)

700-mb

RH (%)

1 21.27 0.18 21.45 20.05 20.51 20.70 21.45 0.61

2 21.83 0.47 22.31 0.03 20.24 22.44 22.66 1.04

3 21.33 0.43 21.76 0.05 0.26 20.20 21.56 0.98

4 20.01 0.47 20.48 0.15 0.15 0.94 0.97 1.23
5 1.01 20.27 1.28 0.01 0.62 2.72 2.63 21.10

6 2.66 20.60 3.26 20.08 0.38 0.72 1.22 20.78

7 2.92 20.63 3.55 0.01 20.25 21.39 20.58 0.26

8 2.97 20.08 3.05 20.01 20.61 21.99 20.85 20.45
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3. Comparison of WH MJO index and OT MJO
index from 1979 to 2011

Climate anomaly fields over the period from 1979 to

2011 were calculated from ERA-Interim. We examined

several large-scale fields that are known to impact TCs

and have been used in previousMJOmodulation studies

(e.g., Klotzbach 2010, 2014): SST, sea level pressure

(SLP), 850-mb zonal wind (U), 200-mbU, vertical shear

of U (defined as 200-mb U minus 850-mb U), 700-mb

relative humidity (RH), 300-mb vertical velocity (v),

and OLR. Anomalies were defined as MJO composite

averages for each of the eight MJO index phases (for

MJO amplitudes greater than one) and calculated from

the 1979–2011 climatology during the months of July–

October over the Atlantic MDR, which is defined as

7.58–22.58N, 758–208W.

Table 2 displays climate anomalies for each of the

eight MJO index phases using the WH MJO index.

Conditions that are known to be favorable for TC for-

mation include above-average SSTs, below-average

SLPs, below-average vertical wind shear, above-average

vertical motion, and above-average midlevel moisture

(Gray 1968).Anomalous easterly flow at upper levels and

anomalous westerly flow at lower levels counteracts the

prevailing zonal winds across the tropical Atlantic Ocean

and Caribbean Sea, thereby reducing the vertical wind

shear. Features that are significant at the 1% level in

a TC-favorable manner from the phase 1–8 average are

highlighted in boldface, while features that are signifi-

cant at the 1% level in a TC-unfavorable manner are

FIG. 2. Percentage of total normalized ACE generated by TCs

forming in each phase of the MJO for both the WH MJO index

(blue columns) and OT MJO index (orange columns) over the

1979–2011 period. Statistically significant differences at the 10%

level are highlighted with vertical striping. The black line denotes

the null hypothesis of 12.5% of ACE generated in each of the eight

MJO index phases.

FIG. 3. Tracks of major hurricanes for all days where the WH MJO index exceeded an amplitude of one for

(a) MJO index phases 1–3 and (b) MJO index phases 5–7. Also displayed are tracks of major hurricanes for all days

where theOTMJO index exceeded an amplitude of one for (c)MJO index phases 1–3 and (d)MJO index phases 5–7.
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highlighted in boldface and italics. Significance levels are

determined using a bootstrap resampling technique from

the full time series of anomalies (Efron 1979). A total of

the number of days that the MJO was greater than one

for each MJO index phase are selected randomly with

replacement from the full sample 10 000 times, and

anomalies with amagnitude that occurs fewer than 1%of

the time in the random sample are considered to be sta-

tistically significant. This same significance test has been

conducted for all climate field anomalies displayed here.

As was shown by Klotzbach (2010), the WH MJO

index generally shows favorable TC formation condi-

tions in phases 1–3, while unfavorable TC formation

conditions are observed in phases 5–7. Differences in

200- and 850-mbU (referred to as vertical shear) among

various phases of the MJO are quite notable, with dif-

ferences in shear anomalies between phases 2 and 7

exceeding 6m s21. Maps of shear anomalies (Fig. 1, top)

indicate large deviations over the tropical Atlantic gen-

erally and the MDR specifically, with strong negative

(positive) values in phases 1–3 (5–7) as the MJO propa-

gates through the domain. Vertical motion differences, as

indicated by 300-mb v, as well as OLR are also observed

to vary in a statistically significant manner (Table 2). RH

modulations are relatively small over the Atlantic MDR

based on the WH MJO index, similar to that shown by

Klotzbach (2010). While these RH anomalies are small,

they may still be important for modulation of Atlantic

basin TC genesis and intensification, as discussed by

Camargo et al. (2009).

Table 3 displays similar climate field calculations over

the MDR but for the OT MJO index. Significant dif-

ferences in vertical wind shear are observed in a manner

that is consistent with the results using the WH MJO

index.Maps of shear anomalies (Fig. 1, bottom) indicate

large deviations with the same general pattern and

magnitude as was observed for the WH MJO index.

Phases 1–3 of the OT MJO index tend to be character-

ized by TC-enhancing conditions, with phases 5–7

characterized by TC-suppressing conditions, consistent

with the results using theWHMJO index. Phase 8 has an

interesting combination of statistically significantly fa-

vorable thermodynamic conditions (SLP and OLR)

and unfavorable dynamic conditions (vertical shear).

In general, the modulation of large-scale fields is

slightly stronger for the WH index than for the OT

index. This is perhaps not surprising, given that theWH

index is defined explicitly using OLR and upper- and

lower-level zonal winds while the OT index re-

constructs the WH index variability using surface

pressures alone.

We expect to see similar MJO modulations of TC

activity in the Atlantic basin between the WHMJO and

OT MJO indices given the broadly similar climate

conditions observed for the eight MJO index phases. As

was done by Klotzbach (2010), we tabulate TC statistics

for a storm based on the phase and amplitude of the

MJO on the day that a TC was first classified as a named

storm by the National Hurricane Center. Only TCs that

formed when the MJO amplitude was greater than one

are counted in this analysis. Normalized ACE is calcu-

lated following Klotzbach (2010). Namely, the total

ACE generated in each MJO index phase is calculated,

divided by the number of days that the MJO is in

a particular phase, and multiplied by 100. Normalization

is important, as the MJO does not spend the same

amount of time in each of the eight MJO phases. Figure 2

displays the percentage of normalized ACE generated in

each of the eight phases of the MJO for both the WH

MJO and the OT MJO. If the MJO did not have any

effect onTC activity levels, wewould expect to see 12.5%

of TC activity generated in each of the eight phases.

Statistically significant differences in TC activity at the

10% level, calculated using a 10 000 member bootstrap

resampling technique, were highlighted with vertical

striping. This same significance test was conducted for all

TC statistics displayed here. While statistical significance

thresholds were reached for somewhat different MJO

index phases for the WH MJO versus the OT MJO in-

dices, the broad pattern of enhanced TC activity in MJO

TABLE 4. As in Table 2, but for the period from 1948 to 1978 as calculated from the NCEP–NCAR reanalysis using the OT MJO index.

OLR is not available prior to 1974 and consequently is not displayed in this table.

MJO index

phase

200-mb

U (m s21)

850-mb

U (m s21)

200-mb U 2 850-mb

U (m s21) SST (8C) SLP (mb)

300-mb

v (mbday21)

700-mb

RH (%)

1 20.87 0.21 21.08 0.01 20.36 21.96 0.85

2 21.19 0.68 21.87 20.02 20.22 20.48 0.33

3 0.78 0.54 0.23 0.06 20.24 0.01 0.17

4 0.24 20.26 0.50 20.03 0.49 3.03 20.74

5 0.90 20.40 1.30 20.04 0.60 0.61 20.87

6 1.13 20.27 1.41 0.11 0.20 20.51 20.61

7 1.85 20.19 2.05 0.08 20.22 20.34 20.84

8 2.04 20.18 2.22 20.02 20.51 22.83 20.01
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index phases 1–4 and suppressed TC activity MJO index

phases 5–8 held for both indices.

Figures 3a and 3b display the tracks of major (Saffir–

Simpson scale categories 3–5) hurricanes using the WH

MJO index for MJO index phases 1–3 and MJO index

phases 5–7, respectively. Large differences in the num-

ber of normalized major hurricanes are observed over the

period from 1979 to 2011 with the WH MJO index, with

ratios of 2.5:1 for major hurricanes and 3.9:1 for major

hurricane days between MJO index phases 1–3 and MJO

index phases 5–7, respectively.Aswill be shown in the next

section, theMJOmodulation of TCs during phases 4 and 8

is not stable over the entire 1905–2011 period.

Figures 3c and 3d display tracks of major hurricanes

for MJO index phases 1–3 and MJO index phases 5–7,

respectively, but using the OT MJO index over the pe-

riod from 1979 to 2011. Ratio differences for normalized

major hurricanes and normalized major hurricane days

between MJO index phases 1–3 and MJO index phases

5–7, respectively, are 2.1:1 formajor hurricanes and 1.8:1

for major hurricane days. Given the robustness of the

relationships betweenMJO index phases and TC indices

demonstrated above, we are motivated to examine the

relationship between the OT MJO index and Atlantic

basin TC activity over the earlier part of the twentieth

century (prior to 1979).

FIG. 4. Zonal vertical shear anomalies (200-mb U 2 850-mb U) for all days where the OT

MJO index exceeded an amplitude of one for (a) MJO index phases 1–3 and (b) MJO index

phases 5–7 for 1979–2011 (as in Fig. 1, bottom). Also displayed are zonal vertical shear

anomalies for all days where the OT MJO index exceeded an amplitude of one for (c) MJO

index phases 1–3 and (d) MJO index phases 5–7 for 1948–78 and for (e) MJO index phases 1–3

and (f) MJO index phases 5–7 for 1905–47.
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4. Evaluation of the OT MJO index from 1905 to
1978

We next evaluate the MJO–Atlantic TC relationship

over two separate time periods during the earlier part of

the twentieth century using the OT MJO index: 1948–78

(section 4a) and 1905–47 (section 4b). The dates for these

two time periods were selected based upon the availability

of the NCEP–NCAR reanalysis, which began in 1948, and

the earliest date for which we have an estimation of MJO

activity from the OT MJO index, which is 1905.

a. 1948–78

We now evaluate the OT MJO–Atlantic TC re-

lationship from 1948 to 1978 using the NCEP–NCAR

reanalysis. Table 4 displays climate field modulations

from 1948 to 1978 in a similar manner to Tables 2 and 3,

with the exception that no data are displayed for OLR

(only available since 1974). As was the case when ex-

amining the recent period from 1979 to 2011, similar

MJO-generated modulations were observed during the

1948–78 period, with zonal shear differences between

MJO index phases 1–3 and MJO index phases 5–7 ap-

proaching 4m s21 (Figs. 4c,d). Note also the consistency

in shear modulation between the 1948–78 period and the

1979–2011 period (Figs. 4a,b), as well as the 1905–47

period (Figs. 4e,f). Phase 8 continues to be characterized

by a combination of favorable thermodynamic but un-

favorable dynamic conditions.

The anomaly magnitude of the MJO modulation of

TC activity is even greater during the 1948–78 period

compared with the 1979–2011 period. Figure 5 displays

normalized ACE generated by TCs forming in each

phase of the MJO for the three subperiods of 1905–47,

1948–78, and 1979–2011. MJO index phases 1–3 are

characterized by heightened levels of TC activity, while

phases 5–7 are characterized by reduced levels of ac-

tivity for the period from 1948 to 1978, broadly similar to

what was shown during the period from 1979 to 2011 as

well as the earlier period from 1905 to 1947.

Figures 6c and 6d display tracks of major hurricanes in

phases 1–3 and phases 5–7 using theOTMJO index over

the period from 1948 to 1978, respectively. Note the

consistency of the relationship between the 1948–78

period along with the earlier period 1905–47 and the

1979–2011 period. Ratios are considerably larger for

major hurricanes and major hurricane days from 1948

to 1978 than from 1979 to 2011. The normalized major

hurricane ratio is 4.4:1 and the normalized major hur-

ricane day ratio is 7.9:1 between MJO index phases 1–3

and MJO index phases 5–7, respectively. This result is

somewhat surprising, given the increased uncertainty

in both observations of TCs as well as the MJO as one

goes back in time. We intend to investigate this further

in future work.

b. 1905–47

We next evaluate the OT MJO–Atlantic TC re-

lationship from 1905 to 1947 using the Twentieth Cen-

tury Reanalysis for climate anomaly calculations. Table 5

displays modulations over the 1905–47 period. Phases 1–3

continue to be characterized by strongly TC-favorable

shear anomalies, while phases 5–7 are characterized by

unfavorable shear anomalies (Figs. 4e,f). Phase 8 is

characterized by a combination of favorable thermo-

dynamic and unfavorable dynamic conditions, consis-

tent with what was shown for the 1979–2011 and 1948–78

periods.

TC activity modulations continue to show robust dif-

ferences over the MJO cycle in the 1905–47 period

(Fig. 5). The favorable thermodynamic conditions that

characterize phase 8 appear to dominate during the

early part of the twentieth century, as phase 8 is shown to

be the most active TC phase of the MJO. Phases 1–3

continue to be characterized by heightened levels of TC

activity, while phases 5–7 are characterized by reduced

levels of activity, similar to what was shown for the

1948–78 and 1979–2011 periods. There appears to have

been a phase shift over the course of the twentieth

century favoring TC development in phase 8 during the

early part of the twentieth century. Phase 8 became less

favorable over the course of the twentieth century,

while phase 4 became progressively more favorable.

This phenomenon will be addressed in more detail in

section 6.

Figures 6e and 6f display tracks of major hurricanes in

phases 1–3 and phases 5–7 using the OTMJO index over

the period from 1905 to 1947. The normalized major

FIG. 5. As in Fig. 2, but for the percentage of normalized ACE

generated in each MJO index phase (as defined by the OT index)

during the periods 1979–2011 (blue columns), 1948–78 (red col-

umns), and 1905–47 (green columns).
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hurricane ratio is 4.2:1 and the normalized major hurri-

cane day ratio is 5.0:1 betweenMJO index phases 1–3 and

MJO index phases 5–7, respectively, which is slightly less

than the ratio documented from 1948 to 1978 but greater

than the ratio documented from 1979 to 2011.

5. Influence of climate modes

In section 4, we demonstrated the stability of the

connection between theMJO and Atlantic TCs over the

past 1001 yr of data. We now examine how the MJO’s

impact on Atlantic basin TCs is modulated by both

ENSO and the AMO.

a. ENSO–MJO

The unfavorable influence of El Niño conditions on
Atlantic basin TC activity has been shown in a variety of
studies, starting with the seminal work ofGray (1984) and

in many papers since, including Goldenberg and Shapiro

(1996), Tang and Neelin (2004), and Klotzbach (2011).

The primary reason that ElNiño is typically deemed to be

FIG. 6. As in Fig. 3, but for OTMJO index for (a) phases 1–3 from 1979 to 2011, (b) phases 5–7 from 1979 to 2011,

(c) phases 1–3 from 1948 to 1978, (d) phases 5–7 from 1948 to 1978, (e) phases 1–3 from 1905 to 1947, and (f) phases 5–7

from 1905 to 1947.
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unfavorable to Atlantic TC formation is due to increased
upper-level westerly winds attributed to the weakened
and eastward-shifted Walker circulation that occurs dur-
ing El Niño events. These increased upper-level west-
erly winds thereby increase Atlantic basin vertical shear
(Gray 1984). In addition, anomalous upper-tropospheric

warming occurs duringElNiño events, thereby increasing
static stability and suppressing TC formation (Tang and

Neelin 2004).

Table 6 displays climate field modulations over the

period from 1905 to 2011 using the Twentieth Century

Reanalysis during El Niño events. As a reminder,
anomalies are calculated with respect to all years. Note
that none of the eight MJO index phases are character-
ized by statistically significantly reduced vertical shear,
while six of the eight phases are characterized by statis-
tically significantly stronger than normal vertical shear.
None of the eight phases are characterized by enhanced
vertical motion, indicative that El Niño creates a more
detrimental dynamic and thermodynamic environment
that even favorableMJO index phases cannot overcome.
It should be noted that the vertical shear anomalies
modulated by the MJO are significantly reduced during
El Niño events, likely because of the weaker Walker
circulation during these years. It appears that it is the
modulation of thermodynamic fields such as relative
humidity and vertical motion that drives MJO-related
TC variability observed in El Niño events.

Table 7 displays climate fieldmodulations by theMJO

during La Niña events. Three of the eight MJO index
phases are characterized by significantly anomalously
weak vertical wind shear, and four of the eight phases are
characterized by enhanced vertical motion. The vari-
ability in vertical shear modulated by MJO phase is
much greater during La Niña events than was observed
in El Niño events. As would be expected given the ex-
tensive research that has been conducted in the past re-
garding ENSO’s impacts on TC activity, favorable MJO

index phases combined with La Niña events generate
environments that are quite conducive for TC formation.
Figure 7 shows the difference between vertical shear for

MJO index phases 1–3 during La Niña events and MJO
index phases 5–7 during El Niño events, in order to
demonstrate how significant these differences can be.
Figure 8 displays normalized ACE generated in each

phase of the MJO conditioned on ENSO events. As

would be expected given the overall more favorable

basic state in La Niña events, statistically significant TC
increases are achieved in phases 1–2, while phases 4–7

have statistically significant decreases in El Niño events.
Only phase 5 has a statistically significant decrease in La
Niña events, while no phases have a statistically signifi-
cant increase in El Niño events. All phases of the MJO
except for phase 5 have more TC activity in La Niña
events. These differences can also be seen by looking at
tracks of major hurricanes in MJO index phases 1–3 in

TABLE 5. As in Table 2, but for the period from 1905 to 1947 as calculated from the Twentieth Century Reanalysis using the OT MJO

index. OLR is not available prior to 1974 and consequently is not displayed in this table.

MJO index

phase

200-mb

U (m s21)

850-mb

U (m s21)

200-mb U 2 850-mb

U (m s21) SST (8C) SLP (mb)

300-mb

v (mbday21)

700-mb

RH (%)

1 20.28 0.40 20.68 0.00 20.49 22.54 0.58

2 21.09 0.41 21.50 20.05 20.04 20.62 0.40

3 20.99 0.66 21.65 0.06 20.12 21.74 0.95
4 0.73 0.21 0.52 0.08 0.23 0.06 0.05

5 0.84 20.34 1.18 20.02 0.44 2.70 20.30

6 0.96 20.27 1.22 20.03 0.37 1.86 20.85

7 2.35 20.27 2.62 0.01 20.24 1.09 20.45

8 3.21 0.03 3.18 0.12 20.63 23.06 0.28

TABLE 6. Climate field modulations for El Niño events over the 1905–2011 period using data from the Twentieth Century Reanalysis and

the OT MJO index.

MJO index

phase

200-mb

U (m s21)

850-mb

U (m s21)

200-mb U 2 850-mb

U (m s21) SST (8C) SLP (mb)

300-mb

v (mbday21)

700-mb

RH (%)

1 2.19 0.64 1.55 0.09 20.50 20.03 0.75

2 1.83 0.64 1.19 20.08 0.18 3.06 20.48

3 2.25 0.39 1.86 20.16 0.26 2.61 0.43

4 20.09 20.78 0.69 20.21 1.24 6.60 22.14

5 20.33 20.63 0.30 20.15 0.97 8.52 21.61

6 0.78 21.05 1.83 20.09 0.92 4.71 21.58

7 2.14 20.54 2.68 20.02 0.21 0.84 0.01

8 4.10 0.22 3.88 0.10 20.58 20.02 0.18
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La Niña events compared with tracks of major hurri-
canes in MJO index phases 5–7 in El Niño events
(Fig. 9). During the period from 1905 to 2011, there are

5.3 times as many major hurricanes and 14.2 times as

many major hurricane days in MJO index phases 1–3

compared withMJO index phases 5–7 when conditioned

on phase of ENSO and normalized by the number of

days spent in each MJO index phase during El Niño or
La Niña conditions.

b. AMO–MJO

We now turn to the combined impacts of the AMO

and MJO on TC activity in the Atlantic basin. Positive

phases of the AMO are associated with a variety of con-

ditions that are typical of active Atlantic TC seasons, in-

cluding anomalously warm SSTs, anomalously low sea

level pressures, and anomalously weak vertical wind shear

(Goldenberg et al. 2001; Klotzbach and Gray 2008). As

was done by Klotzbach and Gray (2008), we take positive

AMO periods to be 1926–69 and 1995–2011, while nega-

tive AMO periods are taken to be 1905–25 and 1970–94.

Table 8 displays anomalies of climate fields during neg-

ative AMO years over the 1905–2011 period using the

Twentieth Century Reanalysis. Negative AMO years are

generally characterized by unfavorable conditions for all

MJO index phases, although the impact seems to be more

for thermodynamic factors than dynamic factors, in contrast

to ENSO’s impacts discussed in the previous section.

For example, MJO index phases 2 and 3 have signifi-

cantly weaker vertical shear in negative AMO phases,

in contrast to El Niño years where no MJO index
phases had significantly weaker vertical shear. Ther-
modynamics are generally less conducive in negative
AMO years, with all eight phases of theMJO displaying
significantly cool SST anomalies, along with generally
higher SLPs, reduced 700-mb relative humidity levels,
and downward vertical motion anomalies.
Climate field anomalies are displayed for positive

AMO years in Table 9. Vertical shear anomalies are

somewhat more conducive than for negative AMO

years, while the thermodynamic environment is much

more conducive. All eight phases of the MJO display

significantly positive SST anomalies, with generally

lower SLPs, moister middle levels, and anomalous

upward vertical motion also being experienced when

the AMO is positive.

TABLE 7. As in Table 6, but for La Niña events.

MJO index

phase

200-mb

U (m s21)

850-mb

U (m s21)

200-mb U 2 850-mb

U (m s21) SST (8C) SLP (mb)

300-mb

v (mbday21)

700-mb

RH (%)

1 23.45 20.01 23.44 20.15 20.35 22.95 0.13

2 23.83 0.53 24.36 20.14 20.29 22.28 0.85

3 22.89 0.74 23.63 20.02 20.25 22.18 1.74

4 20.38 0.28 20.66 0.07 20.06 23.12 0.57

5 2.14 0.01 2.13 20.06 20.06 0.79 20.19

6 2.67 0.11 2.56 20.02 20.16 1.08 20.97

7 1.36 0.22 1.15 20.13 20.70 0.19 20.20

8 20.20 20.71 0.51 20.25 20.31 0.03 20.94

FIG. 7. Zonal vertical shear anomalies (200-mb U 2 850-mb U) for all days where the OT

MJO index exceeded an amplitude of one for (a) MJO index phases 1–3 and during La Niña
events only and (b) MJO index phases 5–7 and during El Niño events only for 1905–2011.
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Normalized ACE generated in each phase of the

MJO conditioned by AMO phase is displayed in

Fig. 10. Given the somewhat more favorable dynamic

and significantly more favorable thermodynamic envi-

ronment during a positive AMO phase, one would

expect to seemore TC activity in positive AMOphases.

Phases 1–4 and 8 experience significant enhancement

of ACE in positive AMO phases, while no MJO index

phases have a significant enhancement of ACE in

negative AMO phases. Phase 5 is characterized by

significant suppression of TC activity in both positive

and negative AMO phases, while negative AMOphases

also significantly suppress TC activity in MJO index

phases 4, 6, and 7. Strong relationships are also observed

when examining major hurricane tracks (Fig. 11). During

the period from 1905 to 2011, there are 3.7 times as many

major hurricanes and 4.2 times as many major hurricane

days inMJO index phases 1–3 compared withMJO index

phases 5–7 when conditioned on phase of AMO and

normalized by the number of days spent in each phase of

the MJO.

6. Discussion and conclusions

This paper is the first to document impacts of the MJO

onAtlantic basinTCactivity overmultidecadal time scales.

Wefind that, over the 1905–2011 period,MJO indexphases

1–3 are typically associated with active periods for Atlantic

TC activity while MJO index phases 5–7 are typically as-

sociated with quiet periods for Atlantic TC activity, similar

to what has been documented formore recent time periods

(e.g., Klotzbach 2010; Ventrice et al. 2011). This pattern

remained remarkably stable over the duration of the

twentieth century. Given the long record (1905–2011) of

MJO activity available from the OTMJO dataset we then

examined the modulation of the MJO–Atlantic TC re-

lationship on interannual and multidecadal time scales by

FIG. 8. Normalized ACE generated by each phase of the MJO

during La Niña events (blue bars) and El Niño events (red bars).
Statistically significant differences at the 10% level are highlighted
with vertical striping.

FIG. 9. Major hurricane tracks during (top) MJO index phases

1–3 and La Niña years and (bottom) MJO index phases 5–7 and El

Niño years.

TABLE 8. As in Table 6, but for negative AMO years.

MJO index

phase

200-mb

U (m s21)

850-mb

U (m s21)

200-mb U 2 850-mb

U (m s21) SST (8C) SLP (mb)

300-mb

v (mbday21)

700-mb

RH (%)

1 20.11 20.03 20.08 20.19 20.15 0.51 20.49

2 20.87 0.19 21.06 20.24 0.20 0.52 20.19

3 20.70 0.23 20.93 20.18 0.41 2.77 20.03

4 0.39 20.12 0.51 20.13 0.64 3.00 21.06

5 1.37 20.52 1.89 20.23 0.78 4.82 21.31

6 1.95 20.67 2.62 20.24 0.59 3.27 21.44

7 2.26 20.64 2.90 20.15 0.00 1.14 20.45

8 3.12 20.24 3.36 20.17 20.36 0.15 20.87
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ENSO and the AMO. As would be expected given the

canonical impacts of ENSO and the AMO that have been

well documented in the literature (e.g., Gray 1984;

Goldenberg et al. 2001), the MJO generates more nor-

malizedACE for seven out of eightMJO index phases for

both La Niña and positive AMO conditions compared
with El Niño and negative AMO conditions.
One other interesting feature to note is the increase in

percentage of TC activity generated inMJO index phase 4

during the course of the twentieth century, accompanied by

a concomitant decrease during MJO index phase 8. While

a rigorous analysis of the phase shift is beyond the scope of

this paper, we speculate that this shift may be due some-

what to TC observational capabilities in the Atlantic basin.

Klotzbach (2014) showed that TCs forming in the Gulf of

Mexico and just off the U.S. East Coast tend to be favored

in MJO index phase 8, while TC formation in the eastern

Atlantic tends to be favored inMJO index phase 4. Vecchi

andKnutson (2008) documented that therewas very sparse

ship traffic in the eastern tropical Atlantic from the late

1800s to 1965; therefore, these TCs may have been missed

(or deemed to intensify later) prior to the beginning of the

satellite era in the mid-1960s. Consequently, we would

expect phase 8 TCs to have been better observed during

the first part of the twentieth century than phase 4 TCs.

Future work will use the OT MJO index to evaluate

the relationship between the MJO and TC activity in

other ocean basins over multidecadal time scales (e.g., the

northeastern Pacific, the northwestern Pacific, and Aus-

tralia)with the obvious caveat being that other basins donot

havebasinwideTCrecords extending as far backas does the

Atlantic. We will also utilize historical databases of landfall

for these other basins to extend MJO–TC relationships as

far back as possible. These future studies will hopefully

continue to disentangle the relationships among the MJO,

ENSO, and other modes of variability and TC activity.

TABLE 9. As in Table 6, but for positive AMO years.

MJO index

phase

200-mb

U (m s21)

850-mb

U (m s21)

200-mb U 2 850-mb

U (m s21) SST (8C) SLP (mb)

300-mb

v (mbday21)

700-mb

RH (%)

1 21.15 0.43 21.57 0.15 20.72 24.70 1.16

2 21.50 0.67 22.17 0.12 20.39 23.08 1.04

3 20.69 0.76 21.45 0.19 20.30 23.51 1.33

4 20.41 0.45 20.86 0.23 20.03 21.84 0.68
5 0.32 20.23 0.55 0.16 0.38 2.05 20.09

6 1.20 20.16 1.36 0.19 0.13 0.75 20.05

7 2.24 0.05 2.19 0.16 20.43 0.05 0.46

8 2.45 0.25 2.20 0.24 20.90 24.20 1.23

FIG. 10. As in Fig. 8, but for positive AMO years (red bars) and

negative AMO years (blue bars).

FIG. 11. As in Fig. 9, but for (top) MJO index phases 1–3 and

positive AMO years and (bottom) MJO index phases 5–7 and

negative AMO years.
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