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ABSTRACT

The relationship between the Madden–Julian oscillation (MJO) and tropical cyclone rapid intensification in the

northern basins of theWesternHemisphere is examined. All rapid intensification events in the part of theWestern

Hemisphere north of the equator and the MJO phase and amplitude are compiled from 1974 to 2015. Rapid

intensification events and theMJOtend tomove in tandemwith eachother fromwest to east across the hemisphere,

though rapid intensification appears most likely during a neutral MJO phase. The addition of this information to

an operational statistical rapid intensification forecasting scheme does not significantly improve forecasts.

1. Introduction

The Madden–Julian oscillation (MJO) is a large-scale

oscillation in the equatorial troposphere with a period

generally between 30 and 50 days (Madden and Julian

1972). The oscillation appears to move eastward ac-

companied by fluctuations in the zonal wind, vertical

motion, moisture, and convection. The change in zonal

wind velocity modifies vertical wind shear, and these

cumulative changes may alter tropical cyclone activ-

ity, especially cyclogenesis, globally (Liebmann et al.

1994; Leroy and Wheeler 2008; Camargo et al. 2009;

Klotzbach 2010; Ventrice et al. 2011; Slade andMaloney

2013; Crosbie and Serra 2014; Klotzbach and Oliver

2015; Zhao and Li 2019). Despite the large number

of studies on the relationship between the MJO and

tropical cyclone activity, the only published work on

the relationship between tropical cyclone rapid intensi-

fication [RI; herein defined as an increase to the maxi-

mum sustained wind speed of at least 30 kt (1 kt ’
0.51m s21) in 24 h (Kaplan and DeMaria 2003)] has

been by Klotzbach (2012). They found that, in the

Atlantic basin, RI is 4 timesmore likely during the active

MJO phase than during the inactive phase, but did not

explore whether the MJO can be useful in predictive

schemes for RI. The current study is an effort to extend

Klotzbach (2012) to the central and east Pacific, and to

test whether the MJO may have predictive capability in

current forecast schemes. Section 2 describes the data

used, followed by initial results from binning of RI cases

by MJO phase in section 3. Section 4 discusses a test

of potential MJO predictors in a statistical RI forecast

technique, and conclusions follow.

2. Data

The North Atlantic and northeast and north-central

Pacific hurricane databases [i.e., the NHC ‘‘best track’’

hurricane database (HURDAT2; Landsea and Franklin

2013)] are used in the study. All RI events from 1974 to

2015 in the three basins are included in the study, in-

cluding consecutive events; for example, if the intensity

of a particular TC increased by 30kt from 0000 UTC to

0000 UTC the next day, and also from 0600 UTC to

0600UTC the next day, both events are counted. A total

of 2657 such events occurred during the 42-yr period,

with considerable interannual variability and a slight

increase in the number of events in time (Fig. 1).

Wheeler and Hendon (2004) defined two real-time

multivariate modes (RMM) of upper- and lower-level

winds and outgoing longwave radiation and defined a

two-dimensional phase space to quantify theMJO phase

and amplitude.1 The index removes the seasonal cycle

Corresponding author: Sim D. Aberson, sim.aberson@noaa.gov

1Alternative indices such as the outgoing longwave radiation-

based (OLR-based) MJO index (Kiladis et al. 2014) have been

tested, and the results are not substantially different than those

presented using the Wheeler–Hendon index.
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and some low-frequency variability associated with El

Niño–Southern Oscillation. They defined eight phases:

in phase 1, the convection is enhanced over Africa and

the western Indian Ocean. As the phase number in-

creases, the region of enhanced convection moves east-

ward past the Australasian landmass (phase 5) and over

thePacific andAtlantic (phases 7 and 8, respectively). The

index is available since 1974, except for the period from

April to December 1978. All RMM1 and RMM2 values

from 1 June 1974 to 31 December 2015 are shown in

Fig. 2a. The values of both components are between 24

and 14; the averages of the two are 20.02 and 20.03,

respectively, suggesting a mean neutral state.

3. Results

The longitude where each RI2 event began is noted,

and the events are binned into 208-wide overlapping

regions from 1808 to 108W in 108 increments. All RMM

values and their means in the westernmost, middle, and

easternmost bins are shown in Figs. 2b–d, respectively.

The westernmost bin (Fig. 2b) is biased toward neg-

ative RMM1 values, whereas the easternmost bin

(Fig. 2d) is biased toward positive values. The central

region (Fig. 2c) contains mainly negative values of

both RMM components.

Figure 3 shows the mean RMM values of RI cases in

each longitudinal bin and a polynomial fit to those

values. The mean amplitudes are generally small (,0.5)

and decrease from the central Pacific to the eastern

Atlantic, much like the MJO amplitude tends to de-

crease through those regions. As the RI events occur

farther eastward, the average phase moves from phase

8 counterclockwise to phase 4, in the same direction as

that of the MJO. This suggests a relationship between

the MJO phase and RI occurrence in each longitu-

dinal band. Tropical cyclone genesis is known to

be enhanced in the Atlantic when the convectively

active phase is located over Africa and the western

Indian Ocean (Camargo et al. 2009; Klotzbach 2010).

However, the mean phase for RI cases lags the most

convectively active phase such that RI is most likely to

occur during the transition from convectively active to

inactive phases.

The RMM values for all RI events that began within

each longitude region are combined into two samples

(one each for RMM1 and RMM2). Statistical signifi-

cance of the differences of the means of each are tested

individually using an unpaired t test, and the results are

shown in Fig. 4. For example, for the 1808–1608 bin, the
sample means of either RMM1 or RMM2 are statisti-

cally different at the 99% confidence level or higher

from those samples in all other longitude bins except the

nearest one. In all, many adjacent bins are not statis-

tically different from each other, but all bins more

than 608 longitude from each other are significantly

different at the 99% level. Though the sample sizes on

the extrema are relatively small, the statistical tests

suggest a ,1% probability that the differences are

not robust.

The reason for the lag between the convectively active

MJO phase (when tropical cyclogenesis is most likely)

and RI events is not clear. Most tropical cyclones un-

dergoing RI, especially in the deep tropics, move west-

ward while the MJO moves eastward; since tropical

cyclones generally do not undergo RI immediately upon

genesis, the few days between the two events allows the

tropical cyclone and the MJO to move in opposite di-

rections, possibly creating this phase lag. Alternatively,

since the MJO has a strong signal with cyclogenesis,

which is a necessary condition for RI, the only impact

the MJO has on RI itself may be in creating the pre-

cursor tropical cyclones for RI to occur.

4. Test as a predictor in SHIPS-RII

To test whether information on the MJO could be

used to improve statistical RI-forecast guidance, addi-

tional parameters related to RMM1 and RMM2 were

FIG. 1. Annual numbers of RI events in the Atlantic, east Pacific,

and central Pacific basins (red); a linear fit to the data is shown by

the thick black line.

2 Higher intensification rates during the 24-h period have been

tested, with similar results, though the numbers of cases in each bin

are necessarily smaller than those reported here.
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tested in the 10-predictor version of the Statistical

Hurricane Intensity Prediction Scheme (SHIPS) Rapid

Intensification Index (SHIPS-RII) operational in 2018.

This scheme uses a linear discriminant analysis (Wilks

1995) to predict the likelihood that an individual tropical

cyclone would intensify by various amounts of at least

30 kt for multiple lead times (Kaplan andDeMaria 2003;

Kaplan et al. 2010, 2015). Because neither individual

RMM components alone are significant RI predictors,

a combination of the two must be used. Because the

predictors used for the RII are consistently available

only since 1995, only this part of the dataset is used.

Figure 3 suggests that the MJO phase is associated

with RI in different latitude bins, the difference be-

tween the tropical cyclone longitude and the phase

[tan21(RMM1/RMM2) 2 p/2] could be an important

predictor, with a negative correlation between the

predictor and predictand. To test whether the amplitude

is also important, this value is divided by the amplitude

to create a second predictor. The two predictors were

tested individually and together for both the Atlantic

and east Pacific basins; results for the 30kt (24 h)21 and

55 kt (48 h)21 thresholds are shown for brevity. The

Brier skill score (BSS; Brier 1950) is calculated for

each sample and for climatological forecasts, and the

skill relative to the climatological forecasts {100 3
[12 (BSSF/BSSC)]}, whereF andC represent the forecast

and climatology, respectively, is calculated. Cases im-

pacted by land during the forecast period are removed

from the sample.

Figure 5 shows the impact of the addition of these

predictors on RI forecasts for the Atlantic and Pacific

FIG. 2. Values of RMM1 and RMM2 (a) during the entire period of study (1974–2015), (b) for all RI events

1608W–1808, (c) for all RI events 808–1008W, and (d) for all RI events 108–308W. The blue stars represent themeans

of each sample.
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basins separately. In both, the predictors only have a

small, mixed impact on the BSSs. The absolute values of

the correlations between the new and old predictors are

all ,0.15; this suggests that the new predictors do not

duplicate information already available to the forecast

scheme. One possible explanation for the lack of im-

provement is that theMJO is not related to RI itself, but

instead to cyclogenesis, a necessary precursor to RI.

Another possibility is that the large scatter (Fig. 2) in the

RMM values limits the effectiveness of the new pre-

dictors. Because the MJO is likely to impact equatorial

regions more than the midlatitudes, a sample limited to

those cases in which the tropical cyclone is initially

within 208 latitude of the equator (1962 cases) is also

tested. In this more limited sample, the impacts are

again small, but slightly more positive than in the

full sample.

5. Conclusions

Klotzbach (2012), in their seminal study on the rela-

tionship between RI in the Atlantic and the MJO, found

that RI is 4 timesmore likely during the activeMJOphase

than during the inactive phase. The current study extends

this work to the central and east Pacific and tests whether

the MJO may have predictive capability in current fore-

cast schemes. All RI events in the part of the Western

Hemisphere north of the equator along with the two

commensurateRMMmodes (Wheeler andHendon 2004)

are compiled from 1974 to 2015. The events are

compiled into 208-wide bins, and the mean values in

each bin show that RI events and MJO events tend to

move in tandem with each other from west to east

across the hemisphere. Unlike in the Klotzbach (2012)

study, the MJO is not generally in the most active

convective phase in the region when RI occurs. Though

the mean magnitudes are small, the differences between

many bins are statistically significant. However, the

addition of this information to statistical RI forecasting

schemes does not significantly improve forecasts from

SHIPS-RII, possibly because theMJO is not related toRI

itself, but instead to cyclogenesis, a necessary precursor to

RI, or due to the large scatter in the RMM values.

Though the results here show a relationship between

the MJO and RI events in the hemisphere, they do

not show improvements to current operational RI-

prediction models. Despite this, other techniques, such

as those based upon machine learning or other artificial

intelligence algorithms, might be useful to pursue in

the future.

FIG. 3. Mean values of RMM1/RMM2 for all cases of RI

within each 208 bin at 108 intervals (red line), and a polynomial

fit to these values (blue line). The bold numbers represent the

MJO phase.
FIG. 4. Statistical significance between RMM1 and RMM2

values, tested individually, in all of the longitudinal bins.

Black squares denote bins in which the mean of neither index

is statistically different at 90%; dark gray shows bins in which

the mean of neither index is different at 95%, and light gray

shows bins in which the means of neither index are different at

99% significance. White squares denote bins in which one

index shows a statistically significant difference at the 99%

confidence level or higher. The number of RI events in each

bin is shown.
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