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ABSTRACT
Modulation of tropical cyclone (TC) genesis by the Madden–Julian oscillation (MJO) has been quantitatively diagnosed by using a climatological genesis potential index (GPI). Analysis of TC genesis during
November–April of 1979–2014 indicates the most effective factors controlling intraseasonal TC genesis are
850-hPa relative vorticity weighted by the Coriolis parameter fzr850 and 500-hPa vertical motion v500. The
total vertical wind shear and maximum potential intensity are unimportant, and the role of 600-hPa relative
humidity is greatly represented by v500. The MJO modulates TC genesis primarily through changing low-level
vorticity induced by its Rossby wave gyres and meridional shears of equatorial zonal winds. A new intraseasonal GPI (ISGPI) is proposed to quantify the MJO’s modulation of TC genesis. The ISGPI significantly
improves representation of intraseasonal variation of TC genesis in the tropics and in each subregion of the
southern Indian Ocean, Australian monsoon, and South Pacific. In the hot spots of the Southern Hemisphere
TC genesis zone, the probability of TC genesis can differ by a factor of 5–19 as a result of MJO modulation.
The results suggest that the large-scale factors controlling TC genesis may vary with different time scales, and
the climatological GPI may not be quite applicable for diagnoses of climate variability and future change of
TC genesis potential. To simulate realistic impacts of the MJO on TC genesis, general circulation models must
reproduce not only realistic eastward propagation but also the MJO low-level circulation structure. Application of the new ISGPI may have a large potential to improve dynamical subseasonal prediction of TC
genesis.

1. Introduction
Statistically, the MJO (Madden and Julian 1971, 1972)
was defined as the spectral components within zonal
wavenumbers 1–3 and having periods 30–80 days in the
wavenumber–frequency spectrum of outgoing longwave
radiation (OLR) and 850-hPa zonal winds (Waliser et al.
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2009). From a dynamical standpoint, the MJO can be
defined as a tropical, planetary-scale circulation system
(coupled with a multiscale convective complex) moving
eastward slowly over the Indo–Pacific warm pool with a
rearward-tilted vertical motion and a coupled Kelvin–
Rossby wave structure (Wang and Chen 2016).
The MJO is the dominant mode of tropical atmospheric intraseasonal variability (ISV) and a major source
of global predictability on the subseasonal time scale
(Waliser 2011). The MJO is also a fundamental regulator
for extreme and high-impact weather events such as
tropical storms, flooding, droughts, heavy snowstorms,
heat waves, cold surges, wild fire, hazes, tornado, and hail
days (Zhang 2013; Wang and Moon 2017).
Previous empirical studies have qualitatively established the impacts of MJO on tropical cyclone (TC)
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activity in the global ocean since late 1980s. Over the
western North Pacific, enhanced TC activity and rapid
intensification were found to occur during the convective phase of MJO (Nakazawa 1988; Liebmann et al.
1994; Wang and Zhou 2008; Kim et al. 2008; Li and
Zhou 2013). Similar modulation of TC frequency and
development during the MJO convective and westerly
phases were found in the northern Indian Ocean
(Liebmann et al. 1994; Kikuchi and Wang 2010;
Krishnamohan et al. 2012), the eastern North Pacific
(Molinari et al. 1997; Maloney and Hartmann 2000a;
Aiyyer and Molinari 2008), the Gulf of Mexico and
North Atlantic (Maloney and Hartmann 2000b; Barrett
and Leslie 2009), the Australian region (Hall et al.
2001), the southern Indian Ocean (Bessafi and Wheeler
2006; Ramsay et al. 2012), and the South Pacific (Chand
and Walsh 2010). When MJO convection is enhanced
in the Indian Ocean, an enhanced TC activity in the
remote Atlantic main development region was also
noticed (Klotzbach 2010; Ventrice et al. 2011). In the
aforementioned studies, a number of large-scale environmental conditions associated with MJO have been
recognized as favorable factors to enhance TC genesis
(TCG) including the low-level cyclonic vorticity
(Liebmann et al. 1994; Hall et al. 2001; Bessafi and
Wheeler 2006; Wang and Zhou 2008), low-level westerly anomalies (Maloney and Hartmann 2000a), reduced total vertical wind shear (Bessafi and Wheeler
2006), and upper-level divergence (Barrett and Leslie
2009). TC development is often observed in the region
to the west and poleward side of the enhanced MJO
convection (Kikuchi and Wang 2010; Krishnamohan
et al. 2012; Jiang et al. 2012).
Quantitative diagnosis of the contribution of large-scale
factors on TCG was attempted first by Camargo et al.
(2009), who applied the genesis potential index (GPI)
established by Emanuel and Nolan (2004) (ENGPI):
ENGPI5j105 hj3/2
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(1)

where h is the absolute vorticity at 850 hPa (s21), H is
the relative humidity at 600 hPa (%), Vpot is the maximum potential intensity (m s21), and Vshear is the magnitude of the total vertical wind shear between 200 and
850 hPa (m s21). Among the four influential factors,
Camargo et al. (2009) found the midlevel relative humidity makes the largest and primary contribution to the
TCG. They also found that the ENGPI captures MJO
modulation of TCG frequency to a lesser degree than its
capture of the climatological annual cycle of genesis.
They speculated that this may be indicative of the importance of precursory disturbances, which was not well
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captured by the ENGPI. Although the midlevel humidity anomalies make the largest contribution to
ENGPI, it may not be the root cause for MJO modulation as these thermodynamic anomalies and the
large-scale circulation anomalies are interactive with
convection. The increased moisture in the midlevel
comes mainly from the moisture convergence induced
by the low-frequency wave and boundary dynamics and
implemented by upward turbulent transport of the
surface entropy fluxes. In addition, although ENGPI
reproduces the annual cycle of the TCG frequency very
well (Camargo et al. 2007), it may not represent accurately the major processes by which the MJO affects
the intraseasonal variations of the TCG frequency because the ENGPI was derived using climatological
TCG data. Therefore, it remains an open issue as to
how MJO exerts its large-scale control on TCG.
So far, an optimum quantitative expression of TCG
potential on an intraseasonal time scale has not been
established. Such a quantitative measure, however, will
be very useful for pinpointing the mechanisms by which
the MJO regulates TCG and can provide a useful tool
for subseasonal prediction of TCG potential using the
dynamical model-predicted large-scale fields.
The main endeavor of this study is to establish such an
optimum expression linking MJO anomalies to TCG
frequency anomaly. This effort starts from identification
of major factors associated with MJO that affect the
global TCG potential during austral summer from November to the next April when the MJO has the largest
amplitude and most systematic eastward propagation
(section 3). With the knowledge and understanding
gained, a new TC genesis potential index, called intraseasonal GPI (ISGPI), will be proposed. Section 4 discusses the mechanism by which MJO regulates TCG.
The applicability of ISGPI and its performance in reproducing observed intraseasonal TCG frequencies are
evaluated in comparison with the ENGPI in section 5.
The last section summarizes the main points and discusses implications of the present results.

2. Datasets and methodology
a. Datasets
The data used in the present study include daily variables derived from the European Centre for MediumRange Weather Forecasts (ECMWF) interim reanalysis
(ERA-Interim; Dee et al. 2011) from 1979 to 2014.
Horizontal resolution is reduced to 2.58 3 2.58 in longitude and latitude. Daily OLR from the National Oceanic and Atmospheric Administration (NOAA), with a
horizontal resolution of 2.58 3 2.58 from 1979 to 2014
(Liebmann and Smith 1996), is used as a proxy to depict
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FIG. 1. (a) The 20–70-day intraseasonal variability (std dev) of OLR and (b) total numbers
of TCG during austral summer (NDJFMA) of 1979–2014. Boxes indicate the selected
108 3 108 locations of TCG for stepwise regression analysis.

convection in the tropics. TC datasets are downloaded
from International Best Track Archive for Climate
Stewardship (IBTrACS; http://www.ncdc.noaa.gov/
ibtracs), version 3 release 6 (v03r06), from 1979 to
2014 (Knapp et al. 2010). TC genesis occurs when it
achieves a maximum sustained wind speed of 34 kt
(17 m s21). The present study will focus on the austral
summer tropical cyclone season, and it is defined as
November through the next April (NDJFMA). The
MJO is defined as 20–70-day anomalies obtained by
applying the Lanczos bandpass filter (Duchon 1979) to
the daily datasets.

b. An OLR MJO index for austral summer season
Wheeler and Hendon (2004) used a real-time multivariate MJO (RMM) index [using OLR and 850- and
200-hPa zonal winds (U850 and U200)] to monitor allyear-round MJO. To investigate how MJO evolution affects TCG during austral summer (NDJFMA), we
attempted a simple OLR index. As shown in Fig. 1,
during NDJFMA the major MJO OLR variabilities are
shifted to the Southern Hemisphere (SH) mostly between
the equator and 208S. The TCG also primarily occurs
between 108 and 208S. An austral summer MJO index is
constructed using the combination of the first two leading
empirical orthogonal function (EOF) modes of 20–
70-day-filtered OLR anomaly between 08 and 208S. The
latitude range is selected as 08–208S because it covers both

the major MJO variability bands and TCG bands very
well. The resulting two leading EOFs explain 11.2% and
10.3% of the total integrated OLR variance, respectively.
The MJO evolution is described by eight phases in a
similar way as in Wheeler and Hendon (2004). For
each phase a composite is made by using the days when
the amplitude of MJO index is greater than 1.0 [i.e.,
(PC12 1 PC22)1/2 $ 1.0]. Figure 2 shows the eight
phase composite OLR anomalies and TCG anomalies.
The OLR anomalies are more symmetric about the
equator over the Indian Ocean and become asymmetric passing through Indonesia and Australia (from
phase 6) toward the South Pacific, while the TCG is
obviously equatorially asymmetric with major genesis
regions located in the SH.

c. Method for deriving intraseasonal TC genesis
potential index
Since the TCG frequency is very small on an individual day and at each 108 3 108 grid, we examine the
genesis frequency at eight composite MJO phases because each composite phase consists of roughly 400–
500 days, forming a sample member containing many
TCG cases (Fig. 2). Spatially, the TCG occurs mainly in
two latitude bands, 108–208S and 58–158N, and thus we
selected 108 3 108 boxes along the two latitude bands.
Figure 1b shows the distribution of the selected boxes
used to form the statistical samples for both TCG
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FIG. 2. Eight phase composite anomalies of intraseasonal OLR (shading) and TCG frequency (contour; TC
number per day) associated with MJO evolution during austral summer (NDJFMA) of 1979–2014. The numbers in
parentheses at the bottom-right corner indicate the total occurrence days of each MJO phase with the amplitude
greater than 1.0. MJO index is obtained by the combination of first two leading EOF modes using horizontal
distribution (208S–08, 08–3608) of NDJFMA intraseasonal OLR anomaly.

frequency and MJO anomalies. Some of the boxes are
located in the regions where the number of TCs is
weaker than the other regions. Sensitivity tests including
or removing the weaker TC boxes result in slightly
higher correlation between TCG frequency and MJO
anomalies (the complex correlation coefficient ranging
0.82–0.83). However, since increase of the sample size of
TCGs and application to the global oceans are desirable,
we have included every box of TCG. There are a total of
31 boxes, and the sample size used to compute the correlation coefficient is 31 3 8 5 248. As such, the averaged TCG frequency in each of the 108 3 108 boxed
areas is large enough to make meaningful statistics.
We used stepwise linear regression and the F test to
select the factors and to construct the best multivariable, linear regression equation. The stepwise regression selects contributing factors in a sequential
order by maximizing the regressed fractional variance
at each step (Efroymson 1960). The Fisher’s (F) test
was used to test the significance of a new factor at each
step in terms of the significance of its contribution to
increase of the regressed variance. At the first step the
factor having the highest correlation with TCG

frequency is selected. At the second step the ‘‘newly’’
selected factor allows for yielding a maximum complex
correlation coefficient by its combination with the selected factor. This process continues until no statistically significant factors can be selected.

3. An intraseasonal GPI measuring intraseasonal
variation of TC genesis potential
a. Candidate factors
In addition to the factors used in ENGPI, we consider six additional potential factors: relative vorticity
at 850 hPa weighted by the Coriolis parameter fzr850,
vertical pressure velocity at 500 hPa v500, meridional
gradient of zonal wind at 500 hPa Uy500, zonal gradient
of zonal wind at 850 hPa Ux850, the vertical shear of
zonal winds between 200 and 850 hPa Vzs, and SST
anomaly relative to tropical (308S–308N) mean SSTa.
All 10 candidate factors are listed in Table 1. Why do
we implement six new factors? Using fzr850 is based on
the following considerations. First, the absolute vorticity used in ENGPI is a sum of the Coriolis parameter
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TABLE 1. Candidate large-scale environmental factors.
Factor

Description

Vpot
SSTa

Maximum potential intensity (m s21)
SST anomaly relative to tropical (308S–308N)
mean SST (K)
Relative humidity at 600 hPa (%)
Zonal gradient of zonal wind at 850 hPa (s21)
Meridional gradient of zonal wind at 500 hPa (s21)
Zonal component of vertical wind shear
between 200 and 850 hPa (m s21)
Total vertical wind shear between 200 and
850 hPa (m s21)
Relative vorticity at 850 hPa weighted by
the Coriolis parameter (s22)
Absolute vorticity at 850 hPa (s21)
Vertical pressure velocity at 500 hPa (Pa s21)

RH600
Ux850
Uy500
Vzs
Vs
fzr850
h850
v500
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f and relative vorticity zr850. In the off-equatorial TC
genesis region, the value of the Coriolis parameter can
be significantly larger than the relative vorticity, and
thus the effect of relative vorticity may be overshadowed by the Coriolis parameter. Second, an important role of the Coriolis parameter is to reduce the
genesis potential for TC being created near the equator. Using f as a multiplier would reduce GPI near the
equator and amplify the role of relative vorticity at
higher latitudes. The physical meaning of the fzr850 may
be understood in terms of the vorticity equation. In the
vorticity equation, the divergence term 2( f 1 zr850)D
represents vorticity generation. In the off-equatorial
region, the convergence 2D is roughly proportional to
zr850 (Charney and Eliassen 1964) and the absolute
vorticity f 1 zr850 tends to be dominated by f. Thus, the
generation term 2( f 1 zr850)D can be approximated by
fzr850. The v500 is shown to be a meaningful factor in
the North Atlantic (Murakami and Wang 2010). The
500-hPa vorticity resulting from meridional shear of
zonal winds was suggested to be important in the
western North Pacific TCG (Fu et al. 2012; Peng et al.
2012). Different from the total vertical wind shear, the

vertical shear of zonal wind distinguishes the easterly and
westerly vertical shear. The easterly vertical shear, differing from a westerly vertical shear, may favor destabilization of synoptic waves and TC development
(Wang and Xie 1996; Xie and Wang 1996) when its amplitude is not too large. The relative SST anomaly is used
because previous studies have shown that the North Atlantic basin total TC genesis is robustly correlated with
the relative SST anomalies in observations (Latif et al.
2007; Swanson 2008; Vecchi et al. 2008; Villarini and
Vecchi 2012) and in dynamical models (Zhao et al. 2010;
Murakami et al. 2012; Knutson et al. 2013).
Analysis of the linear correlation between TCG
frequency and each individual factor reveals that the
highest correlation with observed TCG frequency is the
fzr850 (r 5 0.73), and the second highest is v500 (r 5 20.66)
(Table 2). Among the four factors (Vpot, h850, RH600,
and Vs) related with ENGPI, the RH600 has highest
correlation with TCG frequency (r 5 0.55). This explains why Camargo et al. (2009) found RH600 has primary contribution to TCG frequency on intraseasonal
time scale. The total vertical shear Vs is nearly independent of TCG frequency. Intriguingly, Vpot and
SSTa are negatively correlated with TCG frequency,
which are opposite to their contributions to climatological ENGPI. These results indicate that Vs and Vpot,
which are good for predicting climatological TCG potential, are not applicable to intraseasonal variability
of TCG.

b. Intraseasonal GPI
Different from using the total field variable in ENGPI,
we focus on anomalous large-scale environmental factors that generate anomalous TCG frequency on intraseasonal time scale. To derive an anomalous GPI, we
used stepwise regression to select significant factors and
obtain an optimum combination of multifactors. The
relative importance of each candidate factor was measured by the order in which a factor was selected.

TABLE 2. Correlation coefficients among nine candidate factors and the tropical cyclone genesis frequency (TCGF) as well as between any
two candidate factors. The boldface numbers indicate absolute value is greater than 0.5. Sample size is 248.
(208S–08)

TCGF

Vpot

SSTa

RH600

Ux850

Uy500

Vzs

Vs

fzr850

v500

TCGF
Vpot
SSTa
RH600
Ux850
Uy500
Vzs
Vs
fzr850
v500

1.00
20.28
20.14
0.55
20.25
20.54
0.42
20.01
0.73
20.66

20.28
1.00
0.47
0.04
20.29
0.30
0.71
20.01
20.53
0.11

20.14
0.47
1.00
0.26
20.42
0.42
0.35
20.06
20.39
20.14

0.55
0.04
0.26
1.00
20.75
20.18
20.14
0.05
0.33
20.92

20.25
20.29
20.42
20.75
1.00
20.08
20.20
0.01
0.09
0.66

20.54
0.30
0.42
20.18
20.08
1.00
0.51
20.06
20.80
0.25

20.42
0.71
0.35
20.14
20.20
0.51
1.00
20.03
20.75
0.26

20.01
20.01
20.06
0.05
0.01
20.06
20.03
1.00
0.03
20.01

0.73
20.53
20.39
0.33
0.09
20.80
20.75
0.03
1.00
20.50

20.66
0.11
20.14
20.92
0.66
0.25
0.26
20.01
20.50
1.00

4026

JOURNAL OF CLIMATE

VOLUME 30

TABLE 3. Results of stepwise selection of the influential factors for each MJO (OLR) index obtained from latitude ranges of 308S–308N,
208S–208N, 158S–158N, 158S–08, 208S–08, and 308S–08. The values indicate complex correlation coefficients. The numbers in parentheses
indicate the order of selection. The best index based on results is in boldface.
MJO (OLR) index
308S–308N
208S–208N
158S–158N
158S–08
208S–08
308S–08

Vpot

SSTa

RH600

Ux850

Uy500

Vzs

Vs

fzr850

v500

—
—
—
—
—
—

—
—
—
—
—
—

—
—
—
—
—
—

—
—
—
—
—
—

—
—
—
—
—
—

0.752 (3)
0.757 (3)
0747 (3)
0.786 (3)
0.811 (3)
0.803 (3)

—
—
—
—
—
—

0.743 (2)
0.645 (1)
0.653 (1)
0.701 (1)
0.726 (1)
0.701 (1)

0.643 (1)
0.748 (2)
0.739 (2)
0.778 (2)
0.802 (2)
0.792 (2)

Table 3 summarizes the results of selected factors by
the stepwise regression. The final selection of significant
factors and the corresponding regressed equation is
ISGPI 5 0:682f zr850 1 (20:366)v500 1 0:188Vzs .

(2)

Equation (2) contains only three dynamic factors that
measure the likelihood of anomalous TCG on a 20–70day time scale; thus, it is called an intraseasonal GPI. In
Eq. (2), the ISGPI and each factor are normalized by
their corresponding standard deviation so that the regression coefficients for each factor reflect their relative
contribution to the ISGPI. The fzr850 has the highest
contribution and its weight is nearly twice larger than
v500. The vertical shear of zonal winds Vzs is significantly
correlated with TCG frequency (r 5 20.42) and complementary to or relatively independent of fzr850 and v500
(Table 2). It was selected by the F test, but its independent contribution to ISGPI is small. While the
thermodynamic factor RH600 has a higher correlation
with TCG frequency than Vzs, it was not selected because
the RH600 is highly correlated with v500 (r 5 20.92) and
its effect can largely be surrogated by v500. Physically, a
humid environment often occurs when midlevel upward
motion exists.
The sensitivity tests have been carried out with
regard to the choice of MJO (OLR) index. Table 3
shows that the conclusions presented in this work are
robust no matter how the OLR MJO index is defined.
However, the OLR index defined between 08 and 208S
yields the best results, suggesting that the climatological information (variance distribution) used to

define the OLR index helps optimize the ISGPI.
Parallel computations have also been done using the
RMM index and velocity potential Dx8502150 index
(Adames and Wallace 2014) to see the sensitivity of
the ISGPI to the choice of three MJO indices (Table 4
and Fig. 3). The results suggest that the ISGPI established using the simple OLR index (08–208S) is the
best. As shown in Fig. 3, the ISGPI faithfully represents the anomalous TCG frequency associated with
MJO evolution with a correlation coefficient of 0.81.
This may be because both the RMM index and velocity potential index are defined using equatorial
symmetric latitude bands across all seasons, while the
OLR MJO index includes the effect of the seasonal
variation of basic state on MJO.

4. Discussion: Mechanisms by which MJO
modulates TC genesis
How MJO affects TCG in global oceans during austral
summer remains an unresolved issue. Camargo et al.
(2009) found the midlevel humidity is the major contributor. This is partially confirmed by our analysis.
However, thinking beyond the four factors that control
the annual cycle of TCG, we found the intraseasonal
variability of TCG is most effectively controlled by the
low-level relative vorticity.
To elaborate this point, let us examine the low-level
(850 hPa) horizontal circulation structure of the MJO
(Fig. 4). When the MJO convection center is located in
the equatorial Indian Ocean (908E), the regressed MJO
850-hPa winds exhibit a coupled Kelvin–Rossby wave

TABLE 4. Results of stepwise selection of the influential factors for three MJO indices: OLR index (08–208S range), the Adames and
Wallace (2014) index (908S–908N range) using global velocity potential difference between 850 and 150 hPa, and the Wheeler and Hendon
(2004) RMM index using OLR, U850, and U200 averaged over 158S–158N. The values indicate complex correlation coefficients. The
numbers in parentheses indicate the order of selection.
MJO index

Vpot

SSTa

RH600

Ux850

Uy500

Vzs

Vs

fzr850

v500

OLR (08–208S)
Dx 8502150 (908S–908N)
RMM, using OLR, U850, and U200 (158S–158N mean)

—
—
—

—
—
—

—
—
—

—
0.679 (3)
—

—
—
—

0.811 (3)
—
—

—
—
—

0.726 (1)
0.671 (2)
0.706 (2)

0.802 (2)
0.633 (1)
0.607 (1)
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FIG. 3. Comparison of TCG prediction skill using different MJO indices. Shown are the scattered diagrams of
normalized regressed prediction of TCG anomaly and the observed TCG anomaly using (a) OLR (08–208S),
(b) Dx 8502150 (908S–908N), and (c) the RMM index (using OLR, U850, and U200 averaged over 158S–158N).

structure: to the west of the MJO convection is a Rossby
wave component featured by a pair of cyclonic gyres
residing on each side of the equator, with strong
equatorial westerlies in between, and to the east of the
MJO convection is a Kelvin wave component featured
by equatorial easterlies and a low pressure anomaly.
This coupled Kelvin–Rossby wave structure is similar
to a Gill (1980) pattern, but they are not the same. The
zonal extent ratio of the Kelvin easterly versus Rossby
westerly is 2.1 in MJO, but it is 3.0 in the Gill pattern.
The relative strength of the maximum Rossby westerly
speed versus maximum Kelvin easterly speed averaged
over 58S and 58N is 0.9 in MJO, but it is 2.2 in the Gill
pattern (Wang et al. 2016). The structural differences
between the Gill pattern and the MJO arise from the
nature of the precipitation heating. In the Gill pattern
the heating is specified and waves are passive responses, while in the MJO dynamics the heating is interactive with the waves and the waves can feedback to
the heating (Wang et al. 2016).
Note that the structure shown in Fig. 4 is nearly
symmetric about the equator because the MJO convection was selected to be centered at the equator
(908E). In our analysis of austral summer MJO, we
used the latitude band 08–208S to define evolution of
MJO convection; therefore, the regressed MJO winds
at 850 hPa shown in Fig. 5 (top panels), for both phase
3 (when the MJO convection is centered over the

Indian Ocean; 108S, 908E) and phase 5 (when the MJO
convection is centered over the Maritime Continent;
108S, 1308E), display equatorial asymmetric structure
with equatorial zonal winds shifted toward the SH.
This is because during austral summer, the tropical
convergence zone and associated easterly total vertical
shear (monsoon total vertical shear) are shifted to the
SH, and as a result, the MJO structure also changes
and exhibits an equatorial asymmetry with the SH
Rossby gyres being enhanced and the Northern

FIG. 4. The observed MJO low-level horizontal structure: 850hPa wind (m s21; vectors) and 850-hPa zonal wind speed (m s21;
shading). The structure is obtained by regressing the 20–70-day
bandpass-filtered fields with reference to the convective anomaly
in the equatorial Indian Ocean averaged over 108S–108N, 808–
1008E. The wind strengths are scaled to a fixed 3 mm day21
precipitation rate.
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FIG. 5. Composite maps for intraseasonal anomalies of (top) OLR with 850-hPa wind vector (m s21), (middle)
relative humidity at 600 hPa, and (bottom) cyclonic relative vorticity at 850 hPa for (a) phase 3 and (b) phase 5 of
the MJO evolution during austral summer (NDJFMA) of 1979–2014. The TCG frequency anomaly (TC number
per day) is plotted with contours. Relative vorticity is scaled by 105.

Hemisphere (NH) counterpart weakened (Fig. 5, top).
This latitudinal asymmetry is primarily induced by the
effect of the total vertical wind shear of the seasonal
mean flow because, in theory, the presence of largescale total vertical wind shears can markedly change
the structure of the Rossby wave response, making it
stronger in the hemisphere where easterly total vertical shear exists while weaker in the hemisphere where
westerly total vertical shear resides (Wang and Xie
1996; Xie and Wang 1996). This theoretical result has
been confirmed by numerical experiments (Wang et al.
2003). The theory explains the equatorial asymmetric
structures of the 850-hPa winds seen in Fig. 5, especially at phase 5.
When the MJO convection (negative OLR) center is
located over the Indian Ocean (phase 3), the midlevel
humidity RH600 has its maximum located near but
slightly south of the equator (Fig. 5a, middle). On the
other hand, the relative vorticity field shows an offequatorial cyclonic vorticity center at 158S associated
with the Rossby cyclonic gyre to the west of the MJO
convection and an off-equatorial anticyclonic vorticity
center at 158S accompanying the Kelvin wave easterly
to the east of the convection center (Fig. 5a, bottom).
This MJO structure is consistent with Fig. 1 of Wang
et al. (2016). In their three-dimensional schematic
MJO structure, the maximum convection center and

RH600 (pattern correlation coefficient between convection and RH600 is 0.8) is located at the equator and
to the east of low-level off-equatorial cyclonic vorticities in both hemispheres. Evidently, the relative
vorticity is better indicative of where TCG occurs in
terms of latitudinal locations. When the MJO convection center moves over the Maritime Continent
(phase 5), the RH600 centers remain near the equator
although the positive anomalies tend to extend
southward (Fig. 5b, middle). The relative vorticity still
better matches the TCG frequency in latitudinal locations. In the zonal direction, the cyclonic/anticyclonic
shear vorticity regions tend to coincide with positive
and negative TCG anomalies better than the RH600
anomalies. The latter have an evident eastward phase
shift with the TCG anomalies. The results in Fig. 5
explain why the MJO relative vorticity is better related
to TCG anomaly than the midlevel relative humidity in
general.
In sum, the MJO enhances (suppresses) TC genesis
primarily through its low-level westerly (easterly)
anomaly that induces cyclonic (anticyclonic) shear vorticity. In the off-equatorial region, the boundary layer
Ekman pumping is primarily controlled by the relative
vorticity at the top of the boundary layer (Charney and
Eliassen 1964). Thus, 850-hPa cyclonic (anticyclonic)
vorticity induces upward (downward) motion that
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FIG. 6. Testing the impact of the TCG on MJO relative vorticity. Composite maps for intraseasonal anomalies of
cyclonic relative vorticity (s21) at 850 hPa for (a) phase 3 and (b) phase 5 of the MJO evolution (top) with TCG,
(middle) without TCG, and (bottom) their difference during austral summer (NDJFMA) of 1979–2014. The TCG
frequency anomaly (TC number per day) is plotted with contours. Relative vorticity is scaled by 105.

moistens (dries) the lower troposphere, leading to increased (decreased) TCG frequency.
Since the MJO relative vorticity at 850 hPa plays the
major role in regulating TCG, one may wonder how
important the TCG influence is on the MJO relative
vorticity. Since the probability of the TCG occurrence
is very small (;0.04 in five days for a 58 3 58 grid) and
the relative vorticity of TC in its genesis stage is also
small, we anticipate that the relative vorticity of the
TCG is negligibly small compared to the relative vorticity associated with the MJO. To test this idea, we
have diagnosed the possible impact of relative vorticity
by the TC itself to the relationship between intraseasonal relative vorticity and cyclogenesis activities.
Using the same method as in Camargo et al. (2009),
composite anomalies of intraseasonal relative vorticity
at 850 hPa are prescribed as zero where the TCG occurred. Figure 6 is similar to Fig. 5, but with and
without the impact of a TC. As we can see, the difference in relative vorticity at the TCG location is small,
which may not affect the results.

5. Performance of the ISGPI in representing MJO
regulation of TC genesis
Here we show how the ISGPI reproduces the MJO
modulation of TCG in comparison with the ENGPI.

Since the ENGPI is developed for the total field, we
first computed total GPI using daily total values (daily
climatology plus MJO anomaly). Then the GPI
anomaly on the MJO time scale (hereafter MJO
ENGPI for short) is obtained by removing the GPI
climatology (computed using daily climatology values)
from the total GPI; namely, MJO ENGPI 5 total
ENGPI 2 climatological ENGPI.
Since one of our objectives aims at predicting the
SH TC genesis potential associated with the MJO, we
want to first assess the performance of ISGPI and
ENGPI in reproducing the TCG anomalies over the
primary TC genesis zone in the SH between 108 and
208S (Fig. 1b). Figure 7 shows the TCG frequency
along the primary TCG zone for the composite eight
phases of the MJO along with the corresponding
ISGPI and ENGPI. The observed TCG frequency
exhibits a systematic eastward migration of the TCG
maximum from 608E for phase 1 to 1608W for phase 8.
Overall, the eastward propagation of TCG maximum
is captured by the ISGPI remarkably well as evidenced by the high pattern correlation coefficient
(PCC) between the ISGPI and TCG frequency at
each phase. The eight-phase-averaged PCC skill is
0.86. The ENGPI also shows an eastward propagation consistent with the TCG frequency but with a
significantly lower averaged PCC score of 0.67. The
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FIG. 7. Performance of the (a) ISGPI (red curves) and (b) ENGPI (blue curves) in reproducing observed TCG
frequency (black curves) along the major TCG zone of Southern Ocean between 108 and 208S during composite
eight phases (P1–P8) in austral summer (NDJFMA) of 1979–2014 (TC number per day). The numbers at the
bottom-right corner of each panel indicate the PCC between each GPI and observed TCG anomaly. The average
PCCs for the eight phases in (a) and (b) are shown at the bottom.

maximum (minimum) ISGPI corresponds very well to
the observed maximum (minimum) TCG occurrences,
but the ENGPI has some phase discrepancies with
observations, notably for phases 2 and 5, which is due
to the phase shift between RH600 and TCG frequency
as shown by Fig. 5b.
In austral summer, TC forecast over the Australian
region and several southern islands in the Indian and
South Pacific Oceans are very important for local
hazard management. For this purpose, in Fig. 8 we
show how useful the ISGPI is in representing TCG in

three subregions of SH. The TCG numbers in these
three regions vary markedly with the phases of MJO
propagation, indicating the fundamental roles of MJO
in controlling TCG in each region of the SH. The
ISGPI captures this MJO regulation realistically over
all three regions. In the southern Indian Ocean (SIO;
508–1008E), TCG frequency peaks at phase 3 (when
MJO convection center is at 908E), while in the Australian region (AUS; 1008–1508E), TCG frequency
reaches a maximum at phase 5 (when MJO convection
center is at 1358E), and farther east in the South
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FIG. 8. Performance of the ISGPI (red curves) and ENGPI (blue curves) in reproducing observed TCG number (y axis; black curves) in
three subregions of the Southern Ocean: (a) SIO (108–208S, 508–1008E), (b) AUS (108–208S, 1008–1508E), and (c) SPO (108–208S, 1508E–
1608W) during composite eight phases (P1–P8) of MJO in austral summer (NDJFMA) of 1979–2014. The PCC and MSSS for ISGPI and
ENGPI are shown at the bottom of each panel.

Pacific Ocean (SPO; 1508E–1608W) it peaks at phase 7
(when MJO convection center is at 1808). The eastward propagation of the MJO is obviously the pacemaker for the eastward shift of the maximum TCG
locations in the three subregions. The ISGPI almost
exactly captures both the maximum and minimum
TCG phases at each subregion, but the ENGPI tends
to have its maximum and minimum phases occurring
one phase earlier than the observed counterpart. This
is because the ENGPI heavily relies on RH600, which
tends to have an eastward phase shift with TCG frequency as shown in Fig. 5b. Overall, both the meansquare skill score (MSSS) and PCC skills of ISGPI are
significantly higher than the corresponding counterparts of the ENGPI over the Australian region and
SIO (Fig. 8).
To show the MJO regulation of TC genesis over the
entire tropics, we present, in Fig. 9, the observed TCG
frequency anomalies (shading) and the corresponding
ISGPI (Fig. 9, left) and ENGPI (Fig. 9, right). The
ISGPI pattern matches the observed TC genesis pattern well with the PCC ranging from 0.63 to 0.71 at
various phases, and the averaged PCC skill is 0.68.
This skill is significantly higher than that obtained by
using ENGPI (averaged PCC 5 0.52). In NH, the
ISGPI matches observation much better than the
ENGPI, which tends to have too-weak signals. In SH,
the ISGPI better matches observation than the

ENGPI, which tends to have a phase shift with observed TCG frequency. The latter problem was seen
before in Fig. 8.

6. Summary
Our study of intraseasonal variations of TC genesis
during 35 austral summers (from November to the next
April) reveals that the low-level (850 hPa) relative
vorticity weighted by the Coriolis parameter fzr850 is
the most effective large-scale controlling factor for
TCG and that the midtropospheric vertical motion is a
second complementary factor (Table 2). The MJO
modulates TC genesis primarily through its Rossby
wave gyres and meridional shears of the equatorial
zonal winds (Fig. 5). The MJO-induced off-equatorial
low-level cyclonic (anticyclonic) vorticity anomalies
generate upward (downward) motion and humidify
(dry) the lower troposphere, thereby enhancing (suppressing) TC genesis.
We proposed an intraseasonal GPI to quantify MJO’s
modulation of TC genesis [Eq. (2) and Fig. 3a]. The
ISGPI can quantify intraseasonal variability of TC
genesis potential on each phase of the MJO (correlation
skill r 5 0.86; Fig. 7) and the intraseasonal evolution of
TCG frequency in each subregion of the SH ocean, including the southern Indian Ocean (r 5 0.95; MSSS 5
0.76), the Australian monsoon ocean region (r 5 0.98;
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FIG. 9. Performance of the (left) ISGPI (contours) and (right) ENGPI (contours) in reproducing observed TCG
frequency (color shading) in the tropics during composite eight phases (P1–P8) in austral summer (NDJFMA) of
1979–2014. The TCG frequency is computed for each day and each 58 3 58 grid. The numbers at the bottom-right
corner of each panel indicate the PCC between each GPI and observed TCG anomaly. The average PCC and MSSS
for the eight phases of ISGPI and ENGPI are shown at the bottom.

MSSS 5 0.95), and the South Pacific (r 5 0.91; MSSS 5
0.83) (Fig. 8), as well as in the entire tropical region
(Fig. 9). As such, the skill of the new ISGPI is markedly
higher than the climatological GPI (ENGPI) in describing intraseasonal variability of TCG potential.
Application of the new ISGPI may have a large potential to improve subseasonal prediction of TC genesis
because the SH TC genesis is remarkably modulated by
the MJO. For instance, along the SH TC genesis zone
(108–208S), there are the three hottest spots of TCG,
located in the central SIO (708–808E), northwest of
Australia (1108–1208E), and near the date line in SPO
(1708E–1808). Near the date line in the SPO, the
probability of TCG at the wettest phase is 3.5 times of
the climatological value while in the driest phase it
decreases to 20% of the climatological value (Fig. 10).

The ratio of TCG probability between the wettest and
driest phases of MJO is 19. Similarly, this ratio is 11
over the SIO and 5 over the northwest of Australia.
Notably, these remarkable modulations are captured
quite well by the ISGPI. This suggests that if dynamical
models can faithfully predict large-scale low-level
vorticity and 500-hPa vertical motion anomalies associated with the MJO, use of ISGPI can potentially
make useful TCG probabilistic prediction.
The results of the present study imply that the
large-scale factors controlling TCG may differ on
various time scales. Those factors that control the
annual variation of TCG may not equally apply
to other time scales such as intraseasonal or
interannual–decadal time scales. Further studies are
required for fully understanding the relationship

1 JUNE 2017

4033

WANG AND MOON

FIG. 10. The normalized TCG frequency (by its corresponding climatological mean TCG frequency) derived from observation (black
bars) and predicted by ISGPI (red bars) and ENGPI (blue bars) at three hot spots of the TCG zone in the Southern Hemisphere: (a) SIO
(108–208S, 708–808E), (b) AUS (108–208S, 1108–1208E), and (c) SPO (108–208S, 1708E–1808) during composite eight phases (P1–P8) of
MJO in austral summer (NDJFMA) of 1979–2014.

between environmental conditions and TC genesis on
various time scales and in the future scenario under
anthropogenic forcing.
The present results also suggest that, in order for a
general circulation model to simulate realistic impacts
of the MJO on TCG, a model must reproduce realistic
eastward propagation and the low-level circulation
structure of the MJO. The latter has not been paid
enough attention in the modeling community. We
stress that both the dynamical model-simulated MJO
low-level circulation structure and its eastward propagation are critically important in determining its impact on TC genesis.
The present study considered only the MJO modulation of TC genesis and neglected the upscale feedback
from TC activity to the MJO. The latter needs to be
further assessed. However, given the tiny climatological probability of TCG, this feedback effect might
not have a significant impact on the results presented
here.
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