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ABSTRACT

This study investigates the number of tropical cyclone formations that can be attributed to the enhanced
convection from equatorial waves within each basin. Tropical depression (TD)-type disturbances (i.e.,
easterly waves) were the primary tropical cyclone precursors over the Northern Hemisphere basins, partic-
ularly the eastern North Pacific and the Atlantic. In the Southern Hemisphere, however, the number of storms
attributed to TD-type disturbances and equatorial Rossby waves were roughly equivalent. Equatorward of
20°N, tropical cyclones formed without any equatorial wave precursor most often over the eastern North
Pacific and least often over the western North Pacific.

The Madden—Julian oscillation (MJO) was an important tropical cyclone precursor over the north Indian,
south Indian, and western North Pacific basins. The MJO also affected tropical cyclogenesis by modulating
the amplitudes of higher-frequency waves. Each wave type reached the attribution threshold 1.5 times more
often, and tropical cyclogenesis was 3 times more likely, within positive MJO-filtered rainfall anomalies than
within negative anomalies. The greatest MJO modulation was observed for storms attributed to Kelvin waves
over the north Indian Ocean.

The large rainfall rates associated with tropical cyclones can alter equatorial wave—filtered anomalies. This
study quantifies the contamination over each basin. Tropical cyclones contributed more than 20% of the
filtered variance for each wave type over large potions of every basin except the South Pacific. The largest
contamination, exceeding 60%, occurred for the TD band near the Philippines. To mitigate the contamina-
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tion, the tropical cyclone-related anomalies were removed before filtering in this study.

1. Introduction

Liebmann et al. (1994) found that tropical cyclone
development concentrated around the low-level con-
vergence and vorticity anomalies associated with the
Madden-Julian oscillation (MJO; Zhang 2005). They
argued that any convective system with a period longer
than the life span of a tropical cyclone could produce
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a similar clustering. Such precursors include equatorial
Rossby (ER) waves, mixed Rossby—gravity (MRG)
waves, Kelvin waves, and tropical depression (TD)-type
disturbances, commonly referred to as easterly waves
(Bessafi and Wheeler 2006; Frank and Roundy 2006;
Schreck et al. 2011, hereafter SMM11). For brevity, all of
these features will be referred to as equatorial waves be-
cause they reside in equatorial regions and share wavelike
properties.

SMM11 examined tropical cyclone precursors over
the western North Pacific using rainfall data. Tropical
cyclogenesis was attributed to wave-enhanced convec-
tion when the wave-filtered rainfall anomaly exceeded
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a threshold value at the genesis location. SMM11 iden-
tified a range of thresholds that produced consistent re-
sults. Simply requiring a positive anomaly (equivalent to
threshold of 0 mm day ') was too weak of a threshold
because noise from the red background could cause
small positive anomalies (Wheeler and Kiladis 1999). At
the other extreme, 6 mm day ' was too strict because
two-thirds of the tropical cyclones would not be attrib-
uted to any wave precursor. Such a result would con-
tradict the link between wave precursors and tropical
cyclogenesis found by Liebmann et al. (1994) and
numerous synoptic studies (e.g., Riehl 1979, p. 465;
Yanai 1961; Heta 1990; Fu et al. 2007). Between these
extremes, SMM11 found consistent attribution results
for a range of thresholds from 2 to 4 mm day .

SMM11 attributed twice as many western North Pa-
cific storms to TD-type disturbances as to ER waves,
MRG waves, or Kelvin waves, while the MJO was as-
sociated with the fewest storms. These results may be
expected to vary for other basins. For example, synoptic
studies have attributed nearly all tropical cyclone for-
mations over the eastern North Pacific and Atlantic
basins to TD-type disturbances (e.g., Avila and Pasch
1995; Avila et al. 2003). On the other hand, cyclogenesis
is less likely to be associated with TD-type disturbances
in the Southern Hemisphere where these systems are
less common (Roundy and Frank 2004; Frank and
Roundy 2006). The MJO convection is strongest over
the Indian Ocean and weakest over the Atlantic Ocean
(Roundy and Frank 2004; Kiladis et al. 2005). Consistent
with this pattern, Frank and Roundy (2006) found only
a weak connection between tropical cyclogenesis and
MJO activity over the Atlantic. These relationships will
be tested by applying the attribution methodology to all
tropical cyclone basins.

Although SMM11 attributed fewer storms to convec-
tion in the MJO than to any other wave type, they noted
that the MJO might influence cyclogenesis more strongly
in dynamical fields like low-level vorticity and vertical
wind shear. The MJO can also stimulate cyclogenesis
by amplifying higher-frequency waves (Nakazawa 1986;
Sobel and Maloney 2000; Aiyyer and Molinari 2003,
2008). Zonal convergence associated with the convective
phase of the MJO provides a favorable region for wave
growth through wave accumulation and contraction. This
study will examine the amplitudes of equatorial waves
during each phase of the MJO and test the effects on the
tropical cyclone attributions.

SMM11 demonstrated that the intense rainfall within
tropical cyclones could significantly alter equatorial
wave diagnostics. Tropical cyclones accounted for up
to 27% of the power in shorter-wavelength westward-
propagating waves. This spectrum includes signals from
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all longitudes. The regional variations of the contamina-
tion for each wave type will be examined here. To mitigate
the contamination, tropical cyclone-related anomalies
will be removed before filtering following SMM11.

This study uses similar datasets and methods as in
SMM11, but section 2 will outline some notable differ-
ences. The geographical variations in tropical cyclone
contamination are explored in section 3. Section 4
presents the basin-by-basin attributions of tropical cy-
clogenesis for each equatorial wave type. The role of the
MJO in modulating tropical cyclogenesis is further in-
vestigated in section 5, and section 6 concludes with a
discussion of the results.

2. Data and methods

SMM11 identified tropical cyclone tracks using ver-
sion 1 of International Best Track Archive for Climate
Stewardship (IBTrACS; Knapp et al. 2010). This study
will use version 3, release 2 of IBTrACS. Version 1 aver-
aged the best-track data from numerous agencies around
the globe. Averaging disparate best-track datasets in-
troduced new uncertainties in the best-track data, so
it was discontinued after version 2. The newly added
World Meteorological Organization (WMO) subset of
IBTrACS will be used here. This subset only includes
data from the Regional Specialized Meteorological
Centers (RSMCs) and Tropical Cyclone Warning Cen-
ters (TCWCs) that are sanctioned by the WMO. For
example, western North Pacific data are obtained exclu-
sively from the Japanese Meteorological Agency (JMA)
with no modifications.

SMM11 defined cyclogenesis as the first time a storm
achieved maximum 10-min-sustained winds, averaged
among the available agencies, of atleast 13 m s~ ! (25 kt).
Tropical cyclone agencies use a variety of methods to
estimate maximum sustained winds. They also use dif-
ferent averaging periods (typically 1, 2, or 10 min) to
report these winds. For greater consistency, the current
study simply defines tropical cyclogenesis as the first po-
sition in the WMO subset. SMM11 examined western
North Pacific tropical cyclogenesis for 1998-2007. IB-
TrACS version 3, release 2 includes data through 2009, so
this study will take advantage of the additional 2 yr of
data. SMM11 also only used storms that developed from
May to November over the western North Pacific. This
study will use all months over every basin. The inclusion
of all months is particularly important over the north
Indian Ocean. Vertical shear associated with the Indian
monsoon suppresses tropical cyclones in that basin during
boreal summer. The annual cycle of tropical cyclone ac-
tivity in this region peaks once before monsoon onset and
then again after its termination (Gray 1968).
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FIG. 1. Genesis locations for 1998-2009. Boxes outline the tropical cyclone basins used in this
study: (a) the Eastern Hemisphere and (b) the Western Hemisphere.

Figure 1 shows all genesis locations for 1998-2009.
The black boxes outline the tropical cyclone basins
adapted from Frank and Roundy (2006). These boxes
only extend to 20° latitude to focus on the storms that are
most likely to be associated with equatorial waves. Each
basin is also defined to be relatively homogeneous. For
example, the South China Sea is omitted from the
western North Pacific basin because land—ocean con-
trasts could alter the cyclogenesis process in that region
compared with the rest of the basin. In spite of these
omissions, the boxes contain the majority of genesis
locations over every basin except for the Atlantic.
Tropical cyclogenesis occurs more frequently at higher
latitudes in that basin, and the omitted Atlantic storms
are more likely to have developed in association with
extratropical systems (McTaggart-Cowan et al. 2008).

As in SMM11, the equatorial wave-related convection
will be identified using filtered Tropical Rainfall Mea-
suring Mission (TRMM) multisatellite rainfall estimates
(TRMM product 3B42; Huffman et al. 2007). These data
are available from 1998 to the present on 3-hourly 0.25°
latitude—longitude grids. They have been averaged to
6-hourly 1° grids for computational efficiency (SMM11).
In addition, tropical cyclone-related rainfall has been re-
moved following the method of SMM11. This method

uses a weighting function to reduce the anomalies from
climatology near each tropical cyclone. The Gaussian
weighting function used is

r(x.y)?

weey) =1 = exp 2[R21In2)" 212 (° M
where r(x, y) is the distance from a given grid point to
the tropical cyclone’s center and R is the radius at half-
maximum of the weighting function. Anomalies at the
storm’s center are reduced to zero, while anomalies at
aradius R are reduced by half. We will use R = 500 km
asin SMM11, but they demonstrated that the attribution
results are insensitive to the details of the removal.

SMM11 used the ER, MRG, Kelvin, and MJO filters
originally proposed by Wheeler and Kiladis (1999),
who were among the first to identify equatorial waves by
filtering convective proxies in wavenumber and fre-
quency. The Wheeler and Kiladis (1999) filters encom-
passed the strongest spectral peaks while also falling
between the shallow-water dispersion curves for equiv-
alent depths of 8 and 90 m. Subsequent studies have
proposed numerous alternative filters and methods
for identifying equatorial waves (e.g., Yang et al. 2003;
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FIG. 2. (a) Total wavenumber—frequency power spectrum for rainfall 15°S-15°N. The base-10 logarithm of the
power has been plotted. (b) Asin (a), but normalized by a red background as in Roundy and Frank (2004). Blue boxes
show the filter bands used in this study, while red boxes indicate the bands used by Schreck et al. (2011).

Roundy and Frank 2004; Kiladis et al. 2005, 2006, 2009;
Roundy and Schreck 2009). This study uses expanded
filters that include more of the total variance in the
wavenumber—frequency spectrum. Consequently, the
fraction of all filtered rainfall values that exceed a
given threshold increases by as much as 4% with the
new filters (not shown). It will be shown that similar
attribution results are still found for thresholds from 2
to 4 mm day ' (Fig. 5).

Figure 2a shows the wavenumber—frequency spec-
trum for rainfall 15°S-15°N, regardless of equatorial
symmetry, after the removal of tropical cyclone-related
signals. Figure 2b divides this spectrum by an estimate
of its red background following Roundy and Frank
(2004). The blue boxes outline the filter bands used here,
and the red lines identify bands from SMM11. The MRG
band is unchanged. The longest period of the Kelvin
filter has been reduced from 30 to 17 days to provide
more separation from the MJO band (Straub and Kiladis
2002). The MJO band is expanded to include wavenum-
bers 0-9, as in Kiladis et al. (2005). The low-frequency
cutoff in the ER band is extended to 72 days, following
Kiladis et al. (2009). Finally, the TD band now inclu-
des westward propagation at wavenumbers —20 to —6.
Roundy and Frank (2004) and Kiladis et al. (2006) used
similar ranges of wavenumbers for their TD filters. The
revised filters capture most of the variance that stands
out above the red background (Fig. 2b).

One of the primary goals of this study is to evaluate
the proportion of genesis events that can be attributed to
each wave type in each basin. The significance of these
percentages will be evaluated by comparing them with
the percentage of nongenesis points that also met the

attribution criteria. The genesis and nongenesis points
should share climatologically similar conditions to make
this test as fair as possible. For each storm, we identified
nongenesis points that occurred at the same latitude,
longitude, month, day, and hour as the genesis point, but
fell in different years. For example, if a storm formed at
10°N, 120°E at 0000 UTC 1 June 1998, its corresponding
nongenesis points were at 10°N, 120°E at 0000 UTC 1
June during 1999-2009. This approach is similar to that
used by Matthews and Kiladis (1999). Once all non-
genesis points were identified, we calculated the per-
centage of their corresponding wave-filtered anomalies
that exceeded the attribution threshold for each wave
type. Confidence intervals for these percentages were
determined using the cumulative density function for
a binomial distribution (Wilks 2006, p. 74). If the per-
centage of storms attributed to a given wave type exceeded
the 99% confidence interval, then it was considered to be
significant.

3. Contamination by tropical cyclones

Figures 3 and 4 quantify the contamination of the
wave-filtered rainfall anomalies by tropical cyclones. The
shading represents the total variance, including tropical
cyclones, within each filter band. The spatial patterns of
these variances resemble those for outgoing longwave
radiation and infrared brightness temperature 7, in pre-
vious papers (e.g., Kiladis et al. 2009). The contours in
Figs. 3 and 4 represent the percentage decrease in the
variance caused by removing the storms.

Tropical cyclones contribute more than 20% of the
variance (Figs. 3 and 4, dotted contours) in each band
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FIG. 3. Filtered variance (shading) in the (a) TD, (b) MRG, (c)
ER, (d) Kelvin, and (e) MJO bands. The percentage of variance
associated with tropical cyclones in each band is contoured at 20%
(dotted), 40% (dashed), and 60% (solid). Boxes outline the tropi-
cal cyclone basins used in this study.

over broad strips that extend roughly from 15° to 25°
latitude. These strips cover large portions of every tro-
pical cyclone basin except the South Pacific, which is less
densely populated with tropical cyclones (Fig. 1). In
contrast, tropical cyclones are particularly common near
the Philippines, and the contamination exceeds 40% for
every wave type there (Fig. 3, dashed contours). This
region lies poleward of the maximum variance in the
MRG, Kelvin, and MJO bands (Figs. 3b,d,e). In the TD
and ER bands, however, the 40% contour overlaps with
some of the largest total variance observed in these bands
(Figs. 3a,c). These variance maxima are therefore sub-
stantially attributable to tropical cyclone contamination.
The contamination also exceeds 40% over the south

150W

2
2 4 6 8 12 16 20 (mm/day)

FIG. 4. As in Fig. 3, but focused on the Western Hemisphere.

Indian Ocean for every wave type except Kelvin waves.
It may be less significant in that region, however, as the
wave-filtered variances are small there.

SMM11 showed that the TD band in the western
North Pacific is particularly vulnerable to tropical cy-
clone contamination. Figures 3a and 4a confirm that
tropical cyclones contribute a larger percentage of the
variance in the TD band than in any other band. Trop-
ical cyclone contamination is responsible for more than
60% of the TD variance (solid contours) over portions
of the western North Pacific, eastern North Pacific, and
south Indian Ocean. Consistent with SMM11, the small-
est contamination occurs in the Kelvin band (Figs. 3d and
4d). The contamination only exceeds 40% of the variance
near the Philippines. The Kelvin band contains eastward
propagation at 9-30 m s~ ', but tropical cyclones gener-
ally move westward until they reach higher latitudes. It is
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therefore not surprising that the Kelvin band is more
resistant to tropical cyclone contamination than other
filter bands.

As with the contamination estimates in SMM11, Figs.
3 and 4 are generally insensitive to the details of the
removal method (not shown). The contamination does
depend, however, on the dataset chosen. The variance
analysis for the Cloud Archive User Service (CLAUS;
Hodges et al. 2000; Yang and Slingo 2001) 7}, data (not
shown) resembles that with the rainfall data (Figs. 3 and
4), but the contamination is generally half as large in T},
compared with rainfall. This difference arises because
tropical cyclones can produce rainfall rates an order of
magnitude larger than their surroundings. They also
produce large anomalies in 7}, but the values are less
extreme. Regardless of the dataset, Figs. 3—4 support the
findings from SMM11 that tropical cyclone-related
anomalies must be removed prior to examining the role
of equatorial waves in cyclogenesis.

4. Attribution of tropical cyclogenesis

As in SMM11, tropical cyclogenesis is attributed to an
equatorial wave when the filtered rainfall anomaly ex-
ceeds a threshold value at the genesis location. Figure 5
shows the percentage of storms attributed to each
equatorial wave type using the 2 mm day ' threshold
(white bars) and for the 4 mm day ' threshold (gray
bars). With either threshold, the percentages can sum to
more than 100% because a given storm may be attrib-
uted to more than one wave type. The red lines indicate
the 99% statistical significance levels based on nongenesis
points, as described in section 2. For each wave type, bars
that exceed the red line may be considered significant.
Note that the percentage of storms not attributed to any
wave type (‘“None”) is always well below the red lines,
which confirms that tropical cyclogenesis is more likely to
occur when at least one wave type exceeds the attribution
threshold.

Figure 5a shows the results for the western North
Pacific, which are comparable to those from SMM11.
The expansion of the TD, ER, and MJO bands com-
pared with SMM11 increases the number of storms at-
tributed to these wave types by as much as 15% (cf. Figs.
5-9 from SMM11). SMM11 found that each wave type
was more likely to reach its attribution threshold at
genesis points than at nongenesis points. Consistent with
those results, the percentage of western Pacific storms
attributed to each wave type in Fig. 5a passes the sta-
tistical significance test used here. Also consistent with
SMM11, more western North Pacific tropical cyclones
are attributed to TD-type disturbances than any other
wave type (Fig. 5), and ER waves are the second most
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important. In contrast to previous results, however, the
fraction of storms attributed to the expanded MJO band
is now comparable to those attributed to Kelvin and
MRG waves.

TD-type disturbances are the primary tropical cyclone
precursors over all basins in the Northern Hemisphere
(Figs. Sa—d). They are particularly dominant over the
eastern North Pacific and the Atlantic basins where
fewer storms are attributed to other wave types (Figs.
5b,c). The ER waves are generally second in importance
after TD-type disturbances over the Northern Hemi-
sphere basins. In the Southern Hemisphere, however,
the numbers of storms attributed to TD-type distur-
bances and ER waves are roughly equivalent (Figs. Se,f).
MRG waves are attributable for more storms over the
western North Pacific, north Indian Ocean, and South
Pacific than over other basins. Meanwhile the MRG
attributions for the 4 mm day ! threshold are not sig-
nificant over the eastern Pacific or the south Indian
Ocean (Figs. 5b,e). Kelvin waves exert their greatest
relative influence on tropical cyclogenesis over the north
Indian Ocean (Fig. 5d), while they make no significant
contribution to genesis over the eastern Pacific, the At-
lantic, and possibly the South Pacific (Figs. 5b,c,f). The
MIJO is most prominent over the western North Pacific,
north Indian, and south Indian basins (Figs. 5a,d,e). The
fraction of storms developing without a wave precursor
(None) also varied between basins. These storms were
least common over the western North Pacific and most
common over the eastern North Pacific or the Southern
Hemisphere, depending on the threshold.

To better understand the basin-to-basin variations,
Figs. 6 and 7 show the genesis locations attributed to
each wave type overlaid on the rainfall variance, after
removing the tropical cyclone signals, for that filter
band. The largest variance falls in the TD band (Figs. 6a
and 7a). Consistent with past studies, TD-type distur-
bances are particularly active over the Atlantic (Gu and
Zhang 2001), the eastern North Pacific (Shapiro 1986),
and the western North Pacific (Takayabu and Nitta
1993). The large TD variance over the Northern
Hemisphere basins helps to explain why TD-type dis-
turbances are the dominant precursors there.

Somewhat weaker TD variance occurs over the
Southern Hemisphere basins. Gu and Zhang (2002)
identified similar TD-type signals over the South Pacific,
but these disturbances have not been extensively studied.
Roundy and Frank (2004) attributed this signal to MRG
waves whose periods were decreased by background
advection. Alternatively, the TD variance over the
South Pacific could be associated with the portion of
the background variability that falls within the TD filter
band. Future studies should analyze this variability to
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FIG. 5. Percentage of storms attributed to each wave type using thresholds of 2 mm day ! (white bars) and
4 mm day ! (gray bars) in the (a) western North Pacific, (b) eastern North Pacific, (c) Atlantic, (d) north
Indian, (e) south Indian, and (f) South Pacific basins. Red lines indicate the 99% significance levels, as de-
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FIG. 6. Genesis locations attributed to (a) TD-type disturbances,
(b) MRG waves, (c) ER waves, (d) Kelvin waves, and (e) the
MJO overlaid on the variance for the given filter band, following
the removal of tropical cyclone-related signals. Green circles

identify genesis locations associated with filtered anomalies of

2-4 mm day '. Red dots identify those exceeding 4 mm day .

Boxes outline the tropical cyclone basins used in this study.

determine whether it is associated with real TD-type
disturbances.

The spatial pattern of the ER variance (Figs. 6¢ and 7c)
roughly mirrors that of TD-type disturbances (Figs. 6a
and 7a). A notable difference is that TD variance peaks in
the Northern Hemisphere, while the ER variance maxi-
mizes in the Southern Hemisphere. This contrast may
explain why TD-type disturbances are the predominant
Northern Hemisphere precursor and ER waves are the
primary precursor in the Southern Hemisphere (Fig. 5).

The MRG variance peaks over the central North Pa-
cific (Fig. 6b), but most of the tropical cyclones attributed

30N
15N
0
150W 120W 9OWwW 60W 30W 0
2 4 6 8 12 16 20 (mmyday)?®

FIG. 7. As in Fig. 6, but focusing on the Western Hemisphere.

to MRG waves developed northwestward of this maxi-
mum. This pattern is consistent with the tropical cyclones
developing as the MRG waves turn northwestward off
the equator over the western North Pacific (Dickinson
and Molinari 2002). The equatorially antisymmetric con-
vection of MRG waves produces a secondary maximum
in MRG variance over the South Pacific (Wheeler et al.
2000). The storms attributed to MRG waves over the
South Pacific generally develop near the date line as-
sociated with this peak in variance. MRG waves are also
active over the eastern North Pacific (Fig. 7b), but less
than 20% of the storms in that region are attributed to
these waves (Fig. 5b). Most eastern North Pacific storms
develop northeastward of the maximum MRG variance
(Fig. 7b), which may explain why the westward-moving
MRG waves have a limited role over this basin.
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FIG. 8. Genesis locations for storms not attributed to any wave
type. Green circles identify genesis locations where all filtered
anomalies were less than 2 mm day !. Red dots denote those
where at least one wave type exceeded 2 mm day ! but none ex-
ceeded 4 mm day ', (a) The Eastern Hemisphere and (b) the
Western Hemisphere. Boxes outline the tropical cyclone basins
used in this study.

Equatorial Kelvin waves and extratropical Rossby
waves share similar propagation characteristics and can
even interact with each other (Straub and Kiladis 2003a).
Extratropical signals likely dominate the Kelvin band
poleward of 25° latitude. These signals are particularly
prominent over the western North Pacific, the north-
western Atlantic, and the South Pacific convergence zone
(Figs. 6d and 7d). Signals within 15° of the equator are
primarily associated with actual Kelvin waves. Storms
that developed in the intermediate latitudes (15°-25°)
require additional analysis to identify the nature of the
Kelvin signals. Many of the tropical cyclones attributed to
Kelvin waves over the western North Pacific fall into this
category.

The MJO variance exhibits two distinct peaks: one
over the equatorial Indian Ocean and a second over the
equatorial western North Pacific (Fig. 6¢). These are
also regions with the highest fractions of storms attrib-
uted to the MJO (Fig. 5). The storms attributed to the
MJO over the south Indian Ocean cluster around the
maximum MJO variance in that region. The MJO vari-
ance is weakest over the Atlantic (Fig. 7e), which may
explain why less than 6% of the storms in that region are
attributed to it (Fig. Sc).

SMM11 found that western North Pacific storms not
attributed to any wave developed significantly farther
poleward than those that had equatorial wave precursors.
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Figure 8 shows the genesis locations for these storms
around the globe. Using the 2 mm day ! threshold (green
circles), only 9% (82 of 887) of tropical cyclones devel-
oping equatorward of 20° latitude do not have an equa-
torial wave precursor. This percentage increases to 28%
(51 of 182) for storms that develop farther poleward.
Similar results are found with the 4 mm day ™' threshold
(red dots). Based on these results, tropical cyclones that
develop poleward of 20° latitude are 3 times as likely to
do so without an equatorial wave precursor.

5. Modulation by the MJO

The attribution method only tests the MJO’s direct
influence on rainfall at the genesis locations. The MJO
also affects cyclogenesis by modulating the amplitudes
of higher-frequency waves (Nakazawa 1986; Sobel and
Maloney 2000; Aiyyer and Molinari 2003). Figure 9
evaluates this modulation. The bars in Fig. 9 indicate the
percentage of grid points 20°S-20°N where a given
wave’s filtered anomaly exceeds 3 mm day ' and where
the coincident MJO-filtered anomaly is either positive
(red bars) or negative (blue bars). Similar results are
found for thresholds of 2 or 4 mm day ™ '. Figure 9a tests
all data points (an insignificant fraction of which also
happen to be genesis points), and Fig. 9b tests only genesis
points.

Figure 9a indicates that all wave types generate larger
anomalies during the positive (convective) phase of the
MJO than the negative (suppressed) phase. Each wave
type is about 1.5 times more likely to exceed 3 mm day
during the convective phase. For example, only 3.1% of
the TD-filtered data exceed 3 mm day ' and occur co-
incident with negative MJO anomalies. This percentage
increases to 4.6% with positive MJO anomalies, even
though the MJO band produces equal numbers of posi-
tive and negative anomalies.

The differences between the positive and negative
phases of the MJO are even more striking for the tropi-
cal cyclogenesis data points (Fig. 9b). Consistent with
Liebmann et al. (1994) and Frank and Roundy (2006), 3
times as many storms developed within the positive phase
of the MJO (75% of the 887 storms) compared with
negative phase (25%). This modulation varies for storms
attributed to each wave type. For example, only 2.4 times
as many storms are attributed to TD-type disturbances
during the positive phase compared with the negative
phase. The modulation of storms attributed to Kelvin
waves is 5 to 1. All of the differences between the positive
and negative phases of the MJO in Fig. 9 are statistically
significant at the 99% level using a bootstrap test.

Figure 10 examines the regional variations of the
MIJO’s modulation of tropical cyclogenesis. Consistent
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FIG. 9. (a) Percentage of all data between 20°S and 20°N where a given wave exceeds 3 mm day ™' and the sign of
the MJO-filtered anomaly at the same point is either negative (blue) or positive (red). (b) Asin (a), but for data at

tropical cyclogenesis locations between 20°S and 20°N.

with Liebmann et al. (1994), the strongest modulation
occurs over the western North Pacific and the Indian
Ocean. This modulation is particularly strong for storms
attributed to MRG waves or ER waves (Fig. 10a). Both
of these modulations are nearly 5 to 1. Over the Indian
Ocean, similarly strong modulations are observed for
storms attributed to Kelvin waves. These patterns are
consistent with the findings of Straub and Kiladis (2003b).
They showed enhanced MRG activity within the MJO’s
convection over all basins, but the amplified Kelvin waves
were only collocated with the MJO over the Indian Ocean.
The MJO produces a 2-to-1 modulation of storms at-
tributed to TD-type disturbances over the eastern North
Pacific and the Atlantic. The modulations in these regions
are even larger for storms attributed to MRG waves, al-
though they account for less than 10% of the Western
Hemisphere tropical cyclone formations.

6. Summary and discussion

SMM11 attributed tropical cyclogenesis to wave-
enhanced convection when the wave-filtered rainfall
anomaly exceeded a threshold value at the genesis loca-
tion. This simple definition of attribution omits the dy-
namical influences of equatorial waves on cyclogenesis,
which can be significant. For example, Dunkerton et al.
(2009) showed that once a closed vortex forms in a wave-
relative frame of reference, it provides a protective en-
velope that enhances the probability of tropical cyclone
development. By using only the rainfall rate to evaluate
the role of equatorial waves on tropical cyclogenesis, it is
implicitly assumed that tropical cyclones form within
areas of convection that coincide with regions of ascent in

the shallow-water wave solutions. There is some support
for this assumption in case studies (Dickinson and
Molinari 2002; Molinari et al. 2007; Schreck and Molinari
2009). Nevertheless, a more complete approach would
show the impact of vorticity, vertical wind shear, and
other dynamical factors. These fields could be compos-
ited in storms that have been attributed to each wave
type in this paper. Because that would involve five wave
types in six basins, it is left for future work. The following
sections will summarize and discuss the attribution results
from global and then regional perspectives.

a. Global patterns

SMM11 examined the relative number of western
North Pacific tropical cyclones that could be attributed to
equatorial waves. This study expanded the results to
other basins. The TD-type disturbances were generally
the most common tropical cyclone precursor, followed by
ER waves. Fewer storms were attributed to MRG waves,
Kelvin waves, or the MJO. These global results align with
SMM11’s findings for the western North Pacific.

The MJO significantly modulates tropical cyclogene-
sis over every basin (Fig. 9b). These modulations arose
in part because the MJO directly alters the environment
for tropical cyclogenesis, including deep convection,
low-level vorticity, vertical shear, and midlevel moisture
(Liebmann et al. 1994; Frank and Roundy 2006; Bessafi
and Wheeler 2006; Camargo et al. 2009). The convective
envelope of the MJO also provides an environment for
growth and accumulation of higher-frequency waves
(Nakazawa 1986; Sobel and Maloney 2000; Aiyyer and
Molinari 2003, 2008). Figure 9a showed that the other
four wave types were 1.5 times more likely to reach the
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attribution threshold within the positive rainfall anoma-
lies of the MJO. The amplified waves acted as better
tropical cyclone precursors. Roughly 3 times more trop-
ical cyclones were attributed to each equatorial wave type
during the convective phase of the MJO (Fig. 9b).

Some tropical cyclones formed without any equatorial
wave precursors. These storms were 3 times more likely
to develop poleward of 20°N (Figs. 6 and 7). In the ab-
sence of a wave precursor, tropical cyclones may develop
from upper-level troughs (Sadler 1976) or tropical tran-
sition (Davis and Bosart 2001). Both of these pathways
favor higher latitudes (McTaggart-Cowan et al. 2008).

b. Regional variations
1) WESTERN NORTH PACIFIC

Tropical cyclones can form when MRG waves tran-
sition to TD-type structures over the western North
Pacific (Dickinson and Molinari 2002; Frank and
Roundy 2006; Fu et al. 2007). SMM11 found that nearly
two-thirds of the western North Pacific storms attribut-
ed to MRG waves were also attributed to TD-type dis-
turbances. Using the 4 mm day ! threshold, a greater
percentage of storms were attributed to MRG waves
over the western North Pacific than any other basin (Fig.
5, gray bars). Western North Pacific tropical cyclones
were also more than 5 times as likely to be attributed to
MRG waves during the convective phase of the MJO as
the suppressed phase (Fig. 10a). Linear shallow-water
simulations have suggested that TD-type disturbances
develop when MRG waves encounter the equatorial
asymmetric background state produced by the MJO
over the western North Pacific (Aiyyer and Molinari
2003). This background may be a vital contributor for
tropical cyclogenesis from MRG waves.

Previous synoptic studies (e.g., Zehr 1992; Briegel and
Frank 1997; Lee et al. 2008) hypothesized that condi-
tions are sufficiently favorable within the western North
Pacific monsoon trough to produce tropical cyclones
without precursor waves. In this study, fewer storms
developed without a wave precursor over the western
North Pacific than any other basin (Fig. 5). All the wave
types were particularly active in this region (Fig. 6), so
it may not be surprising that the majority of storms
came from waves. This does not preclude a role for the
monsoon trough, however. Tropical cyclogenesis likely
occurs when equatorial waves interact with the mon-
soon trough’s favorable background (Frank and Roundy
2006).

2) SOUTHERN HEMISPHERE AND INDIAN OCEAN

TD-type disturbances were the dominant tropical
cyclone precursor in each of the Northern Hemisphere
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basins (Fig. 5). In the Southern Hemisphere, however,
ER waves were the most important. These differences
may be expected because TD-type disturbances were
more active in the Northern Hemisphere, while ER
waves were more active in the Southern Hemisphere (cf.
Figs. 6a,c). The prominent role of ER waves in Southern
Hemisphere tropical cyclogenesis is consistent with
previous studies (Bessafi and Wheeler 2006; Leroy and
Wheeler 2008; Schreck and Molinari 2009).

Bessafi and Wheeler (2006) showed that the MJO and
ER waves significantly modulate tropical cyclogenesis
over the south Indian Ocean. They found a smaller
though still statistically significant modulation with
Kelvin waves, while no significant modulation was found
with MRG waves. Consistent with the results, Fig. Se
shows that more tropical cyclone formations were
attributed to ER waves and the MJO than to Kelvin
waves, and even fewer storms were attributed to the
MRG waves.

The percentage of storms attributed to the MJO was
largest over the north Indian Ocean, the south Indian
Ocean, and the western North Pacific (Fig. 5). Over the
north Indian Ocean, 45% of the storms were attributed
to the MJO with the 2 mm day ' threshold. The MJO
variance is particularly large over these basins (Fig. 6e),
which may account for its influence. The MJO’s strongest
modulation of tropical cyclogenesis, exceeding 4.5:1, oc-
curred over the north and south Indian Oceans (Figs.
10e,f). The modulation was particularly strong for storms
attributed to Kelvin waves over the north Indian Ocean.
Of these 20 storms, only two developed within negative
MJO-filtered rainfall anomalies. When Kelvin waves are
embedded within the MJO, they force cyclonic gyres that
may act as tropical cyclone precursors (Roundy 2008). In
a case study, Schreck and Molinari (2011) found that
the MJO might be a key ingredient for tropical cyclones
to develop from Kelvin waves. Enhanced Kelvin wave
activity is most likely to coincide with the MJO’s con-
vective envelope over the Indian Ocean (Straub and
Kiladis 2003b), which may account for the MJO’s
strong modulation of tropical cyclogenesis from Kelvin
waves there.

The MJO’s modulation of tropical cyclogenesis was
less than 2:1 over the South Pacific (Fig. 10f). In contrast,
Chand and Walsh (2010) found a 5:1 modulation in that
region. While Fig. 10 examined the local MJO-filtered
anomalies, they identified the MJO using a global
measure: Wheeler and Hendon’s (2004) real-time mul-
tivariate MJO (RMM) index. Furthermore, Roundy
et al. (2009) showed that other signals, such as ER waves
and Kelvin waves, could project onto the RMM index.
These other signals may account for the differences be-
tween Fig. 10f and the results of Chand and Walsh (2010).
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3) WESTERN HEMISPHERE

The dominance of TD-type disturbances as tropical
cyclone precursors is greatest over the Atlantic and the
eastern North Pacific (Figs. 5b,c). Numerous studies
(e.g., Avila and Pasch 1995; Avila et al. 2003) have found
that the predominant tropical cyclone precursors in these
regions were TD-type disturbances (easterly waves)
originating from Africa. As may be expected for these
waves, their influence on tropical cyclogenesis was
greatest in the main development region of the Atlantic
and along the coast of Central America (Fig. 7a).

The MJO variance was weaker in the Western Hemi-
sphere than in the Eastern Hemisphere (Figs. 6e and 7e).
Even with the 2 mm day ' threshold, only 5% of At-
lantic storms were attributed to the MJO (Fig. 5c).
Previous studies (Mo 2000; Barrett and Leslie 2009;
Klotzbach 2010; Kossin et al. 2010) have shown that the
MJO significantly influences tropical cyclone activity
over the Atlantic. These influences are believed to arise
from the MJO’s impacts on the dynamical factors for
tropical cyclogenesis, particularly vertical wind shear.
The attribution methodology only accounts for the local
enhancement of convection during cyclogenesis, which
may explain the weaker relationship observed here.

Over the eastern North Pacific, on the other hand, the
MJO was associated with 24 % of tropical cyclones using
the same threshold (Fig. 5b). Maloney and Hartmann
(2000) and Aiyyer and Molinari (2008) have highlighted
the MJO’s modulation of convection in this region and
its impacts on tropical cyclogenesis there. Many of the
eastern North Pacific storms attributed to the MJO de-
veloped near the Mexican coast (Fig. 7e). Aiyyer and
Molinari (2008) showed that the convective phase of the
MJO inhibited cyclogenesis farther south in the ITCZ
by increasing the vertical shear there, even while it en-
couraged genesis to the north.

Excluding regions poleward of 20°N, tropical cyclones
were most likely to develop without wave precursors
over the eastern North Pacific with the 4 mm day !
threshold (Fig. 5, gray bars). Consistent with this pat-
tern, previous studies have downplayed the role of
propagating waves over this region (e.g., Maloney and
Hartmann 2001; Kerns et al. 2008). Tropical cyclones
there might develop from barotropic breakdown of the
eastern North Pacific ITCZ without the need for exter-
nal forcing (Nieto-Ferreira and Schubert 1997).

Numerous storms developed without equatorial wave
precursors over the northwestern Atlantic and the Gulf
of Mexico (Fig. 8b). McTaggart-Cowan et al. (2008)
showed that 28% of Atlantic tropical cyclones devel-
oped from extratropical systems. An additional 16% of
storms formed from interactions between upper-level
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troughs and nonbaroclinic low-level disturbances (e.g.,
TD-type disturbances). Future studies should incorporate
extratropical precursors along with the equatorial waves
examined here. Determining the relative importance of
each of these systems and the potential interactions be-
tween them will lead to a more complete understanding of
tropical cyclogenesis.

c. Tropical cyclone signals

This study quantified the contamination of equatorial
wave-filtered rainfall anomalies by tropical cyclones in
each basin. Tropical cyclones produced more than 20%
of equatorial wave—filtered variance over large portions
of every basin except the South Pacific (Figs. 3 and 4,
dotted contours). The contamination exceeded 40% in
each band near the Philippines. Consistent with SMM11,
the TD band was the most susceptible to this contami-
nation, while the Kelvin wave was the least.

Some aspects of equatorial wave activity may need to
be reexamined in light of the tropical cyclone contami-
nation. For example, the well-documented storm track
of TD-type disturbances near the Philippines (Lau and
Lau 1990; Takayabu and Nitta 1993; Chang et al. 1996)
also happens to be a preferred storm track for tropical
cyclones (Liu and Chan 2008). Figure 3 showed that
tropical cyclones contributed more than 60% of the
rainfall variance in the TD band over this region. Pre-
vious studies identified the TD activity in this storm
track with bandpass-filtered T}, (Takayabu and Nitta
1993), 850-hPa meridional winds (Takayabu and Nitta
1993; Chang et al. 1996), or 850-hPa vorticity (Lau and
Lau 1990). Tropical cyclones could produce large signals
in these fields as well. It might be worthwhile to revisit
the climatology of TD-type disturbances with the tropi-
cal cyclone signals removed.
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