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ABSTRACT

The modulation of tropical cyclone activity by the Madden-dilian Oscillation
(MJO) is explored using an empirical genesis potential (GP) gex. Composite
anomalies of the genesis index associated with the di®erent MJ@eges are con-
sistent with the composite anomalies in TC genesis frequency whioccur in the
same phases, indicating that the index captures the changes imetenvironment
which are at least in part responsible for the genesis frequendyanges. Of the
four environmental variables which enter the genesis poteat index, the mid-
level relative humidity makes the largest contribution to the MJO composite GP
anomalies. The second largest contribution comes from the |dewel absolute
vorticity, and only very minor contributions come from the \ertical wind shear
and potential intensity.

When basin-integrated MJO composite anomalies of the GP indeare re-
gressed against basin-integrated composite anomalies of TC gasdrequency,
the results di®er quantitatively from those obtained from the @malogous calcula-
tion performed on the annual climatologies in the two quanties. The GP index
captures the MJO modulation of TC genesis to a lesser degree thtre clima-
tological annual cycle of genesis (to which it was originalljuned). This may be
due to weaknesses of the reanalysis or indicative of the impantae of precursor
disturbances, not well captured in the GP index computed from &ekly data, to

the intraseasonal TC genesis frequency °uctuations.



1. Introduction

Tropical cyclone (TC) activity is in°uenced by a variety of mades of natural climate
variability across a range of time scales (e.g., Camargo et &009) . On the intraseasonal
time scale, the Madden-Julian Oscillation (MJO) exerts a strogin°uence on TC activity in
several basins. Globally, the MJO is the most prominent mode oftiaseasonal variability,
characterized by planetary-scale °uctuations of deep conwem and atmospheric circulation
propagating eastward along the equator with a period in the rage of about 30 to 80 days
(Madden and Julian 1972, 1994; Zhang 2005). Its cycle in cawtion usually starts with
a period of enhanced convection in the equatorial Indian Oae, which then propagates
eastward across the Maritime Continent into the Paci c. After reching the Paci ¢, MJO
disturbances continue through the western hemisphere, but haweaker signals in convection
there. The latitudinal axis of the MJO's convective signal sliis North and South with the
seasons, maximizing in the summer hemisphere as does TC activiBlobally, the strongest
MJO events usually occur in boreal winter (Wang and Rui 1990).

The modulation of TCs by the MJO was rst noted for the case of the astern North
Paci ¢ and Indian Oceans basins by Nakazawa (1988) and Liebmaenh al. (1994). These
studies demonstrated an approximate match between the enhatcconvective phase of the
MJO and the increased activity of TCs. A similar modulation has o been found in the
eastern North Paci ¢ (Molinari et al. 1997; Maloney and Hartmanr2001), the Gulf of Mexico
(Maloney and Hartmann 2000b), South Indian Ocean (Bessa and \eler 2006; Ho et al.
2006), and Australian region (Hall et al. 2001).

Although it is now very well known that the modulation of TC activity by the MJO



occurs, itis not clear exactly what the mechanism of the moduian is. TC genesis is thought
to be in°uenced by a number of di®erent large-scale environmahtelds, such as low-level
vorticity and vertical wind shear, and previous studies have stwn some consistency between
the MJO's modulation of these “elds and its modulation of TCs (&., Maloney and Hartmann
2000; Hall et al. 2001; Bessa and Wheeler 2006). However, no dtitative estimate of the
relative impacts of the di®erent large-scale elds of the MJO1féthe observed TC modulation
has been made. Recently, Aiyyer and Molinari (2008) used ideasd numerical simulations
and a case study to examine the relationship of the MJO with tropal cyclogenesis in the
Gulf of Mexico and eastern North Paci c.

In this paper we analyze the modulation of TCs by the MJO using areviously-de ned
genesis potential index. The index is an empirically-deterimed function of four environ-
mental factors believed to be related to TC genesis: low-levabsolute vorticity, vertical
wind shear, mid-level relative humidity, and potential intensity. It was designed to be able
to replicate the climatological annual cycle of TC genesis igach hemisphere and its spatial
distribution. No aspect of variability about the climatology (e.g. intraseasonal variability)
was used in the derivation of the index. We rst examine the externo which the °uctuations
in the genesis index associated with the MJO coincide in space amde with observed MJO
°uctuations in TC genesis frequency of the same sign. As part of thive assess the extent to
which the MJO signal in the index is in°uenced by the presence dfi¢ TCs themselves. We do
this by repeating all calculations of the genesis index with adi ed data sets from which the
TCs have been removed, insuring that any remaining MJO signaége truly representative
of only of the large-scale environment for TC formation, rater than the presence or absence

of TCs. Finding that the qualitative match of the MJO-associaté variations in the index

4



(with and without TCs included) with the TC genesis frequencyis relatively good, we then
analyze the relative importance to the MJO signal of each vable which enters the index.
Finally, we test the extent to which the genesis potential indecan quantitatively reproduce
the magnitude of the observed MJO modulation of TC genesis fregncy. In addition to

improved understanding, the results are potentially useful fduture developmental work on
intraseasonal TC genesis frequency prediction (e.g. Leroy aWéheeler 2008), as they imply
that the index may be usefully applied to the extended-rangeutput of coarse-resolution
numerical weather prediction models.

Section 2 describes the datasets used in this study. In section 3 present the de nition
of the genesis index and describe the construction of the MJO cposites. The resulting
composites are shown and discussed in section 4. We explore the gbation of the TCs
themselves to the MJO signal in the index in section 5. The relag& importance of individual
environmental factors is assessed in section 6. Quanti cation dfié relationship between
MJO °uctuations in the environment | represented by the genesisindex | and TC genesis

itself appears in section 7 and conclusions are given in sectian 8

2. Datasets

We used the weekly sea surface temperature (SST) dataset by Relgsoet al. (2002).
This weekly SST dataset is available from November 1981 to thegsent.

For the atmospheric data two sources were used: the NCEP-NCAR daihganalysis
(Kalnay et al. 1996; Kistler et al. 2001), which is availablerbm 1948 to the present; and the

ERA-40 daily data (Uppala et al. 2005), available from mid-1956to mid-2002.
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As both the SST data and the reanalysis data are necessary in ouradysis, we used
the common period available between the datasets, i.e. in thase of the NCEP-NCAR
reanalysis November 1981 to December 2007 and for the ERA-40n&lgsis, November 1981
to July 2002. The climatological elds are de ned for years whmedata for all months are
available, so that the climatology is based on an equal numbef gears for all months; i.e.
1982 - 2007 for NCEP/NCAR reanalysis, 1982 - 2001 for ERA-40 reansily.

The TC data are from the best-track datasets from the National Huicane Center (At-
lantic and eastern North Paci ¢) (NHC 2009) and the Joint Typhoon Warning Center (west-
ern North Paci ¢, North Indian, and southern hemisphere) (JTWC 209). The central North
Paci ¢ TC data is based on the TCs that form in that region presenin either the NHC or
the JTWC datasets.

The daily outgoing long-wave radiation (OLR) dataset from Lebmann and Smith (1996)
available from 1974 to the present was also used.

The Madden-Julian oscillation (MJO) is de ned using the index bWheeler and Hendon
(2004) (1974 to the present). The MJO phases are de ned using thigarithm of Wheeler
and Hendon (2004), and as a result our phases are identical to ittsefor the period covered

by their study.

3. Genesis Potential Index

We use the genesis potential index developed by Emanuel and No(2004) and discussed

in detail in Camargo et al. (2007a) and also used in Camargo et §007b) and Nolan et al.



(2007). The genesis potential index is de ned as
L TR Y

— 1
- 0 H P13 . i2.
GP =1 % 7_0 (1 + 0-1Vshear) ) (1)

where” is the absolute vorticity at 850hPa ins' 1, H is the relative humidity at 600hPa in
percent, P is the potential intensity in msi !, and Vghear is the magnitude of the vertical
wind shear between 850hPa and 200hPaimsi 1. As de ned, GP is a positive-only quantity.

As shown in Camargo et al. (2007a), the GP climatology has localaxima in each of
the regions with TC development globally. The annual cyclefdhe GP for each hemisphere
and ocean basin also agrees well with the annual cycle of obsdrgenesis frequency in each
region. It was also shown in Camargo et al. (2007a) that the analy composites of the GP
for warm and cold El Nino-Southern Oscillation (ENSO) phases qlitatively replicate the
observed ENSO-related interannual variations of the observéigquency and genesis location
in several di®erent basins.

In Camargo et al. (2007a), the GP was calculated using monthiyean atmospheric data
from the NCEP/NCAR Reanalysis and monthly mean sea SST data from th Reynolds
dataset. Here, in order to resolve the MJO, we use daily atmosphermlata from both the
NCEP/NCAR and the ECMWEF reanalysis, in conjunction with weekly SS data.

As a rst step, we calculate the daily potential intensity (P1) (Emanuel 1988, 1995; Bister
and Emanuel 1998, 2002a,b). The algorithm is that of Bister @hEmanuel (2002a,b), which
includes dissipative heating. For this calculation we use wdgksea surface temperature,
daily sea level pressure, and vertical pro les of atmospheric tgmrature and humidity. To
further ensure that the GP composites we ultimately examine otain only intraseasonal

°uctuations, we apply a 7-day running mean time lter to all the amospheric elds that



enter the GP. Using these ltered elds, the daily GP is calculated.

From the resulting daily GP data, a daily GP climatology is costructed for the period
1982-2007 (NCEP/NCAR Reanalysis) and 1982-2001 (ERA-40 Reanab)si The daily cli-
matology is also smoothed with the same 7-day Tter. Anomalous dgiGP elds are then
obtained by subtracting the daily climatological GP from thetotal GP daily elds for each
year.

The GP MJO composites are then obtained by constructing means$ the anomalous GP
daily elds over each MJO phase, as de ned by the Wheeler and Hend¢(2004) index.

We examined several di®erent variations on this compositing thed. We considered the
MJO cycle for both four phases and eight, and included eitherladata or only data from
strong MJO events. The results are qualitatively insensitive tohtese variations. We present

only results using the four MJO groups and including all data.

4. Composites of Genesis Potential for the MJO Phases
a. NCEP/NCAR Reanalysis Composites

In Fig. 1 the MJO GP composites for the southern hemisphere's pedC season, January
to March (JFM), are shown. Each panel represents an average oo consecutive phases
of the Wheeler-Hendon MJO index, starting from Phases 2+3 whemé convective envelope
of the MJO is located over the Indian Ocean. As the convectionf the MJO propagates
eastward, indicated by negative OLR anomalies, so do the regsof positive GP anomalies.

Both the regions of positive and negative GP anomalies show dgr coherent signals on the



scale of the MJO, mostly overlapping the regions of negative drpositive OLR anomalies
respectively. Similarly, in the case of the northern hemisphersummer (August to October -
ASO), shown in Fig. 2, there are coherent large-scale signals ietGP anomalies that match
well the scale and eastward propagation of the MJO. In phases 6+When the enhanced
convective phase of the MJO lies in the western Paci c, there is @®ndency for the GP
anomalies to maximize poleward of the OLR anomalies, in bothemispheres and seasons.
These two sets of composites were produced with no amplitude ¢shold on the MJO
index, so all days of data are contained within them. As mentiad above, the results remain
gualitatively the same when an MJO amplitude threshold is impged. It is interesting to
note that in the GP composites the MJO modulation over the Gulbf Mexico is as large as

the modulation over the Indo-Paci c region.

b. Observations of TC genesis

Let us now compare the GP composites with the observed TC genesisthe di®erent
MJO phases. Using the best-track datasets for all TCs that reachedopical storm intensity
or higher, we constructed climatological rst-position density elds for JFM and ASO. The
resulting elds are noisy, so we smoothed these elds spatially. The a&jal average was
calculated by averaging 9 grid points: the value of the grid pat in consideration and the
values of its 8 nearest neighbors. In order to obtain the equieat of the GP composites,
we then constructed rst position density elds for each of the MJO pases and smoothed
these. Finally, from the rst position density for each MJO phase,le corresponding seasonal

climatology was subtracted. The resulting rst position anomalypatterns are shown in



Figs. 3 and 4.

The modulation of the TC genesis frequency by the MJO is apparein both JFM and
ASO, though it is much noisier in the latter, presumably due to grater amplitude of the
MJO events during JFM. These TC genesis frequency compositediweatch the GP anomaly
composites presented in Figs.1 and 2, although the sometimes sgameridional gradients
in the GP anomalies are not replicated in the rst position compsites due to the spatial
smoothing of the latter. That this qualitative match betweenthe TC rst position elds is
better with the GP than with the OLR shows the importance of moe than just convection
for modulating TC genesis, and the possible utility of the GP indefor understanding the

modulation.

c. ERA-40 Reanalysis Composites

In order to be sure that our results are independent of the realysis product used, we also
constructed GP composites with the ERA-40 reanalysis data. Thessults for the ERA-40
for JFM are shown in Fig. 5 with the corresponding NCEP reanalysigsults for comparison,
each meridionally averaged between 38 and the Equator. Although the ERA-40 uses a
slightly shorter time period, the patterns are very similar to hose in the NCEP data. The
same occurs in the northern hemisphere summer composites (notwhh From now on, we
will just show gures using the NCEP/NCAR reanalysis data, as the restd using ERA-40
reanalysis data are very similar.

One di®erence between the ERA-40 and NCEP/NCAR GP composites is ththe ERA-

40 GP composite values (climatology and anomalies) are substety larger. The areal
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mean of the climatology in JFM (ASO) is 2.5 (3.4) times greatethan the mean for the
NCEP. Similarly, the mean of the absolute values of the anomalyomposites averaged over
the 4 MJO phases in JFM (ASO) is 27% (58%) larger for the ERA-40 realysis than
NCEP/NCAR reanalysis. The di®erences between the NCEP/NCAR and ERA-4@analysis
GP composites are due to di®erences in the relative humidity cthat are ampli ed in the

GP composites by the cubic exponent in (1) (not shown).

5. Excluding the in°uence of TCs from the GP

In this section we explore to what extent the TCs themselves ana°uencing the GP
composites. Both reanalyses do include some representation ofsT@hough presumably
with a reduction in intensity and increase in horizontal scaleue to the low resolution of the
reanalysis.

In order to address this issue, we produced GP composites from alhithe e®ect of the
TCs is excluded. Using the NHC and the JTWC best-track datasets, we eated a global
best-track dataset for the period of the MJO composites. For eaalay in which one or more
TCs is present in the global best-track dataset, we replace theRGeld by its climatological
value in a 125*£ 12:5* square centered on each TC center. This conservative (and adi®dly
crude) procedure insures that the GP anomaly at and near thedation of each TC is zero.
The percentage of the total data removed in the 40S to 40° N latitude band is small:
1.15% and 1.81% for JFM and ASO respectively. Other methods hleabeen used to access
the contribution of TCs to the climate, e.g. Hsu et al. (2008) .

The resulting meridionally averaged GP composites are shownkig. 6 for the NCEP/NCAR
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reanalysis. When TCs are excluded from the composites the GP amalies are weaker, but
the di®erence is not large. The same occurs for all cases exanhimecluding ASO as well as
JFM, ERA-40 as well as NCEP/NCAR Reanalyses, and whether the MJO cgnosites are
4 or 8 phases and include all events or only the strong ones. Not yhe amplitude, but

also the structure and propagation of the GP composite anomadi@re very similar whether
TCs are included or not. Thus the MJO signals seen in the previsisection are not artifacts
ascribable to the presence of TCs in the data sets. Nonetheless, foaqtitative purposes
it may be desirable to exclude TCs when using the GP as an indicatof the likelihood of
genesis, e.g., in forecasting. We also exclude them in our anaysf the relative roles of the

individual variables which enter the GP, below, but not for or calculations in Section 7.

6. Diagnosing the in°uence of the individual GP vari-
ables

In this section we assess the individual importance of each of tfieur variables that
comprise the GP (low-level absolute vorticity, vertical windshear, potential intensity and
mid-level relative humidity) in determining the MJO anomales. In order to do that, we
recalculate the GP using the climatological values (1982 - @D) of three out of the four vari-
ables, but using the unmodi ed varying daily values of the foutt variable. This procedure is
then repeated for the other 3 variables. We then recalculatéhé MJO composites in all four
cases. This is the same procedure we used to examine the ENSO GP aadtas in Camargo

et al. (2007a). As we discussed in that study, the GP index is non&ar, so the total anomaly
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need not to be equal as the sum of the four elds described here. Hmwer, the nonlinearities
are small in practice, as the sum of the four individual varialels composites is very similar
to that of the total anomalies. Therefore, this method proviés useful quantitative estimates
of the relative importance of the di®erent factors in the MJO 8 anomalies, and thus (given
the results of the preceding sections) in the MJO-induced anoties in TC genesis frequency.

The results of this analysis are for the most part qualitativelynsensitive to variations in
the reanalysis product used, the number of MJO phases, the inclasior exclusion of TCs,
and the season. Therefore, we only show graphically the resultsame set of calculations,
obtained using the NCEP/NCAR reanalysis for JFM and excluding then°uence of TCs as
described above. Figs. 7,8, 9, 10, show the composites when ohly potential intensity, the
relative humidity, the vorticity, the vertical shear respectvely vary, while the other 3 variables
are given climatological values. By comparing these compostamong themselves and with
the composites obtained when all factors are varying, it is garent that the weights that the
di®erent factors contribute to the GP composites are di®erenthe factor that contributes
most to the GP anomalies is the relative humidity. The vertichshear and the absolute
vorticity also contribute, but with weaker anomalies than tre relative humidity. Of the two,
vertical shear tends to have a stronger signal than vorticity, it shear tends to vary out of
phase with the GP in some regions, indicating that it contribute negatively to the MJO-
induced GP anomalies in those regions. Low-level absolute vioity is somewhat noisy, but
appears to contribute positively to the GP anomalies on the wdie. In the potential intensity
composites the anomalies are very weak.

When Camargo et al. (2007a) did a similar analysis for ENSO comgites, it was found

that the relative importance of the di®erent factors in the GPwas dependent on the re-
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gion considered. In the case of the MJO composites, shown here &ig-10), the relative
importance of the di®erent factors is much more consistent froone region to the next.

A more quantitative measure of the contribution of each of thevariables to the total
composite is given in Table 1. In this table, the regression coetents for the full composites
and the individual variable composites are calculated for thdi®erent MJO phases, for ASO
and JFM for both the NCEP, and the ERA40 reanalysis. In each case, ¢hspatial correla-
tion was calculated only for the hemisphere in which the TC seasas occurring (northern
hemisphere for ASO, southern hemisphere for JFM). These regressiafearly show that the
relative humidity is the most important factor contributing to the MJO modulation of TC
genesis frequency. The vorticity regression coezxcients havensgtently the second largest
values, pointing to the secondary role of that variable. Onlyn a few cases, the regression
coezxcients of the vertical shear have values of the same magrdes as the vorticity. For the
most part, the same hierarchy among the regression coezcients asistent between the two
reanalyses. The only exception is that in ASO, in the ERA40, the geession coexcients for
vorticity are, on average over the four phases, nearly as largs those for relative humidity.

In order to assess the degree of non-linearity in the GP, we calated the sum of the
four composites shown in Figs. 7 - 10, and compared it to the tot@P composite (Fig. 11).
The two have very similar patterns and amplitude, indicatingthat the non-linearity is weak
and thus the e®ectively linear analysis we have done in this sectis valid.

This analysis points to a leading role of the relative humidit in the MJO modulation
of TC genesis frequency, with a secondary role for the vortigjtand a very weak in°uence
of vertical shear. This di®ers from results from previous studigMaloney and Hartmann

2000b,a; Hall et al. 2001; Bessa and Wheeler 2006), which padtto the dynamical factors
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as the most relevant for the MJO modulation of TCs.

7. Quanti cation of the GP/TC relationship

In sections 4, and 5 we have shown a relatively close qualitatiseatch in spatio-temporal
structure between the MJO °uctuations in the GP and the observeductuations in TC
genesis frequency, with and without the in°uence of the TCs itheded in the GP. Now we
wish to test how well the GP can quantitatively reproduce or prdict the magnitude of
the observed MJO °uctuations in TC genesis frequency. We do thisy rst regressing the
climatological variations (from basin to basin and month to moth) in the GP with the
climatological variations in TC genesis frequency. This ishe relationship originally used to
derive the GP. We then compare this regression relationship withat obtained between the
MJO-associated anomalies in GP and TC genesis frequency.

To do this, we rst calculated the climatological monthly GP index for the period 1981-
2007. We then calculated the integral of the GP index in eachalin over all points at
which the climatological value of the GP is larger than a sped threshold. This threshold
was chosen to be 1.2 units, but the results are insensitive to itsqmise value. Finally, the
resulting integrated monthly GP per basin was normalized by t number of days in the
month considered. We then counted the number of TCs that reaeld at least tropical storm
strength that had formed in each region per month, and constréed a climatology of the
number of TCs per month per region, normalized by the numberf @ays in each month.

The resulting relationship between the normalized integratkclimatological GP index per

month and normalized monthly number of TCs in the same regioris shown in Fig. 12(a).
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Twelve points are shown for each region, one for each calendaonth. There is a very
clear relationship, with a highly signi cant correlation (0.8) between these two quantities.
As expected, higher integrated values of normalized GP cosmonded to higher values of
TC genesis, with the highest values of GP occurring in the westemdorth Paci ¢ basin.
This strong relationship is not surprising, since the GP index wadesigned by a t to the
climatological relationship between the large-scale envintment and TC genesis. We present
it to show the goodness of t that is achieved (as measured by the reelation), and also
to derive the regression slope for comparison to that obtainedrfthe MJO anomalies. The
regression slope for this case is 38610°, (con dence interval at the 5% signi cance level is
3.3£10- 3.9£ 10°).

We then computed the anomalies of the normalized integrate@P index and number
of TCs in each region and for the peak season in each hemisphere QA& JFM) for the
di®erent individual phases of the MJO. In this case, the integred GP and number of
TCs were normalized by the number of days in each MJO phase ingtseason considered.
The resulting scatter plot is given in 12(b). The gure indicats that there is a relationship
between the anomalies of GP index and NTC when the di®erent MJOhases are considered,
again with a highly signi cant correlation (0.78). However, tle regression slope di®ers from
what we had before, in this case (1.E 10°%; con dence interval: 1.2£ 1¢° - 2.3 £ 10°). This
means that only about half of the modulation of the TCs by the MO is captured by the
GP index. In the case of the ERA reanalysis an even larger portiaof the variability may
not be explained by the genesis index. Thus, while we were abteghow a good qualitative
match between the MJO-associated GP anomalies and TC genesegfnency in the previous

sections, quantitatively there is a signi cant discrepancy in th magnitude of the °uctuations,
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at least if the regression slope from the climatology is taken akd basis for prediction.
There could be several reasons for the smaller regression slope @ndelation coexcient
obtained from the MJO anomalies compared to those obtainedoim the climatology. Part of
the di®erence could result from imperfections in the index thaerive either from inadequa-
cies in the choice of predictors or errors in the dependencktioe index on those predictors
(whose functional form comes from a t to a nite sample of imperfg data). Perhaps
equally or more likely is that on the intraseasonal time scaleaviations in the occurrence or
amplitude of synoptic-scale precursor disturbances to TC gengdiecome important. When
evaluated from weekly or monthly data, the index is weakly onot at all in°uenced by the
presence of such disturbances, but their presence or absence itagdy important to genesis
instantaneously. It is reasonable to expect that this will be a wre important limitation on
the GP's utility for prediction on the shorter the time scale urer consideration, and thus
that the GP will not be as successful in predicting the MJO-assodid variance in genesis as
it is in capturing the climatology (to which, again, it was tuned). Another possible reason
could be that the reanalysis datasets are not capturing the arfijude of the MJO signal.
Humidity in particular, an important variable in our analysis, is less constrained in the re-
analyses to be close to observations than are temperature anchdi The humidity is more
srongly determined by the numerical model used in the data assiation process, and thus
more uncertain. The di®erences between the NCEP/NCAR and ERA40lative humidity

“elds make this evident.
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8. Conclusions

We have examined the modulation of the global TC genesis by tHdJO using a GP

index. Our primary conclusions are as follows:

1. The GP captures the spatio-temporal structure of observed rations in TC genesis
frequency induced by the MJO. Positive GP anomalies well méaicthe regions of en-
hanced TC genesis frequency which tend to be centered slighfigleward and a little

westward of the center of the convective envelope of the MJO.

2. The primary contribution of the MJO to the modulation of TCs as implied by the GP
index is its modulation of mid-level relative humidity. Thesecond largest contribution
comes from the low-level absolute vorticity, and only very mior contributions come

from the vertical wind shear and potential intensity.

3. The quantitative relationship between the MJO-associatedremalies in the GP index
and TC genesis frequency is di®erent from, and weaker than, tbemparable relation-
ship obtained from the climatology. This may result either frm °aws in the reanalyses,
particularly the humidity elds, or in the de nition of the inde x itself. Among other
possibilities, it is possible that a lack of information about preursor disturbances,
such as results when the index is computed from weekly data, mhg a more impor-
tant factor on intraseasonal timescales than it is for the clintalogy or interannual

variability.

18



Acknowledgments.

The ECMWF ERA-40 data used in this study were obtained from the EGMIWF data
server. SJC and AHS acknowledge support from NOAA grant NAOSBOAR432@1Much of
this work was done while AHS was a sabbatical visitor at the Centr®r Australian Weather
and Climate Research at the Bureau of Meteorology otxce in Mellbione, Australia, and he
thanks the scientists and administrative sta® of that institution for their hospitality and
support. We thank Kerry Emanuel and John Molinari for their insightful comments on this

paper.

19



REFERENCES

Aiyyer, A.R., and J. Molinari, 2008: MJO and tropical cyclogeesis in the Gulf of Mexico
and Eastern Paci c: Case study and idealized numerical modeling. Atmos. Sci. , 65,

2387-2855.

Bessa , M. and M. C. Wheeler, 2006: Modulation of South Indian tpical cyclones by the

Madden-Julian Oscillation and convectively coupled equat@l waves. Mon. Wea. Rev,

134, 638{656.

Bister, M. and K. A. Emanuel, 1998: Dissipative heating and hurdane intensity. Meteor.

Atm. Phys., 52, 233{240.

|, 2002a: Low frequency variability of tropical cyclone potential intensity. 1. Interannual

to interdecadal variability. J. Geophys. Res.107, 4801, doi:10.1029/2001JD000776.

|, 2002b: Low frequency variability of tropical cyclone potential intensity. 2. Climatology

for 1982-1995J. Geophys. Res.107, 4621, doi:10.1029/2001JD000780.

Camargo, S. J., K. A. Emanuel, and A. H. Sobel, 2007a: Use of a gengmgential index to

diagnose ENSO e®ects on tropical cyclone genegdisClimate, 20, 4819{4834.

Camargo, S. J., A. H. Sobel, A. G. Barnston, and K. A. Emanuel, 2007@ropical cyclone

genesis potential index in climate modelslellus, 59A , 428{443.

20



Camargo, S. J., A. H. Sobel, A. G. Barnston, and P. J. Klotzbach, 2Z®: The in°uence of
natural climate variability on tropical cyclones and seasah forecasts of tropical cyclone
activity , in Global Perspectives on Tropical CyclonesWorld Scienti c. 2nd edition, in

review.

Emanuel, K. A., 1988: The maximum intensity of hurricanes]. Atmos. Sci., 45, 1143{1155.

|, 1995: Sensitivity of tropical cyclones to surface exchangeoexcients and a revised steady-

state model incorporating eye dynamics]. Atmos. Sci., 52, 3969{3976.

Emanuel, K. A. and D. S. Nolan, 2004: Tropical cyclone activitand global climate.Proc.
of 26th Conference on Hurricanes and Tropical MeteorologyAmerican Meteorological

Society, Miami, FL, 240{241.

Hall, J. D., A. J. Matthews, and D. J. Karoli, 2001: The modulation of tropical cyclone
activity in the Australian region by the Madden-Julian Oscillaion. Mon. Wea. Rev, 129,

2970{2982.

Ho, C.-H., J.-H. Kim, J.-H. Jeong, and H.-S. Kim, 2006: Variation btropical cyclone activity
in the South Indian Ocean: El Nino-Southern Oscillation and idden-Julian Oscillation

e®ectsJ. Geophys. Res.111, D22191.

Hsu, H.H., C.H. Hung, A.K. Lo, C.C. Wu, and C.W. Hung, 2008: In°uence ofrbpical
cyclones on the estimation of climate variability in the tropcal western North Paci c. J.

Climate, 21, 2960-2975.

JTWC, 2009: JTWC (Joint Typhoon Warning Center) best track dataset, available online
at https://metoc.npmoc.navy.mil/jtwc/best _tracks/.

21



Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. Iredell, S. Saha,
G. White, J. Woollen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W. Higgins, J. Janowiak, K. Mo,
C. Ropelewski, J. Wang, A. Leetmaa, R. Reynolds, R. Jenne, and Doseph, 1996: The

NCEP/NCAR 40-year reanalysis project.Bull. Amer. Meteor. Soc, 77, 437{441.

Kistler, R., E. Kalnay, W. Collins, S. Saha, G. White, J. Woollen, M. Chelliah, W. Ebisuzaki,
M. Kanamitsu, V. Kousky, R. J. H. van den Dool, and M. Fiorino, 2001 The NCEP-
NCAR 50-Year reanalysis: Monthly means CD-ROM and documentatio Bull. Amer.

Meteor. Soc, 82, 247{267.

Leroy, A. and M. C. Wheeler, 2008: Statistical prediction of wekly tropical cyclone activity

in the southern hemisphereMon. Wea. Rev, 136, 3637{3654.

Liebmann, B., H. H. Hendon, and J. D. Glick, 1994: The relationshi between tropical
cyclones of the western Paci ¢ and Indian oceans and the Maddéalian oscillation. J.

Meteor. Soc. Japan 72, 401{411.

Liebmann, B. and C. A. Smith, 1996: Description of a complete r{ierpolated) outgoing

longwave radiation dataset.Bull. Amer. Meteor. Soc, 77, 1275{1277.

Madden, R. A. and P. R. Julian, 1972: Description of global citdation cells in the tropics

with a 40-45 day period.J. Atmos. Sci., 29, 1109{1123.

|, 1994: Observations of the 40-50-day tropical oscillation-a review.Mon. Wea. Rev, 122,

814{837.

Maloney, E. D. and D. L. Hartmann, 2000a: Modulation of easteriorth Paci ¢ hurricanes
by the Madden-Julian Oscillation.J. Climate, 13, 1451{1460.

22



|, 2000b: Modulation of hurricane activity in the Gulf of Mex ico by the Madden-Julian

Oscillation. Science 287, 2002{2004.

|, 2001: The Madden-Julian Oscillation, barotropic dynamics, and North Paci c tropical

cyclone formation. Part I: Observations.J. Atmos. Sci., 58, 2545{2558.

Molinari, J., D. Knight, M. Dickinson, D. Vollaro, and S. Skuhis, 1997: Potential vorticity,

easterly waves, and Eastern Paci c tropical cyclogenesion. Wea. Rev, 125, 2699{2708.

Nakazawa, T., 1988: Tropical super clusters within intraseasoheariations over the western

Paci c. J. Meteor. Soc. Japan 64, 17{34.

NHC, 2009: NHC (National Hurricane Center) best track dataset, avaable online at

http://www.nhc.noaa.gov.

Nolan, D. S., E. D. Rappin, and K. A. Emanuel, 2007: Tropical cyogenesis sensitivity
to environmental parameters in radiative-convective eqlibrium. Q. J. R. Meteorol. Sog

133, 2085{2107.

Reynolds, R. W., N. A. Rayner, T. M. Smith, D. C. Stokes, and W. Wang 2002: An

improved in situ and satellite SST analysis for climateJ. Climate, 15, 1609{1625.

Uppala, S. M., P. W. K&llberg, A. J. Simmons, U. Andrae, V. da Costa Behtold, M. Fior-
ino, J. K. Gibson, J. Haseler, A. Hernandez, G. A. Kelly, X. Li, K. Onog S. Saarinen,
N. Sokka, R. P. Allan, E. Andersson, K. Arpe, M. A. Balmaseda, A. C. M. B@ars,
L. van de Berg, J. Bidlot, N. Bormann, S. Caires, F. ChevallierA. Dethof, M. Dragosavac,

M. Fisher, M. Fuentes, S. Hagemann, E. Holm, B. J. Hoskins, L. Isaksen, R. E. M.

23



Janssen, R. Jenne, A. P. McNally, J.-F. Mahfouf, J.-J. MorcretteN. A. Rayner, R. W.
Saunders, P. Simon, A. Sterl, K. E. Trenberth, A. Untch, D. Vasiljgic, P. Viterbo, and
J. Woollen, 2005: The ERA-40 re-analysiQuart. J. Roy. Meteor. Soc, 131, 2961{3012,

doi:10.1256/0j.04.176.

Wang, B. and H. Rui, 1990: Synoptic climatology of transient wpical intraseasonal convec-

tion anomalies: 1975{1985Meteor. Atmos. Phys, 44, 43{61.

Wheeler, M. C. and H. H. Hendon, 2004: An all-season real-time mudiiriate MJO index:

Development of an index for monitoring and predictionMon. Wea. Rev, 132, 1917{1932.

Zhang, C., 2005: Madden-Julian Oscillation. Rev. Geophys. 43, RG2003,

doi:10.1029/2004RG000158.

24



List of Figures

1  GP (colors) and OLR (contours) anomaly composites for JFM in @erent

MJO phases. The OLR positive (negative) anomalies are shown inagr

(black) and the contours are plotted for every 5 W/nt. MJO phases: (a) 2

and 3 (Indian Ocean), (b) 4 and 5 (Maritime Continent), (c) 6 aad 7 (western

Paci c¢), (d) 8 and 1 (western hemisphere and Africa). The GP was taulated

using the NCEP/NCAR reanalysis data for the period 1982-2007. . ... . 27
2 AsinFig. 1, butfor ASOseason. . . .. ... .. ... i 28
3  First position density anomalies for JFM in di®erent MJO phases ithe period

1982-2007. MJO phases: (a) 2 and 3 (Indian Ocean), (b) 4 and 5 (Mane

Continent), (c) 6 and 7 (western Paci c), (d) 8 and 1 (western hemsphere

and ATrica). . . . . . . . 29
4 AsinFig. 3, butfor ASOseason. . . ... ... ... ... ... ....... 30
5 Meridionally averaged (36S - 0) GP anomaly composites for JFM in di®erent

MJO phases for the ERA-40 and NCEP/NCAR reanalysis data. . . . . . .. 31
6 Meridionally averaged GP anomaly composites for JFM (38 to 0) (a) and

ASO (0 to 3*N) (b) in di®erent MJO phases for the NCEP/NCAR reanalysis

data excluding TCs (black) and with TCs (gray). . . . .. ... .. .. ... 32
7 GP composites for di®erent MJO phases in JFM and without TCs faarying

potential intensity (NCEP/NCAR reanalysis data). MJO phases are a in

25



10

11

12

GP composites for di®erent MJO phases in JFM and without TCs faarying
relative humidity (NCEP/NCAR reanalysis data). MJO phases are asn Fig. 1. 34
GP composites for di®erent MJO phases in JFM and without TCs faarying
vorticity (NCEP/NCAR reanalysis data). MJO phasesareasinFig.1 ... 35
GP composites for di®erent MJO phases in JFM and without TCsrfearying
vertical shear (NCEP/NCAR reanalysis data). MJO phases areasin §il. 36
Sum of the four GP composites of individual variables (Fig8.- 10) for di®er-

ent MJO phases in JFM and without TCs for the individual (NCEP/NCAR
reanalysis data). MJO phasesareasinFig. 1. . .. ... ....... ... 37
Scatter plots of the integrated GP index (NCEP/NCAR reanalyss data) and
normalized number of TCs in each ocean basin { South Indian (SKAustralia
(AUS), South Paci ¢ (SP), North Indian (NI), western North Paci ¢ (W P),
Central North Paci ¢ (CP), Eastern North Paci ¢ (EP) and Atlantic (ATL) {

(a) for all months (b) anomalies per MJO phase in JFM (southern Haisphere

basins) and ASO (northern Hemisphere basins). . . . . .. .. .. ... ... 38

26



(a) Phases 2+3 - JFM

205

305

405 '
OE 50E 100E 150E 160W 110W GOW 10W

(b) Phases 4+5 - JFM

205

305

405 '
OE 50E 100E 150E 160W 110W GOW 10W

205

305

405
OE 50E 100E 150E 160W 110W 60W 10W

(d) Phases 8+1- JFM

205

305

405
OE 50E 100E 150E 160W 110W 60W 10W

Fig. 1. GP (colors) and OLR (contours) anomaly composites for JFM ini@erent MJO
phases. The OLR positive (negative) anomalies are shown in graylgck) and the contours
are plotted for every 5 W/m?. MJO phases: (a) 2 and 3 (Indian Ocean), (b) 4 and 5
(Maritime Continent), (c) 6 and 7 (western Paci c¢), (d) 8 and 1 (western hemisphere and
Africa). The GP was calculated using the NCEP/NCAR reanalysis datgor the period

27
1982-2007.
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Fig. 2. Asin Fig. 1, but for ASO season.
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Fig. 3. First position density anomalies for JFM in di®erent MJO phasem the period
1982-2007. MJO phases: (a) 2 and 3 (Indian Ocean), (b) 4 and 5 (Mane Continent), (c)

6 and 7 (western Paci c), (d) 8 and 1 (western hemisphere and Afrita
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Fig. 4. As in Fig. 3, but for ASO season.
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Fig. 5. Meridionally averaged (36S - 0) GP anomaly composites for JFM in di®erent MJO

phases for the ERA-40 and NCEP/NCAR reanalysis data.
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Fig. 6. Meridionally averaged GP anomaly composites for JFM (38 to 0) (a) and ASO (0

to 30°N) (b) in di®erent MJO phases for the NCEP/NCAR reanalysis data exclding TCs

(black) and with TCs (gray).
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Fig. 7. GP composites for di®erent MJO phases in JFM and without TCs ffovarying

potential intensity (NCEP/NCAR reanalysis data). MJO phases are a in Fig. 1.
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Fig. 8. GP composites for di®erent MJO phases in JFM and without TCs ffovarying

relative humidity (NCEP/NCAR reanalysis data). MJO phases are asn Fig. 1.
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Fig. 9. GP composites for di®erent MJO phases in JFM and without TCs ffovarying

vorticity (NCEP/NCAR reanalysis data). MJO phases are as in Fig. 1
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Fig. 10. GP composites for di®erent MJO phases in JFM and without TC®If varying

vertical shear (NCEP/NCAR reanalysis data). MJO phases are as in §i 1.
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Fig. 11. Sum of the four GP composites of individual variables (Fsg 8 - 10) for di®erent
MJO phases in JFM and without TCs for the individual (NCEP/NCAR reanalysis data).

MJO phases are as in Fig. 1.
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Fig. 12. Scatter plots of the integrated GP index (NCEP/NCAR reanalgis data) and

normalized number of TCs in each ocean basin { South Indian (S Australia (AUS), South

Paci ¢ (SP), North Indian (NI), western North Paci ¢ (WP), Central North Paci c (CP),

Eastern North Paci ¢ (EP) and Atlantic (ATL) { (a) for all months (b) anomalies per MJO

phase in JFM (southern Hemisphere basins) and ASO (northern Hemispkdpasins).
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Table 1. Regression coezcientsf 100) between the MJO composites of individual vari-

ables of GP index and the full “eld for the NCEP/NCAR reanalysis.

ASO - Northern Hemisphere

NCEP Reanalysis | ERA Reanalysis

Phases| Pl |RH | VR [ SH| Pl | RH | VR | SH

2+3 | -1, 67| 25| -3|-1|49 | 22| 2

4+5 115924 -3| 2|47 |42 0

6+7 114914 | 17| 2 | 35| 24 | 22

8+1 252|129 |-1|-1|37]37| 9

Mean | 1 | 57| 23| 3 | 1| 42| 31| 8

JFM - Southern Hemisphere

NCEP Reanalysis | ERA Reanalysis

Phases| PI |RH | VR | SH | PI | RH | VR | SH

243 | -5 47| 23|14 | -3| 37| 30| 11

4+5 O| 67|13 | 4 | 3|60 17| 7

6+7 | -3|61| 21| 2 |-2| 53| 25| 6

8+1 | -5, 74|19 | -4 |-4,58| 19| -2

Mean | -3 | 62| 19| 4 | -2 | 52| 23| 6
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