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ABSTRACT

The influence of the Madden—Julian oscillation (MJO) over tropical Africa and Atlantic is explored during
the Northern Hemisphere summer months. The MJO is assessed by using real-time multivariate MJO
(RMM) indices. These indices divide the active convective signal of the MJO into 8 phases. Convection
associated with the MJO is enhanced over tropical Africa during RMM phases 8, 1, and 2. Convection be-
comes suppressed over tropical Africa during the subsequent RMM phases (phases 3-7). African convective
signals are associated with westward-propagating equatorial Rossby waves.

The MJO modulates African easterly wave (AEW) activity. AEW activity is locally enhanced during RMM
phases 1-3 and suppressed during RMM phases 6-8. Enhanced AEW activity occurs during periods of en-
hanced convection over tropical Africa, consistent with stronger or more frequent triggering of AEWs as well
as more growth associated with latent heat release. Enhanced AEW activity occurs during the low-level
westerly wind phase of the MJO, which increases the cyclonic shear on the equatorward side of the AEJ,
increasing its instability.

Atlantic tropical cyclogenesis frequency varies coherently with the MJO. RMM phases 1-3 show the
greatest frequency of tropical cyclogenesis events whereas phases 7 and 8 show the least. RMM phase 2 is also
the most likely phase to be associated with a train of three or more tropical cyclones over the tropical Atlantic.
This observed evolution of tropical cyclogenesis frequency varies coherently with variations in AEW activity
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The Madden—-Julian Oscillation’s Influence on African Easterly Waves and

and the large-scale environment.

1. Introduction

The Madden—Julian oscillation (MJO) is the leading
mode of intraseasonal rainfall variability in the tropics
(Madden and Julian 1972; Zhang 2005). While often
perceived to be less important over West Africa, the MJO
has recently received more attention in the West African
monsoon region (WAM; e.g., Sultan et al. 2003; Matthews
2004; Lavender and Matthews 2009) during boreal sum-
mer. Most previous work has focused on the mechanisms
that affect rainfall variability in this region. This paper
considers how the MJO modulates the intraseasonal var-
iability of African easterly wave (AEW) activity over
Africa and tropical cyclogenesis activity over the main
development region (MDR; 5°-25°N, 15°-60°W).
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The WAM is modulated by interactions across dif-
ferent spatial and temporal scales over West Africa and
the eastern Atlantic basin. Janicot and Sultan (2001) and
Sultan et al. (2003) identified two dominant frequency
bands for the intraseasonal variability in WAM convec-
tion: one in the 10-25-day range (with a peak around
15 days) and one in the 25-60-day range (with a peak
around 30 days). Mounier and Janicot (2004) suggest that
the activity in the 10-25-day range results from a fluctu-
ation in zonal advection of moisture between the Atlantic
and the Sahel, which they associate with a quasi-biweekly
zonal dipole (Mounier et al. 2008). The longer time-scale
variability (25-60-day band) is thought to be associated
with the MJO (Pohl et al. 2009).

Over Africa, the fluctuations associated with the MJO
are less well documented than for other tropical regions
and our understanding of these events remains incom-
plete. Several studies have suggested that the influence of
the MJO on sub-Saharan Africa is weak (e.g., Knutson and
Weickmann 1987; Annamalai and Slingo 2001; Wheeler
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and Weickmann 2001; Roundy and Frank 2004) and others
suggest there is no influence at all (e.g., Knutson et al. 1986;
Murakami et al. 1986). These conclusions are sensitive to
the variables analyzed, as well as the choice of diagnostic
for the MJO. In marked contrast, Matthews (2004)
suggested that the MJO can exert substantial influence
on the WAM. He found that when convection is sup-
pressed over the Indian Ocean warm pool region in
association with the MJO, an atmospheric equatorial
Kelvin wave propagates from the Indian Ocean along
the equator toward the east and an equatorial Rossby
wave (ERW) propagates toward the west. These two
waves meet roughly 20 days later over West Africa and
are associated with negative midtropospheric temper-
ature anomalies that favor deep convection. This in-
teraction of equatorial waves is timed with the strongest
convectively active signal of the MJO over tropical
Africa (RMM phase 1). The ERW associated with the
MJO has also been demonstrated by Roundy and Frank
(2004), and is also suggested in Wang and Rui (1990).
Maloney and Shaman (2008) confirmed the influence of
the MJO on intraseasonal variability over Africa using
Tropical Rainfall Measuring Mission (TRMM) rainfall
estimates. They concluded that the MJO explains up to
30% of the 30-90-day variance of the rainfall in the
WAM. Pohl et al. (2009) established that this MJO-
related signal over Africa is mainly characterized by
westward propagation at the Sahel latitudes, consistent
with convectively coupled ERWs.

Given that WAM rainfall varies in association with
the MJO, we should expect that AEW activity varies on
similar time scales. Leroux et al. (2010) showed that
AEW activity in the West African region varies on tem-
poral scales consistent with the MJO. They also showed
that periods of enhanced AEW activity were preceded by
periods of enhanced convection in the entrance region
of the AEJ consistent with the triggering hypothesis for
the origin of AEWs (see Thorncroft et al. 2008). They
also observed an intensification of the upstream half of
the AEJ prior to the enhancement of AEW activity,
highlighting the role of the basic state in determining
AEW variability in addition to variability in triggering.
Although Leroux et al. (2010) did not emphasize the
MIJO, it seems likely that it would contribute to this in-
traseasonal variability. This work complements theirs by
focusing more directly on the possible modulation of
AEW activity by the MJO.

The known relationship between the WAM and trop-
ical cyclones (e.g., Landsea et al. 1998; Hopsch et al. 2007,
2010) suggests the need to investigate whether the MJO-
related variability in the WAM impacts downstream
tropical cyclone activity. For example, it is possible that
periods of enhanced AEW activity are associated with
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periods of enhanced tropical cyclone activity given the
more frequent and/or intense AEWs. In addition to AEW
activity, we suspect the influence of the MJO on the WAM
could also result in variations of the downstream envi-
ronment over the tropical Atlantic, which might impact
the probability of the formation of tropical cyclones [e.g.,
vertical shear; Aiyyer and Thorncroft (2010)].

In addition to the indirect effects through the modu-
lation of the WAM, it is also important to consider the
direct impacts the MJO may have on the probability of
tropical cyclogenesis. Frank and Roundy (2006) pro-
posed that tropical cyclogenesis within roughly 20° of
the equator might be modulated by the family of zonally
propagating equatorial and near-equatorial waves, and
the MJO. They, along with others (e.g., Maloney and
Hartmann 2000; Mo 2000; Maloney and Shaman 2008;
Klotzbach 2010), suggest that the MJO can influence
tropical cyclogenesis by increasing upward vertical mo-
tion and convection (which also tends to lead to in-
creased deep-layer moisture) and/or by increasing the
low-level vorticity and altering the local vertical shear
pattern. Modulation of Atlantic tropical cyclones by the
MJO has been previously examined by Maloney and
Hartmann (2000) and Mo (2000). Maloney and Hartmann
(2000) show that Gulf of Mexico and western Caribbean
hurricanes were 4 times more likely to occur when the
MJO projects lower-tropospheric westerly wind anoma-
lies over the eastern Pacific rather than when the MJO
projects lower-tropospheric easterly wind anomalies.
Mo (2000) found a significant modulation of tropical cy-
clone activity by the MJO west of 60°W, where tropical
cyclone activity varied with the first principal component
(PC) of Eastern Hemisphere OLR used to diagnose the
MJO. This paper analyzes the MJO in a similar approach
to Klotzbach (2010) by using the Wheeler and Hendon
(2004) real-time multivariate MJO (RMM) indices.
Klotzbach (2010) found statistically significant differ-
ences between RMM phases 1 and 2 in contrast to
phases 6 and 7 with respect to sea level pressure, zonal
wind, and relative humidity over the tropical Atlantic.
During RMM phases 1 and 2, as a MJO event forms
over the western Indian Ocean and the convective
signal begins to move northeastward, the MDR expe-
riences lower pressures, reduced vertical wind shear,
and enhanced midlevel humidity, all of which tend to
favor enhanced tropical cyclone formation and inten-
sification. Klotzbach (2010) concludes that 85% of
storms that formed in the MDR during phases 1 and
2 reached hurricane strength, while only 45% of storms
forming in phases 6 and 7 reached hurricane strength.

In this paper, we examine the association of each
RMM phase with weather variability over Africa and
the downstream tropical Atlantic. Our work answers the



2706

following two questions: How does AEW activity over
Africa and the tropical Atlantic Ocean evolve with the
MJO? How is the MJO associated with the frequency
and distribution of tropical cyclogenesis events over the
tropical Atlantic Ocean? This paper is structured as
follows. Section 2 discusses the datasets and methodol-
ogy. Section 3 shows how the basic state over Africa and
the tropical Atlantic evolves with the phase of the MJO
and examines the association between the MJO and
AEW activity. In section 4, we discuss how the MJO
modulates tropical cyclone formation over the tropical
Atlantic Ocean, emphasizing the role of AEWs. Section
5 discusses our results and conclusions.

2. Data and methodology

We investigate the MJO only during the Northern
Hemisphere summer months (June-October, JJASO).
To identify the phase of the MJO, we use the Wheeler
and Hendon (2004) RMM indices. The indices are the
PC time series of the two leading empirical orthogonal
functions (EOFs) of combined daily mean tropical (aver-
aged 15°N-15°S) 850- and 250-hPa zonal wind and OLR
anomalies. The seasonal cycle and a portion of the low-
frequency variability associated with El Nifio—Southern
Oscillation (ENSO) are removed before calculating the
EOF. Two indices, RMM1 and RMM2, were constructed
to observe MJO events independent of seasonality
constraints. RMM1 and RMM2 are approximately in
quadrature and describe the average large-scale, east-
ward-propagating convective and circulation anoma-
lies associated with the MJO. The evolution of the
MJO is visualized in a two-dimensional phase—space
diagram, with RMMI1 as the horizontal and RMM2 as
the vertical Cartesian axes. The RMM indices are ex-
pressed as a selection of eight phases with each phase
corresponding to a rough geographical location of the
active convective phase of the MJO. RMM phase 1
consists of convection associated with the MJO over
the western equatorial Indian Ocean, whereas RMM
phase 8 represents the eastward propagation of the MJO
signal over the Western Hemisphere.

We calculated composite patterns by averaging fields
of data over each one of the eight RMM phases during
JTASO (for 1989-2008). Data were averaged over the
set of all dates for a particular phase when amplitudes
were greater than one standard deviation. Anomalies
for all composited fields were constructed as differences
from the seasonal cycle. The seasonal cycles for all fields
were constructed by using the annual cycle and its first
four harmonics. Statistical significance testing was per-
formed on all anomalies by bootstrap random resam-
pling tests. These tests were applied by constructing a
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number of samples equal in size to the anomaly dataset,
which is obtained by randomly drawing a new set of
anomalies with replacement from the original dataset
and binning the anomalies for each randomly drawn set.
One thousand iterations were used for each test. We
chose the year range to be consistent with the European
Centre for Medium-Range Weather Forecasts (ECMWF)
Interim Re-Analysis described below. We subjectively
identified 42 MJO events by using the RMM indices. For
clarification, the average time spent in each RMM phase is
about 4-8 days.

Consistent with many previous studies, the convective
signal of the MJO is highlighted by using the National
Oceanic and Atmospheric Administration’s (NOAA)
daily averaged interpolated OLR dataset at 2.5° hori-
zontal resolution from 1989 to 2008 (Liebmann and
Smith 1996). Variations in the large-scale environment
and AEW activity are explored by using the ECMWF-
Interim dataset at 1.5° horizontal resolution. ECMWF-
Interim is a reanalysis product that incorporates both
observations and model data and is the latest product
from ECMWF covering the years since 1989. This
ECMWEF product has been shown to be a significant
improvement over previous ECMWF reanalysis prod-
ucts (Simmons et al. 2007). ECMWF-Interim wind data
were used to calculate low-level vorticity and shear.
Total column water vapor (TCWV) data were used from
the dataset to estimate atmospheric moisture.

To provide a large-scale perspective of the MJO and to
illustrate the methodology that will be used throughout
this paper, we show here a composite of the MJO evolu-
tion based on the RMM indices (Fig. 1). Figure 1 high-
lights the eastward propagation of the MJO’s convective
signal along the equator using OLR anomalies. During
RMM phase 1, active convection is located across the
Western Hemisphere, over parts of Africa, and over the
western equatorial Indian Ocean (Fig. 1a). Convective
anomalies then increase in geographical extent and am-
plitude over the Indian basin and move northward and
eastward. The associated convective anomalies enhance
the Indian monsoon during phases 2-5 (Figs. la-e). In
phase 5, the mean convective anomaly signal latitudi-
nally shrinks and moves at a faster phase speed through
the mean position of the intertropical convective zone
(ITCZ). This pattern continues into phase 8 when the
MJO is associated with enhanced convection over the
eastern Pacific and tropical Africa.

Following Leroux et al. (2010), AEW activity was
diagnosed by calculating the eddy kinetic energy (EKE)
based on wind data that were filtered in a 2-10-day band
(u' and v"). The EKE, defined as

EKE = Y(u'? + v'?), 1)
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was based on the ECMWF-Interim data and was cal-
culated at 700 hPa for each RMM phase during the same
time period.

To help interpret some aspects of the MJO signal over
West Africa and the tropical Atlantic, we will consider
the role played by ERWs following the work of
Matthews (2004) and Janicot et al. (2010). Convection
associated with convectively coupled ERWs is explored
using the NOAA daily averaged interpolated OLR da-
taset. Wavenumber—frequency filtering for ERWs was
applied on the OLR anomalies following the method-
ology of Kiladis et al. (2009). The ERW filter includes
wavenumbers 1-10 westward and periods ranging from
10 to 48 days with the maximum frequency along the
ERW dispersion curve at 90-m equivalent depth.

An analysis of tropical cyclogenesis events was per-
formed by binning the number of tropical cyclones that
formed during each RMM phase (from 1974 to 2009,
excluding 1978). We define a genesis event as a tropical
cyclone that was at least classified as a tropical de-
pression in the National Climatic Data Center’s In-
ternational Best Track Archive for Climate Stewardship
(IBTrACS) dataset (Knapp et al. 2010). We analyzed
tropical cyclone development in a region similar to that
of Maloney and Shaman (2008), concentrating on the
eastern Atlantic ITCZ region between 60°W and the
African coast. This area received relatively little em-
phasis in the investigations of Mo (2000) and Maloney
and Hartmann (2000), but it is a region that we expect to
be strongly impacted by AEW variability (cf. Hopsch
et al. 2010).

3. The influence of the MJO on the intraseasonal
variability of convection over Africa

a. OLR

To investigate the evolution of convection over Africa,
we focus on the composited OLR signal over the Atlantic
basin and Africa (recall Fig. 1). The MJO convective
signal first appears over the western Atlantic basin in
phase 7 (Fig. 1g). During this time, the convection in the
position of the mean ITCZ is enhanced over the western
Caribbean and regions of the tropical western Atlantic.
During RMM phase 8 (Fig. 1h), negative OLR anoma-
lies first appear over Africa and persist into phase 2
(Fig. 1b). The strongest convective signal over tropical
Africa occurs in phase 1 (Fig. 1a), a time when convec-
tion associated with the MJO signal begins to form over
the equatorial Indian Ocean (Fig. 1a). These negative
OLR anomalies extend farther to the west over Africa
during phase 2 (Fig. 1b) and can be seen over the eastern
tropical Atlantic during phase 3. This westward-moving
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convective signal is discussed further below. A reduction
of negative OLR anomalies is observed locally over
western-central tropical Africa during phase 3 (Fig. 1c).
Phases 8, 1, and 2 clearly represent the convectively
active phase of the MJO over tropical North Africa. This
convective signature over Africa shown in RMM phases
1 and 2 has a similar structure to the first EOF of
the June-September 10-200-day filtered OLR shown in
Fig. 1 of Lavender and Matthews (2009) [see also Fig. 1in
Janicot et al. (2009) and Fig. 1a in Mounier et al. (2008)].
This suggests that the MJO is the dominant contributor
to variability in convection on 10-200-day time scales.

RMM phase 3 occurs when the strongest MJO con-
vective signal is located over the eastern Indian Ocean
warm pool. In the Western Hemisphere, a transition
from negative to positive OLR anomalies is evident over
western-central tropical Africa (Fig. 1c). These posi-
tive OLR anomalies strengthen in magnitude over the
Guinea coast during RMM phase 4 and persist through
phase 7. Phases 3-7 represent the convectively sup-
pressed phase of the MJO over western-central tropi-
cal Africa. We acknowledge a difference in convective
structures over Africa when using the RMM indices with
respect to Lavender and Matthews’s (2009) principal
component (PC) warm pool analysis (see their Fig. 6).
The RMM indices are associated with a richer pattern
of evolution for convection over tropical Africa, which
likely arises because they include circulation informa-
tion in addition to OLR information. Further, the two
RMM PCs combined explain more of the total variance
in the MJO than the single PC of Lavender and Matthews.
Lavender and Matthews’s PCs are based solely on OLR,
and therefore may miss some of the critical dynamics of
the MJO signal, which can alter the convective signature
over tropical Africa.

Several authors have discussed the westward-moving
convective signature that characterizes the MJO influ-
ence over tropical North Africa between RMM phases 1
and 3 (e.g., Wang and Rui 1990; Matthews 2004; Roundy
and Frank 2004; Janicot et al. 2009; Lavender and
Matthews 2009; Pohl et al. 2009). Janicot et al. (2010)
suggest that the westward movement of convection is
associated with ERWs. To explore this possibility, we
filter OLR in the wavenumber—frequency domain for
ERWs, and then average the result according to the
RMM phase. Figure 2 shows the results superimposed
on composite unfiltered OLR anomalies. We note that
the top panel in this figure is RMM phase 4 (Fig. 2a).
This result confirms that some of the enhanced convec-
tion over Africa during RMM phases 8, 1, and 2 is as-
sociated with the westward-moving convectively active
ERW signal. Also, some of the suppressed convection
over Africa during RMM phases 5-7 is associated with
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a convectively suppressed ERW signal. For brevity, we
will only discuss the composited convectively active ERW
signal; however, do note that the composited con-
vectively suppressed ERW signal during RMM phases
5-7 acts to locally suppress convection over Africa
during these times.

The convectively active signal associated with the
ERW can be tracked over the eastern Indian Ocean and
southern Asia, where convection is locally suppressed by
the MJO at the same time. The composited convectively
active ERW is south of the Arabian Peninsula during
phase 6 (Fig. 2c) and begins to move over tropical Africa
during phase 7 (Fig. 2d). Areas of negative OLR anom-
alies can be seen collocated with the convectively active
phase of the ERW during these times. During phase
8, convection is first enhanced with the ERW over the
Darfur Mountains (~30°E) (Fig. 2e). The ERW signal
then moves over interior tropical Africa, resulting in a
large intensification of convection during phase 1 (Fig. 2f).
The ERW signal is located over the coast of tropical
West Africa in phase 2, enhancing convection over and
downstream of the Guinea Highlands region. Between
phases 2 and 3, the ERW signal shifts northwestward
and is later located over the tropical Atlantic during
phases 3 and 4 (Figs. 2h and 2a, respectively). We spec-
ulate that the ERW may help to trigger AEWs over the
topography of Africa, which would amplify the convec-
tive signal over tropical Africa during these times. This
result suggests ERWs substantially modulate rainfall as-
sociated with the WAM on subseasonal temporal scales
in association with the convectively active MJO signal
over Africa.

Convection over Africa may influence the generation
of AEWs. Mekonnen et al. (2006) found that the Darfur
Mountains are a preferential area for the formation of
AEWs. Kiladis et al. (2006) showed that convection in
the Darfur region precedes AEWs over West Africa.
AEWs form during periods favorable for deep convec-
tion, or enhanced convective triggering over Africa (e.g.,
Thorncroft et al. 2008). ERWs may influence such con-
vective events. We hypothesize that when convection as-
sociated with the ERW signal is favored over the Darfur
Mountains, a period of enhanced AEW activity follows.
We will explore this concept in the following section.

b. Impacts of the MJO on AEW activity

Figure 3 shows 700-hPa EKE anomalies for each RMM
phases. The EKE anomalies vary coherently through the
different phases of the MJO, suggesting that the MJO
modulates AEW activity. Phases 1-3 have large prom-
inent regions of enhanced EKE with longitudinal extents
greater than 30°. Positive EKE anomalies occur during
phase 1 over interior tropical Africa (Fig. 3a). These
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FI1G. 3. The 2-10-day-filtered EKE anomalies at 700 hPa for each
RMM phase. Anomalies statistically significantly different than
zero at the 95% level are within the solid black contour. Shaded
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positive EKE anomalies increase in magnitude and ex-
tend slightly to the west during phase 2 (Fig. 3b). During
this phase, the strongest positive anomalies are located
over sub-Saharan Africa. During phase 3, the strongest
positive EKE anomalies shift poleward and extend far-
ther west over western tropical Africa (Fig. 3c). By RMM
phase 4, the strongest positive EKE anomalies are lo-
cated over the eastern tropical Atlantic (Fig. 3d). Over
eastern and central Africa, the positive EKE anomalies
switch to negative anomalies, representing a reduction
of AEW activity. This transition from positive to nega-
tive EKE anomalies continues through RMM phase 5,
highlighting an increase in negative EKE anomalies over
tropical Africa (Fig. 3e). Phases 6 and 7 have the most
prominent regions of negative EKE anomalies over
tropical Africa. Phase 8 consists of significant negative
EKE anomalies over the coast of West Africa extending
westward over the MDR. A westward shift of negative
EKE anomalies during RMM phases 6-8 is observed
over tropical West Africa. It is interesting to note how
these patterns compare to the two EOFs of EKE seen by
Leroux et al. (2010). Their EOF1 is characterized by
single-signed anomalies over West Africa and the tropi-
cal Atlantic somewhat similar to what we observe in
Fig. 3. This provides further evidence that the variability
explored by Leroux et al. (2010) was likely dominated by
the MJO.

The westward movement of positive EKE anomalies
during RMM phases 1-4 lags the westward-propagating
negative OLR anomalies shown in Fig. 1 by one RMM
phase. Negative EKE anomalies occur together with the
first convectively active phase of the MJO over West
Africa (RMM phase 8). Positive EKE anomalies over
tropical Africa develop one phase later (RMM phase 1).
These positive EKE anomalies remain over West Africa
through RMM phase 3. Convection first becomes more
locally suppressed over Africa during RMM phase 3 yet
positive EKE anomalies remain over West Africa. The
EKE anomalies then swap to negative anomalies over
tropical Africa one RMM phase later (RMM phase 4).

We expect AEW activity to be enhanced by two mech-
anisms: (i) more intense convection, which provides in-
creased convective triggers and/or latent heat release for
AEW growth (see Thorncroft et al. 2008), and (ii) a
more unstable AEJ (Leroux and Hall 2009). We have
discussed that convective triggers lead periods of en-
hanced AEW activity in the previous paragraph. Leroux
et al. (2010) also found a strong lead-lag asymmetry
between convection and AEW activity. The convective
signal was strongest 2-5 days prior to a period of en-
hanced AEW activity. This result is similar to ours, in
that enhanced convection leads enhanced AEW activity
by one RMM phase. Leroux et al. (2010) also observed
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a westward-moving OLR signal, a result that they sug-
gest may arise from intraseasonal wave modes that have
Rossby wave structures or the westward propagation of
clusters of AEWs (and which was observed here; see Fig.
2). Furthermore, Leroux et al. (2010) explore the AEJ in
relation to AEW activity and emphasized an acceleration
of the AEJ entrance region prior to a period of enhanced
AEW activity. This acceleration of the AEJ was ex-
plained to be influenced by a large stretch of anomalous
easterly winds that slowly propagated northward over
India on intraseasonal time scales. We now explore the
MJO-AE] relationship using the RMM indices below.

c¢. Impacts of the MJO on the AEJ

To explore the variation of the AEJ between the
different RMM phases, we consider the zonal wind at
700 hPa (Fig. 4). The analysis of Fig. 4 is complex;
therefore, we will first focus on the evolution of the dy-
namical signal of the MJO in the 700-hPa wind field. The
influence of the MJO on the 700-hPa zonal wind flow over
Africa reflects the low-level (850 hPa) dynamical struc-
ture of the MJO.

During the initiation of an MJO event (phase 1), sig-
nificant westerly wind anomalies are observed equator-
ward of the AEJ core over West Africa and the eastern
tropical Atlantic (Fig. 4a). These anomalous equatorward
westerly winds are associated with the beginning stage of
the low-level westerly wind phase of the MJO. Westerly
wind anomalies extend westward and amplify in magni-
tude over the eastern Pacific (not shown). The anomalous
easterly winds observed east of 15°E extend over the
Indian Ocean and grow in magnitude (not shown). These
easterly wind anomalies are associated with the tail end of
the low-level easterly wind phase of the MJO. Therefore,
over Africa during RMM phase 1, a transition from
anomalous low-level equatorial easterly winds to low-
level equatorial westerly winds occurs.

As convection over the Indian Ocean grows north-
ward and eastward during RMM phase 2, the anomalous
equatorial westerly winds shift eastward and grow in
magnitude over equatorial Africa, consistent with the
eastward progression of the MJO (Fig. 4b). These anom-
alous equatorial westerly winds continue to grow in mag-
nitude and shift eastward during RMM phases 3 and
4 (Figs. 4c and 4d, respectively). Anomalous easterly wind
anomalies form over the eastern tropical Atlantic dur-
ing RMM phase 5 (Fig. 4e). These anomalous winds
are associated with the beginning stage of the low-level
equatorial easterly wind phase of the MJO. Easterly wind
anomalies extend westward and amplify over the east-
ern Pacific (not shown). The equatorial easterly wind
anomalies grow in magnitude and extend eastward
through RMM phase 8, consistent with the eastward
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F1G. 4. The 700-hPa zonal wind anomalies for each RMM phase.
Anomalies statistically significantly different than zero at the 95% level
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are dashed. Red-dashed contour highlights the —9 m s~ ! contour.
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progression of the MJO (Figs. 4f-h). In summary, a co-
herent eastward-progressing equatorial wind pattern is
expressed, such that anomalous equatorial westerly winds
occur over the eastern tropical Atlantic during RMM
phases 1-4, followed by anomalous equatorial easterly
winds during RMM phases 5-8.

We now focus on the structure of the AEJ during each
RMM phase. The modulation of the AEJ involves two
contributions. The first being the low-level equatorial
wind structure of the MJO. This equatorial wind pattern
will act to influence the horizontal shear of the jet on the
equatorward side. The other contributor is local convec-
tion associated with the MJO over Africa. Anomalous
convection equatorward of the jet generates potential
vorticity near the level of the jet, which would act to
strengthen the jet following the argument of Thorncroft
and Blackburn (1999). Further, anomalous convection
north or south of the AEJ would act to latitudinally shift
the jet. Keeping these principles in mind, we begin our
analysis when convection associated with the MJO is first
observed over Africa during RMM phase 8.

During RMM phase 8, a zonally oriented strip of en-
hanced convection over Africa is observed along roughly
13°N (recall Fig. 1h). An equatorward acceleration of
the AEJ core is observed, which is also suggestive of a
southward-shifted AEJ (Fig. 4h). This acceleration of the
AEIJ is highlighted by the large area of —9 m s~ ! winds
over West Africa with the largest area of —10 m s~ !
winds centered over 0° when compared to all other RMM
phases. Therefore, the AEJ core is strongest during this
RMM phase (8) and is shifted to the south. However,
the equatorial easterly wind phase of the MJO, which
has the greatest expression over Africa during RMM
phase 8, causes a reduction in the gradient of zonal wind.
This suggests the AE]J is less unstable, which is consistent
with low AEW activity (recall Figs. 3f~h). In support of
this, the sign reversal in absolute vorticity is less nega-
tive than any other RMM phase (not shown). Therefore,
even though phase 8§ is associated with a stronger AEJ,
which is generally expected to be more unstable, the
impact of the low-level dynamical structure of the MJO
supersedes this.

During RMM phases 1 and 2, enhanced convection is
observed north of 15°N (recall Figs. 1a and 1b). Easterly
wind anomalies are observed poleward of the AEJ core
during these phases, indicating a northward shift of
the AEJ, especially over the coast of West Africa
during RMM phase 2. Easterly wind anomalies are also
observed over the AEJ entrance region during these
periods, highlighting an eastward extension of the AEJ
during RMM phase 2. To provide perspective, the
—8m s ! wind contour extends to 18°E, roughly 5°
farther east than for any other RMM phase. This
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eastward extension of the AEJ occurs when a large
stretch of easterly wind anomalies lift northward from
the Indian Ocean to over India, consistent with the
observations of Leroux et al. (2010) (not shown). Equa-
torial westerly winds associated with the MJO form
over Africa during RMM phase 1 and expand eastward
during phase 2. This causes a tightening of the zonal wind
gradient, and indicates a more unstable jet, which is ex-
pected to enhance AEW growth. Further, the sign re-
versal in absolute vorticity becomes more negative
during RMM phase 1, and most negative during phase 2,
indicating the jet is indeed more unstable at these times
(not shown).

Following the eastward extension of the AEJ, a re-
duction in convection occurs over tropical West Africa
during RMM phase 3 (recall Fig. 1c). This is consistent
with significant westerly wind anomalies over the AEJ
core during this time. During the following RMM phase
4, significant westerly wind anomalies over the eastern
tropical Atlantic are observed poleward of the AEJ,
consistent with an equatorward shift of the jet. Signifi-
cant westerly wind anomalies extend eastward and re-
main poleward of the AEJ core throughout RMM phase
7, indicating the AEJ is located farther south during
these RMM phases in contrast to RMM phases 1 and 2.

In summary, consistent with the convectively active
phases of the MJO, the AEJ is enhanced during RMM
phases 8, 1, and 2. The jet is strongest during RMM phase
8; however, it is less unstable and is located farther south
than RMM phases 1 and 2. This RMM phase is consis-
tent with anomalously low AEW activity over tropical
Africa and especially over the MDR. The AEJ becomes
more unstable during RMM phase 1 and most unstable
during RMM phase 2. This enhancement of jet insta-
bility is related to the low-level equatorial westerly wind
phase of the MJO over Africa during this time. Also dur-
ing RMM phases 1 and 2, the AEJ is observed to shift
northward when AEW activity is anomalously high. Fur-
thermore, during RMM phase 2, the AEJ extends far-
thest poleward over the coast of West Africa and farthest
eastward over central Africa than during any other RMM
phase. This longitudinal extension of the AEJ is hypoth-
esized to play a significant role in AEW development (see
Leroux et al. 2010).

We have explored the relationship of the subseasonal
variability of AEW activity based on the RMM phases.
The results suggest that the subseasonal variability of
AEW activity arises due to the MJO directly influencing
convective triggers over tropical Africa, as well as AEJ
characteristics. Our results are similar to those of Leroux
et al. (2010) and confirm that most of their results are
related to the MJO. Our results are consistent with the
analysis of Leroux et al. (2010) and is represented by
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RMM phase 2, which can range on average from 4 to 8
days. Further, in contrast to Leroux et al. (2010), we find
that an acceleration of the AEJ entrance occurs after,
and during, a period of anomalously high AEW activity.
We now explore the extent to which the variability in
AEW activity has an influence on downstream tropical
cyclone activity.

4. Tropical cyclogenesis analysis

Given that most Atlantic tropical cyclones form in
association with AEWs over the tropical Atlantic, we
expect that the variability in AEW activity, highlighted
in the previous section, will impact tropical cyclogenesis
frequency. To evaluate this, we now explore and inter-
pret the extent to which there is a coherent relationship
between the RMM indices and tropical cyclogenesis
inside the MDR. We define the MDR as the area be-
tween 5°-25°N and 15°-60°W. This analysis extends
previous work on the same topic (e.g., Maloney and
Shaman 2008; Klotzbach 2010) since in addition to
considering variations in the large-scale environment,
we emphasize here the role of the AEW variability on
tropical cyclogenesis over the MDR. We suggest that the
MJO might modulate tropical cyclone activity via
“weather-related impacts” through variability in AEWs
(e.g., Hopsch et al. 2010) and an ‘“‘environmental im-
pact” through variability in large-scale parameters
known to impact the probability of tropical cyclogenesis
such as vertical shear and moisture (e.g., Roundy and
Frank 2004; Aiyyer and Thorncroft 2010; Klotzbach
2010). We perform a simple count of the number of
tropical cyclones that formed during each phase of the
MJO to highlight which RMM phases favor tropical
cyclone development (Fig. 5a). Confidence intervals for
the total number of tropical cyclones for each RMM
phase are assessed by bootstrap random resampling
tests.

The distribution of tropical cyclogenesis events inside
the MDR for each RMM phase when amplitudes are
greater than 1o is shown in Fig. 5a. The result shows that
tropical cyclone development inside the MDR occurs
most during RMM phases 1, 2, and 5. The peak of the
tropical cyclone events in these RMM phases is statis-
tically significantly different from the counts in RMM
phases 7 and 8 at the 95% level. These results are
somewhat consistent with those of Klotzbach (2010), who
found RMM phases 1 and 2 were the most favorable
RMM phases for tropical cyclone activity over the entire
Atlantic basin. He found when averaging RMM phases 1
and 2 that large-scale atmospheric conditions were more
favorable for developing tropical cyclones (e.g., reduced
vertical wind shear and higher atmospheric moisture).
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FIG. 5. (a) Tropical cyclogenesis JJASO climatology (1974-2009)
for each RMM phase for tropical cyclones formed only within the
MDR. The number of MJO days for each composite is placed
above each RMM phase number. Error bars indicate the 95%
confidence interval. (b) As in (a), but normalized by the number of
MJO days for each RMM phase.

However, he did not consider other individual RMM
phases in his analysis.

A gradual downward trend of tropical cyclogenesis
events occurs during RMM phases 1-4. Intriguingly,
a second peak in tropical cyclogenesis events is revealed
during RMM phase 5 with a more rapid decline in
tropical cyclogenesis events during RMM phases 6-8.
To assess if the tropical cyclogenesis counts are real and
not manifested due to the varying number of dates that
compose each composite, we divide the number of
tropical cyclogenesis events by the number of MJO days
(greater than 1o) for each RMM phase (Fig. 5b). The
results reveal that during RMM phases 1, 2, and 5 a
tropical cyclone is twice as likely to spawn inside the
MDR when compared to RMM phase 8. However,
during RMM phase 3, a tropical cyclone is 3 times more
likely to spawn inside the MDR when compared to
RMM phase 8. Therefore, the peaks in RMM phases 1,
2, and 5 are largely reduced due to the number of sam-
pling days. An analysis of the large-scale environmental
conditions is further needed to interpret the tropical
cyclogenesis variability within the RMM indices, which
is provided below.
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a. Large-scale environmental conditions

To relate the tropical cyclone peaks to the well-known
favorable parameters of tropical cyclogenesis, we first
show 200-925-hPa vertical wind shear anomalies of the
zonal wind over the MDR (Fig. 6). We interpret the re-
duction in vertical wind shear over the MDR by the lo-
cation of strongest convection associated with the MJO.

During RMM phases 1-4, enhanced convection as-
sociated with the MJO progresses eastward and north-
ward over the Indian Ocean. Downstream (to the east)
of the deep convection over the Indian Ocean, anoma-
lous upper-level easterly winds form due to convective
outflow. This anomalous upper-level convective outflow
acts to reduce the vertical wind shear over the MDR.
This reduction in vertical wind shear is illustrated by
anomalous easterly shear over the MDR at this time
(Figs. 6a—d). The opposite is true for RMM phases 5-8,
containing significant westerly shear anomalies, or an
enhancement in vertical wind shear over the MDR
(Figs. 6e-h). The enhancement of vertical wind shear
occurs when deep convection associated with the MJO is
located over the eastern Pacific. This convective feature
consists of dynamics similar to those found during an
El Nifio, and produces upper-level westerly convective
outflow over the MDR. These conditions are consistent
with an enhancement of vertical wind shear over the
MDR. Therefore, the MJO modulates the vertical wind
shear over the MDR on intraseasonal time scales. A
significant reduction in vertical wind shear over the
MDR is observed during RMM phases 1-4, with a sig-
nificant enhancement during RMM phases 5-8. The
enhancement of vertical wind shear during RMM phase
8 occurs during a time when convection is enhanced over
tropical Africa. This suggests the modulation of the
vertical wind shear over the MDR is driven largely by
the location of the deepest convection associated with
the MJO, and not by local convection over Africa (cf.
Aiyyer and Thorncroft 2010).

Next, total column water vapor (TCWV) anomalies
are shown in Fig. 7 for each RMM phase. Significant
positive TCWV anomalies, or an anomalously moist
troposphere, develop over the MDR during RMM
phase 1 (Fig. 7a). Positive TCWV anomalies over the
MDR become more positive during phase 2 and most
positive in phase 3 (Figs. 7b and 7c). Positive TCWV
anomalies during RMM phases 1-3 are all roughly north
of 10°N over the MDR, highlighting a moist atmosphere
over the MDR. A transition from positive to negative
TCWYV anomalies occurs during RMM phases 4 and 5.
Significant negative TCWV anomalies then form over
the MDR during RMM phase 6, become most negative in
phase 7, and remain negative through phase 8 (Figs. 7f-h).
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Positive TCWV anomalies during RMM phases 5-8 are
observed mostly south of 10°N, possibly hinting at a
southward shift of the Atlantic ITCZ. Recall that a south-
ward shift of the AEJ also occurs during these RMM
phases (Figs. 4e-h).

Finally, low-level (925 hPa) relative vorticity is plot-
ted in Fig. 8 for each RMM phase. The low-level relative
vorticity field is modulated by two contributions. The
first being the low-level wind structure of the MJO and
the second being the location and intensity of the local
convection. During RMM phases 1-4, large regions of
enhanced relative vorticity are observed over the MDR.
This pattern is consistent with the low-level westerly
wind phase of the MJO, collocated with enhanced con-
vection over the MDR. During RMM phase 1, scattered
regions of significant positive relative vorticity anoma-
lies are observed over the north-central MDR (Fig. 8a).
Negative relative vorticity anomalies are found equa-
torward of this region. This pattern is more coherent
during RMM phase 2, with stronger positive anomalies
over the entire MDR (Fig. 8b). During RMM phase 3,
the positive relative vorticity anomalies are oriented in
a narrow-latitudinal band, which seems to recurve
northward over the MDR (Fig. 8c). We hypothesize this
recurvature of low-level relative vorticity is diabatically
generated from enhanced convection over the MDR,
which follows a similar pattern in nature (recall Fig. 1c).
A narrow band of positive relative vorticity anomalies
is later observed over the north-central MDR during
RMM phase 4 (Fig. 8d).

During the subsequent RMM phases 5-8, the low-
level easterly wind phase of the MJO is located over
the MDR. These phases are consistent with large areas
of suppressed convection over the MDR. Therefore,
mostly negative relative vorticity anomalies are ob-
served over this region (Figs. 8e-h). Therefore, the low-
level vorticity field over the MDR varies coherently
between the different RMM phases. This result is con-
sistent with the low-level dynamical signal of the MJO
and in situ convection over the MDR.

b. Discussion of MDR tropical cyclogenesis

Klotzbach (2010) found RMM phases 1 and 2 to
contain the highest frequency of tropical cyclogenesis
over the Atlantic. He also found that these phases con-
tained statistically significant differences (compared to
RMM phases 6 and 7) in the large-scale environment, in
reference to significant reductions in vertical wind shear,
anomalously high moisture, and enhanced low-level
cyclonic relative vorticity. Our results are consistent
with the observations of Klotzbach (2010); however, in
addition we find enhanced tropical cyclogenesis activity
during RMM phase 3. Furthermore, we find that RMM
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phases 1-3 are associated with a period of anomalously
high AEW activity (recall Figs. 3a—c). Therefore, this
period of enhanced tropical cyclone activity in the MDR
entails a period of enhanced AEW activity, or more
frequent-stronger seedlings. Therefore, we are confi-
dent that these phases truly favor MDR tropical cyclo-
genesis and are not manifested due to the large number
of sampling days.

We hypothesize that the suppressed tropical cyclone
activity during phases 7 and 8 results in part from re-
duced AEW activity over tropical West Africa and the
eastern tropical Atlantic. AEWs that are either less
frequent and/or weaker might reduce the frequency of
tropical cyclogenesis. Furthermore, over the MDR,
these phases contain enhanced vertical wind shear, sig-
nificant areas of negative low-level vorticity anomalies,
and very dry atmospheric conditions, all of which are
unfavorable conditions for tropical cyclogenesis.

The distribution of tropical cyclogenesis events during
RMM phases 1-3 and 7 and 8 evolves together with
AEW activity over Africa. When EKE values are
anomalously high over both West Africa and the MDR
(RMM phases 1-3), tropical cyclogenesis events are
high inside the MDR. The opposite is true during RMM
phases 7 and 8. This relationship highlights the potential
influence of the MJO on upstream AEW activity and the
development of tropical cyclones inside the MDR.

c. Trains of tropical cyclones

Due to the chaotic nature of tropical cyclogenesis,
tropical cyclones generally form randomly where con-
ditions are most favorable. However, occasionally,
multiple tropical cyclones develop over the MDR in
association with a consecutive set of easterly waves. We
call these sequences of tropical cyclones a train. For this
to occur, large-scale environmental conditions must be
favorable for an extended period of time. Furthermore,
during these periods of favorable large-scale environ-
mental conditions, AEW activity must also be high for
an extended period of time. The MJO is one possible
phenomenon that can create such periods. Trains of
tropical cyclones are not documented in the literature
and so the processes that create them remain to be ex-
plored. We define a “tropical cyclone train” as a group
of three or more named tropical cyclones that occur with
at most 4 days between genesis dates. We use a four-date
threshold due to the 3-5-day periodicity of AEWs.
Following this methodology, we identified 20 tropical
cyclone trains forming between 0°-25°N and 15°-60°W
from 1974 to 2009 during August-September. To pro-
vide perspective, Fig. 9 shows the 1974-2009 (August—
September) grouping climatology of the number of
tropical cyclones that occur in different sequences within
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FIG. 9. An August-September climatology (1974 to 2009) of
tropical cyclogenesis groups occurring within the 0°-25°N band.
The columns represent the total number, or group, of tropical cy-
clones that contain tropical cyclogenesis events occurring within at
most 4 days apart.

the 0°-25°N band and at most 4 days between genesis
dates. Column 1 consists of all tropical cyclogenesis events
occurring with no other tropical cyclogenesis events within
a4-day range on either side of the genesis date. Column
2 consists of all sequences containing two tropical cy-
clogenesis events occurring within at most 4 days. The
remaining columns (3-5) consist of all sequences of
tropical cyclogenesis events that pertain to our defini-
tion of a tropical cyclone train. No single tropical cy-
clone is counted twice in the climatology. Therefore,
tropical cyclone trains consist of only 17% of the total
grouping climatology.

To isolate tropical cyclone trains developing in asso-
ciation with a coherent MJO signal, we identify trains
that occur with an MJO event with an amplitude greater
than lo. There are now 14 tropical cyclone trains re-
maining out of the climatology (Fig. 10). This result
shows that 14 out of the 20 tropical cyclone trains oc-
curred when the RMM amplitude was greater than lo.
This ratio suggests that when a tropical cyclone train
occurs, it commonly occurs during a strong MJO event.
We investigate if tropical cyclone trains occur during
preferable phases of the MJO below.

By individually separating the tropical cyclones into their
appropriate RMM phase spaces, we find that the most fa-
vorable phase for a train to occur is in phase 2 (statistically
significantly different from the counts of all other RMM
phases at the 95% level), which is also a statistically sig-
nificant favorable phase for tropical cyclone development
(Fig. 11). We show the total number of tropical cyclones in
trains for each RMM phase, rather than the actual number
of trains for each RMM phase due to the problem of ob-
serving a train that occurs during RMM phase swaps. This
result is consistent after decreasing the RMM amplitude
threshold to 0.5¢0; however, there are more counts in RMM
phases 1 and 3 (not shown).

Figure 12 shows the distribution of normalized tropi-
cal cyclone train day values for each RMM phase. A
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F1G. 10. An August-September climatology (from 1974 to 2009)
of tropical cyclone trains from 0° to 25°N, only using dates with an
MIJO event with an amplitude greater than lo.

separate category is added, summing all dates when
a tropical cyclone train occurred when there was no
coherent MJO signal (amplitude <1o). Tropical cyclone
days were normalized for each RMM phase by the
amount of MJO days with an amplitude greater than 1o
for each phase. We normalized the tropical cyclone days
occurring with no coherent MJO signal by the amount of
MJO days with an amplitude less than 1o for all RMM
phases. The result shows that the normalized tropical
cyclone day value of 23% in RMM phase 2 is more than
twice as large as the normalized tropical cyclone train
day value when there is no coherent MJO signal (10%).
This result is statistically significant at the 90% level.
Over the MDR, RMM phase 2 contains the largest
geographical area of statistically significant positive
low-level relative vorticity and TCWV anomalies, with
a significant reduction in zonal vertical wind shear (re-
call Figs. 6b, 7b, and 8b). Further, RMM phase 2 is
convectively active with anomalously high AEW activ-
ity over Africa. Hence, the tropical cyclones that com-
pose the tropical cyclone train climatology are most

5 41 2 3 4 b 6 7 8
RMM Phase

# of Tropical Cyclonesin Trains

FIG. 11. Total number of tropical cyclones formed in a tropical
cyclone train for each RMM phase. Error bars indicate the 95%
confidence interval.
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FI1G. 12. The distribution of normalized tropical cyclone days for
each RMM phase, including a category for normalized tropical
cyclone train days when there was no MJO signal. Error bars in-
dicate the 90% confidence interval.

frequently expressed in such conditions. However, what
is unique about RMM phase 2 when compared to all
other RMM phases is the eastward extension of the
AEJ. We hypothesize that this eastward extension al-
lows for AEWs to grow along the AEJ for a larger dis-
tance and length of time, which could strengthen AEWs
before they leave the coast of West Africa. Also, the
downstream half of the AEJ is farthest poleward when
compared to all other RMM phases, which adds addi-
tional relative vorticity equatorward of this feature over
the MDR. Therefore during this period, the AEJ is more
capable of generating and maintaining stronger AEWs,
which would impact the downstream tropical cyclogen-
esis over the MDR.

One example of a recent tropical cyclone train oc-
curred during the onset of the Atlantic hurricane season
of 2009. Figure 13 is a bar graph showing the RMM
amplitude during the 2009 Atlantic hurricane season.
Boxes were subjectively placed over the dates when the
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MJO amplitude was greater than 1o, highlighting the
convectively active or suppressed RMM phases over
tropical Africa. Tropical cyclone symbols were placed to
mark the date when an Atlantic tropical depression
formed according to the National Hurricane Center.

On 3 August, a strong MJO event (amplitude greater
than 20’) entered the Western Hemisphere (phase 8). Six
days later on 9 August, the convective signal of the MJO
transitioned over the equatorial Indian Ocean (phase 1).
Our results suggest that AEW activity increases through
convective and environmental modulations over Africa
during phase 1. Further, the large-scale conditions over
the MDR become more favorable for tropical cyclo-
genesis to occur. With the RMM indices reading phase
1, the first tropical cyclone of the season, Tropical Storm
Anna formed over the eastern tropical Atlantic on
11 August. Anna was followed by Hurricane Bill on
15 August and Tropical Storm Claudette on 16 August.

The MJO signal weakened during RMM phase 2 to-
ward the end of August and began to reintensify during
early September reaching RMM phase 4. Only 3 tropical
cyclones formed during that September (with only 1
hurricane), which is below the 19742009 climatological
average of 3.9 September tropical cyclogenesis events
and much below the past decade’s (2000-09) hefty av-
erage of 5.7 September tropical cyclogenesis events.
This anomalously inactive period was a result of un-
favorable conditions over the tropical Atlantic as the
RMM indices read phases 4 and 5. Note that during
early September, the RMM phase space goes backward,
from phase 4 to 3. This clockwise rotation of the RMM
phase space suggests the strongest background convec-
tive signal was associated with a convectively coupled
ERW and not the MJO. This will be discussed later as
a caveat with the RMM indices.
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FIG. 13. The 2009 Atlantic hurricane season, highlighting the locally convectively active and suppressed RMM phases, including dates of
Atlantic tropical cyclogenesis (at least tropical storm strength). The bar graph represents the amplitude (in o) of the Wheeler and Hendon
RMM indices. The RMM phases are shown along the bottom line. Note that a tropical cyclone train occurs during mid-August.
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FIG. 14. As in Fig. 14, but for the 2008 Atlantic hurricane season. Note that a tropical cyclone train is observed during the end of August.

A similar train of developing tropical cyclones de-
veloped in association with a strong MJO event (ampli-
tude greater than 1.5¢0°) during late August 2008 (Fig. 14).
The MJO amplitude began to increase in early August
in a favorable RMM phase 2. The train of developing
tropical cyclones occurred after the amplitude peaked
at 1.880 on 23 August. Two days later, the first tropical
cyclone (Hurricane Gustav) formed on 25 August, fol-
lowed by Hurricane Hanna on 28 August, Hurricane Tke
on 1 September, and Tropical Storm Josephine on 2
September. This period of enhanced tropical cyclone
activity ended abruptly during early September as the
MJO transitioned into RMM phase 4. The MJO signal
remained at fairly high amplitudes in the unfavorable
RMM phases (4 and 5) for the majority of September and
was associated with no tropical cyclone activity. How-
ever, once the MJO signal weakened to less than 1o
during late September, a new burst of tropical cyclone
activity followed.

We relate these trains of tropical cyclones occurring
over the tropical Atlantic when active convection asso-
ciated with the MJO first begins to propagate northward
over southern India and eastward over the equatorial
Indian Ocean, taking the shape of an arc (RMM phase
2). We do not rule out interactions between other
equatorial wave modes such as convectively coupled
atmospheric Kelvin waves, ERWs, and AEWs construc-
tively interfering to produce these periods of enhanced
tropical cyclone activity when the RMM amplitude is
less than 1o. However, we have higher confidence that
these trains of tropical cyclones do not occur when
there is a high-amplitude MJO event in an unfavorable
RMM phase for tropical cyclone activity over the At-
lantic. There are many years when there are no tropical
cyclone trains, independent of the MJO. Therefore,
predictability is limited; however, if there is a strong
MJO genesis event during the Northern Hemispheric

summer, there exists a greater chance of tropical cy-
clone train activity.

5. Discussion and conclusions

The MJO has been shown to modulate weather vari-
ability over tropical Africa and the Atlantic. These
modulations occur through convective and dynamical
processes associated with the MJO. Our results suggest
that the MJO directly influences AEW activity. The
MJO influences AEW activity by enhancing or sup-
pressing convection locally over Africa, as well as al-
tering the characteristics of the AEJ. This change in
AEW activity, along with MJO-induced modulations of
large-scale environmental parameters including vertical
wind shear, low-level relative vorticity, and moisture, is
consistent with coherent variability in tropical cyclo-
genesis activity over the MDR.

Figure 15 represents a conceptual schematic of the
Wheeler and Hendon RMM phase space separating
RMM phases associated with the enhancement of the
AEJ, the convectively active RMM phases, RMM pha-
ses associated with enhanced AEW activity, and RMM
phases associated with enhanced MDR tropical cyclone
activity. Convection associated with the MJO develops
over tropical Africa during a time when the AEJ core is
strongest. Enhanced AEW activity over Africa tends to
develop locally after a period of enhanced convection.
Enhanced MDR tropical cyclogenesis activity occurs
during a time when the AEW activity is high over
tropical West Africa.

The convective signal of the MJO over Africa is not as
large as the signal over the Indian and Pacific Oceans.
Distinct phases of the MJO are associated with either
enhanced or suppressed convection over Africa. Con-
vection first becomes active over Africa during RMM
phase 8 and becomes most enhanced during RMM
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FIG. 15. A schematic RMM phase diagram. The orange shading
represents the acceleration of the AEJ, the blue shading represents
the convectively active RMM phases over Africa, the red shading
represents the RMM phases associated with enhanced AEW ac-
tivity over Africa, and the green shading represents the RMM
phases that are associated with enhanced tropical cyclone activity
over the MDR. Note that there are no MJO amplitude implications
with this figure.

phases 1 and 2. During RMM phase 3, convection be-
comes suppressed over tropical Africa, yet is enhanced
over the tropical Atlantic. A westward movement of
enhanced convection is observed over West Africa
during RMM phases 1-3. The following RMM phases 4—
7 consist of suppressed convection over sub-Saharan and
equatorial Africa.

AEW activity over West Africa is enhanced during
RMM phases 1-3. Positive EKE anomalies move west-
ward over Africa and the tropical Atlantic during RMM
phases 1-4. The period of anomalously high AEW ac-
tivity during RMM phase 1, and especially during RMM
phase 2, is associated with a more unstable and north-
ward-shifted AEJ. Further, during RMM phase 2 the
AEJ extends farther eastward than in any other RMM
phase. During RMM phase 4, AEW activity over trop-
ical Africa becomes locally suppressed. These negative
EKE anomalies extend westward and amplify during the
subsequent RMM phases 5-8. These phases are associ-
ated with a southward-shifted AEJ. The AEJ is stron-
gest during RMM phase 8; however it is less unstable
due to the influences of the low-level dynamical signal of
the MJO.

Consistent with Matthews (2004), Pohl et al. (2009),
and Janicot et al. (2010), our results show that ERWs
modulate convection (see Fig. 2), along with AEW ac-
tivity over tropical Africa during the evolution of the
MJO. Positive EKE anomalies move westward during
RMM phases 1-4 over tropical Africa and the Atlantic,
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lagging the westward-propagating convectively active
ERW signal by one RMM phase. The strongest negative
EKE anomalies move westward during RMM phases 5—
8, lagging the westward-propagating convectively sup-
pressed ERW signal by one RMM phase.

We have shown that tropical cyclones develop more
frequently during certain RMM phases compared to
others (recall Fig. 5). RMM phases 1-3 are favorable
phases for tropical cyclone activity over the Atlantic.
These results arise due to more favorable atmospheric
conditions for tropical cyclone formation, such as re-
duced vertical wind shear, enhanced moisture, and en-
hanced low-level cyclonic relative vorticity. Further,
these phases are also associated with enhanced AEW
activity over tropical Africa, suggestive of more fre-
quent and/or stronger seedlings. Tropical cyclone trains
occur most frequently during strong MJO events when
convection associated with the MJO first shifts north and
eastward over southern India and the northern Indian
Ocean (RMM phase 2). RMM phases 7 and 8 are unfa-
vorable for MDR tropical cyclone development. These
unfavorable conditions arise from weaker AEW activ-
ity over Africa, unfavorable atmospheric conditions for
tropical cyclogenesis, and the southward-shifted down-
stream half of the AEJ.

No perfect indicators of the MJO exist for real-time
applications. Occasionally, the Wheeler and Hendon
RMM indices do not diagnose a coherent MJO signal
even when other indicators suggest it is present. This
caveat sometimes arises because Wheeler and Hendon’s
RMM indices are calculated from data that are averaged
from 15°N to 15°S. This latitudinal average may cause
problems in exactly positioning the MJO signal along
the equator if its convective anomalies are oriented from
southeast to northwest from the equator northward.
Such patterns can lead to sign swaps along a given lon-
gitude line, reducing the expression of its amplitude
and occasionally confounding the RMM phase. Further,
if the equatorial MJO convective signal interacts with
an unfavorable convective phase of another equatorial
wave mode, such as an ERW or a Kelvin wave, the
RMM assessment of the MJO might be incorrect
(Roundy et al. 2009). Further, such interference by
equatorial wave modes might cause the RMM principle
components to suggest there is an MJO signal when
there really is none. For example, the “artificial” MJO
signal may be composed of a series of strong equatorial
convectively coupled atmospheric Kelvin waves over
the equatorial Indian Ocean. Such conditions might
result in a fast counterclockwise propagation of RMM
indices in phases 1-3 followed by dampening of the
RMM amplitude once the active convection associated
with the Kelvin waves weaken. Such interference by
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ERWs can also yield a clockwise rotation of the RMM
indices, suggesting westward propagation (recall Fig. 13).

On the other hand, some such equatorial wave signals
might compose part of the anatomy of the MJO. Further
work might even indicate that not retaining these dif-
ferent wave modes may allow for a stronger or weaker
relationship between Atlantic tropical cyclone activity
and the RMM indices. Further, the initiation of the MJO
is poorly understood. It is possible that the birth of a new
MJO event arises from the interaction between different
equatorial wave modes, such as convectively coupled
atmospheric Kelvin waves and ERWs. Therefore, by
filtering out these wave modes, information relevant to
the MJO signal itself might be ignored. This suggests the
need for future work to interpret different RMM indices
from which the equatorial wave mode signals have been
removed, such as those applied by Roundy et al. (2010).
We suggest that the relationship between Atlantic
tropical cyclone activity and the MJO may change with
the removal of the equatorial wave modes.

Accurately positioning a true MJO signal would likely
lead to much needed, better quality forecasts on longer
time scales for African weather. Better understanding of
the association between the MJO and AEWs will help
African forecasters to more precisely predict periods of
wetness or dryness over Africa on weekly time scales.
For instance, Matthews (2004) suggests that the
JET2000 field experiment (Thorncroft et al. 2003) failed
to observe “‘strong” AEWSs, probably because it was
scheduled during an anomalously strong convectively
suppressed RMM phase over Africa (phase 5, amplitude
greater than 2c0). Our results suggest that if this field
experiment had occurred during RMM phases 1-3,
rather than RMM phases 5-6, there would have been
a higher likelihood to observe strong AEWs over Africa.

Further improved understanding of the association
between the MJO and AEW activity might aid fore-
casters in predicting periods of high or low MDR trop-
ical cyclogenesis activity. Energy companies seek
improved intraseasonal predictions of MDR tropical
cyclogenesis for commodity trading and protection of
their resources. The price of oil is extremely volatile and
this volatility increases during periods of anomalously
high Atlantic tropical cyclone activity. This volatility
arises from the fear of a tropical cyclone tracking into
the Gulf of Mexico and interrupting the service pro-
vided by oil refineries located there. Our results suggest
better skill in predicting periods of enhanced or sup-
pressed tropical cyclone activity over the Atlantic.
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