BY CHIDONG ZHANG

As a prime example of intraseasonal variability, the Madden—Julian Oscillation affects—

and is pivotal to predicting—both weather and climate.

he conceptual separation of weather and climate

is deeply rooted in our daily experience, as

Herbertson (1901) put it: “Climate is what on an
average we may expect, weather is what actually we
get.”! Translated into a scientific language, weather is
a state of the atmosphere at a particular instance and
climate is a set of statistics of an ensemble of many
different states (Lorenz 1975). The weather—climate
separation had its scientific basis in numerical
prediction. It has been perceived that weather pre-
dictability comes from initiation conditions, while
climate predictability from boundary conditions
(Charney and Shukla 1977). This distinction would
cease to exist in the modern practice of “seamless
prediction” for weather and climate using “unified
prediction models” (Hurrell et al. 2009; Brown et al.
2012). In such models, all components of the Earth
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system are coupled to each other, the only boundary
condition needed is at the top of the atmosphere, and
the source of predictability comes from, in addition to
initiation conditions, the “memory” of slowly varying
subsystems (the ocean, soil moisture, land, and sea
ice), quasiperiodic phenomena, and known external
forcing (Lorenz 1975). Yet, the weather-climate
separation has penetrated so deep in our thinking
that their traditional definitions are still often used
in scientific and official documents, leaving a gap-
ing vacancy in between. This vacancy is occupied by
intraseasonal (20-90 days) variability.

Intraseasonal variability is by no means merely red
noise filling the gap between synoptic and seasonal
variability. Intraseasonal phenomena are distinct
from higher- and lower-frequency variability by
their significant spectral peaks and coherent spatial
patterns. The Madden-Julian oscillation (MJO;
Madden and Julian 1971, 1972) is the best example.
Its large-scale signals in the atmospheric circulation,
deep convection, and other variables propagating
eastward slowly (~5 m s7') from the Indian to Pacific
Oceans are the dominant component of the tropical
intraseasonal variability. They are so robust that they
can be discerned from raw data without statistical
manipulation (Zhang 2005).

The MJO plays a critical role in connecting or
bridging weather and climate. This bridging role can

! A more commonly known quotation, “Climate is what we
expect, weather is what we get,” is from Heinlein (1973).
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be appreciated from different perspectives. The MJO
affects many weather and climate phenomena. Its ef-
fects on weather depend on the state or phase of certain
climate phenomena (e.g., ENSO), and their combined
effects may lead to extreme weather events. Climate
modes under the influence of the MJO in turn modu-
late weather in many parts of the world. The MJO is
involved in scale interactions across a wide range of
spectrum from the diurnal cycle to interannual vari-
ability (Moncrieff et al. 2012). Forecast of the Earth sys-
tem to serve the society requires seamless prediction
that covers daily, intraseasonal, seasonal, interannual,
and longer variabilities (Dole 2008; Brunet et al. 2010;
Shapiro et al. 2010; Chang et al. 2011). Improved MJO
forecasting benefits prediction of tropical cyclones

hen discussing possible effects of the MJO on a par-

ticular type of weather or climate events, we must be
mindful that all MJO episodes do not cause those events
and all those events are not related to the MJO. The issue
is whether and how the MJO may modulate the chances of
occurrence, strengths, or spatial patterns/distributions of
those events, as illustrated by examples given in this article.

MJO influences on weather events are commonly
described as how those events vary with its phases. MJO
phases can be defined in terms of the timing and locations of
its center of convection (maximum rainfall anomalies) and
associated wind fields. Most commonly used MJO phases
are based on the real-time multivariate MJO (RMM) index
of Wheeler and Hendon (2004). The RMM index is derived
from a combined EOF analysis of daily anomalies in upper-
and lower-level zonal wind and outgoing longwave radiation
(OLR). MJO phases are defined by the principle components
of the first two leading EOFs, normalized by their standard
deviation (Fig. SBI). Each day, represented by a dot on the
phase diagram, belongs to a particular phase. The distance of
the dot from the center measures the amplitude of the MJO
on that day. Composites of rainfall or any other field for each
phase illustrate the canonical behavior of the MJO. In the
boreal winter composite (Fig. SB2), the convection center of
the MJO, represented by the maximum of positive anoma-
lies in rainfall, starts over the Indian Ocean in phases |-3,
passes through the Maritime Continent in phases 4 and 5 and
into the western Pacific in phases 6 and 7, and may continue
their circumnavigating journey into the western hemisphere
in phases 8 and | and thus complete its full cycle. During
boreal summer, the zonal movement of the MJO convection
center is accompanied by an additional northward movement
associated with the Asian summer monsoon (Lawrence and
Webster 2002). When the amplitude is less than | (within
the circle on the phase diagram), the MJO is considered very
weak or not existing (no MJO) and can be assigned as phase 0.
MJO influences on climate may also depend on its phases.

Some climate events are more likely to start, amplify, or
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(Vitart 2009; Vitart et al. 2010), extratropical weather
regimes (Marshall etal. 2010; Vitart and Molteni 2010),
and ENSO (Shi et al. 2009); serves users from many
sectors of the society (Gottschalck et al. 2010); and
helps close the gap between traditional weather and
short-term climate prediction (Waliser et al. 2006).

This article provides a brief summary of MJO
effects on certain types of weather and climate
events. The author hopes to convince its readers that
weather and climate must be treated as a continuum
by including the MJO and intraseasonal variability
in general and reinforce the notion that the societal
need for weather and climate prediction must be met
with improved understanding and forecast of the
MJO (Waliser et al. 2003a).

change sign in certain MJO phases than others. Some other
climate phenomena are related to activities of a group of
MJO events over a period (e.g., a season), instead of phases
of individual MJO events. There can be a time lag between
the group MJO activities and the climate phenomena they
affect.
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Fic. SBI (aBovE). Phase diagram of the RMM index. Each
point represents a day. Eight phases and corresponding
approximate locations of enhanced convective signals of
the MJO are labeled. Points within the circle represent
weak or no MJO (from Wheeler and Hendon 2004).

Fic. SB2 (RiIGHT). Composites of intraseasonal (30-
90 days) anomalies in TRMM precipitation (mm day™')
during November-April of 1998-2012 based on the
RMM index.



PRECIPITATION. The sidebar “Detecting MJO  summer. The onset of the South Asian monsoon is

influences on weather and climate” (Fig. SB2) il- more likely to occur when MJO convection just starts

lustrates rainfall variability in the tropics associated — over the Indian Ocean or in MJO phases 2 and 3 than

with the MJO during boreal winter (November—April).  in other phases. There are typically three or four ma-

MJO influences on precipitation are not limited to the  jor northward-propagating MJO events during a mon-

tropics and this season. A global map of precipitation  soon season, each inducing a local intraseasonal spike

anomalies associated with MJO in austral winter is  in rainfall. About 50%-80% of the total intraseasonal

given in Fig. 1. Anomalies in precipitation change variance in the Asian summer monsoon rainfall is

signs between MJO phases in many places of theworld.  related to the MJO. On top of that, rainfall from syn-

All monsoon systems undergo intraseasonal fluc-  optic monsoon lows and depressions enhanced by the

tuations (Lau and Waliser 2012). The MJO is a promi- MJO increases the chance of floods. Goswami (2012)

nent source of the monsoon intraseasonal fluctua- and Hsu (2012) provided detailed descriptions of the
tions. It affects the Asian summer monsoon mainly role of the MJO in the Asian summer monsoon.

through, in addition to its eastward propagation, its The MJO affects the Australian monsoon as its

northward propagation, which is unique in boreal convection center propagates eastward, passing over

the northern part of Australia

(Wheeler et al. 2009). MJO

accounts for more than 80% of

Ehed onset dates of the Australian

1iBdays monsoon. Heavy rain (weekly

rainfall in the top quintile of the

December-February season)

' prasa varies from 130 mm near the

18T e coast to 10 mm in central

Australia. The probability of

heavy rain at a given location

1 Phase 3 depends on the longitudes of

231 dave the MJO convection center. A

detailed review on the role of

the MJO in the Australia mon-

Phase 4 soon is given by Wheeler and

186 days McBride (2012).

Large-scale perturbations

that are excited by MJO con-

1 Phases vection and propagate into the

g Americas can induce intra-

seasonal fluctuations in rainfall

of the American monsoons.

Phase 6 In austral summer, rainfall

e over southern Brazil is heavi-

er than normal (by up to 15-

20 mm day’; 50%-75% of the

Phase 7 mean) when MJO convection

s & moves into the central Pacific,

especially east of the date line,

or when it starts over the Indian

] Phase8 Ocean, but it is lighter than nor-

150 oy mal when the MJO convection

center is near or immediately

east of the Maritime Continent.

In boreal summer, MJO convec-

—4.0-3.5-3.0-2.5-2.0-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 tive activities along the ITCZ
over the northeastern tropical
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Pacific make it easier for the MJO to influence the
North American monsoon. Its rainfall can differ as
much as 25%-100% at individual stations between
opposite phases of the MJO during July-September.
The largest changes are along the Pacific coast, over
southern Mexico and Central America, and on the
Gulf coast of Mexico. Mo et al. (2012) provided a
detailed summary of the role of the MJO in the pan-
American monsoons.

Over West Africa, intraseasonal variability
accounts about 30% of the total monsoon rainfall.
One-third of the intraseasonal variability is related
to the MJO or the African MJO mode (Janicot et al.
2011). At certain locations rainfall fluctuates by a
factor of 2 between MJO phases. Near Lake Chad,
about 50% of the amplitude of intraseasonal con-
vective anomalies is related to the MJO (Alaka and
Maloney 2012). From there, rainfall anomalies move
westward to the rest of West Africa, presumably
related to the Rossby waves generated by MJO convec-
tion over the Indian Ocean (Matthews 2004). As these
convective systems move westward, some of them
become part of African easterly waves. These African
easterly waves are enhanced when the MJO convec-
tion center is over the Indian Ocean and suppressed
when it is over the Maritime Continent and western
Pacific (Ventrice et al. 2011). Janicot et al. (2011) and

Barlow (2012) described in detail the MJO influences
on the West African monsoon.

MJO also influences precipitation outside the
monsoon regions and monsoon rainy seasons.
Examples can be found in the Middle East and South-
west Asia (Barlow et al. 2005; Barlow 2012), Southeast
and East Asia (Jeong et al. 2008; Zhang et al.2009;
He et al. 2011; Jia et at. 2011), equatorial Africa (Pohl
and Camberlin 2006a, b; Laing et al. 2011), Brazil
(Carvalho et al. 2004; Souza and Ambrizzi 2006),
Chile (Barrett et al. 2012), and North America (Bond
and Vecchi 2003; Becker et al. 2011).

MJO influences on precipitation extend to extreme
rainfall, defined as precipitation breaking the records
or within a given top percentile. On a global scale,
extreme rainfall events during active MJO periods
(phases 1-8) are about 40% higher than in its quies-
cent periods (phase 0) (Jones et al. 2004). The MJO
might have been one of the factors for the heavy snow-
falls in the Tokyo metropolitan area on 3 February
2008 (Yamakawa and Suppiah 2009). The record-
breaking snow events in the eastern United States in
December 2009 and February 2010 was attributed
to the MJO with its unusual active convection over
the central Pacific during an El Nifio year on top of
the negative phase of the North Atlantic Oscillation
(Moon et al. 2012). Over the highland region of east

Fic. I. Rainfall anomalies measured by surface rain gauges during MJO phases (a) 2, (b) 4, (c) 6, and (d) 8 for
austral winter. Anomalies are expressed as maximum vertical distance between the unconditional cumula-
tive distribution function (CDF) and the corresponding conditional CDF for a particular MJO phase (vertical
differences are measured at the point of maximum divergence in dimensionless units of “percent change in
probability’’). Positive (negative) distances indicate evidence of enhanced (suppressed) rainfall during the
respective phase (from Donald et al. 2006).
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equatorial Africa, 62% of extreme rainfall events in
March-May occur when MJO convection over the
Indian Ocean is active, while 72% of extreme rainfall
near the coastal region occurs when MJO convection
is suppressed over the Indian Ocean and Maritime
Continent. There, negative anomalies during weak
M]JO years often follow the peaks of ENSO warm
events (Pohl and Camberlin 2006b). In the sub-
tropical, semiarid north-central coastal area of Chile
(30°S), about 80% of the strong precipitation events
(normally 3-5 per year) during the fall and winter of
rainy years are related to enhanced MJO convection
in the central equatorial Pacific (Julia et al. 2012).

Extreme rainfall (exceeding 90th percentile of
frequency distribution in intensity and spatial cov-
erage) in boreal winter occurs twice more frequently
over the contiguous United States when the MJO is
active (phases 1-8) than inactive (phase 0) and most
frequently when the MJO convection center is over
the Indian Ocean (Jones and Carvalho 2012). Such
MJO influences are stronger during ENSO warm
than cold events. Forecast skill for the winter extreme
precipitation is higher when MJO convection over the
Indian-western Pacific Oceans are suppressed (Jones
et al. 2011a,b).

The MJO affects precipitation in remote areas by
modifying the strength of meridional overturning
circulations (Zhang et al. 2009; He et al. 2011) and
moisture transport (Jeong et al. 2008; Jia et al. 2011),
exciting Rossby wave trains that emanate from the
tropics into the extratropics (Grimm and Silva Dias
1995), and forcing zonally propagating equatorial
Rossby and Kelvin waves (Matthews 2004; Janicot
et al. 2009). A phenomenon known as the “atmo-
spheric river” acts as a conveyer belt to transport
moisture from the tropical central Pacific to the
West Coast of the United States, where it may cause
torrential rain and floods (Dettinger 2011). MJO may
enhance rainfall along the West Coast of the United
States through strengthening the atmospheric river
(Ralph et al. 2011). As a result, total snow accumu-
lation in the Sierra Nevada significantly increases
(reduces) when MJO convection is active over the
eastern Indian Ocean (Western Hemisphere); the
corresponding magnitude of daily anomalies is
about half the daily mean in the cold season (Guan
et al. 2012).

TORNADOES. Violent tornado outbreak days,
with six or more tornadoes on the (Enhanced) Fujita
[(E)F] scale of at least (E)F2 magnitude reported
within a 24-h period, tend to occur in spring over
the contiguous United States. Thompson and Roundy
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(2013) documented that violent tornado outbreak
days during March, April, and May are more than
twice as frequent during MJO phase 2 as during other
phases, including phase 0. Atmospheric conditions
favorable for tornado formation can be provided by
combined intraseasonal and seasonal anomalous pat-
terns in upper-tropospheric troughs and upper- and
lower-tropospheric winds.

TROPICAL CYCLONES. Favorable large-scale
conditions for genesis, intensification, and longevity
of tropical cyclones (TCs) can be altered by the MJO.
Figure 2 shows TC tracks in different MJO phases and
composites of precipitation anomalies of the MJO.
The density of the tracks indicates total TC days or
the TC occurrence frequency when normalized by the
total days of each MJO phase. This figure summarizes
the known MJO modulation of TCs that has been
documented by many studies—some of which are
mentioned below. It shows an obvious eastward shift
of the most dense TC tracks along with the positive
precipitation anomalies of the MJO from the Indian
Ocean to the eastern Pacific.

Over the southern Indian Ocean, TCs are more
frequent in MJO phases 2 and 3 than in phases 8
and 1. The number of TCs there tend to increase
by twofold (Liebmann et al. 1994) or more precisely
by a factor of 2.6 (Bessafi and Wheeler 2006), from
periods of negative convective anomalies (or low-
level easterly anomalies) of the MJO over the Indian
Ocean to positive convective anomalies (or westerly
anomalies). Between phases 2 and 3 and phases 4
and 5, heavy TC genesis locations shift eastward with
the MJO convection center across the Indian Ocean
(Ho et al. 2006). TCs occur most frequently in MJO
phases 4 and 5 and least frequently in phases 8 and
1 over the northern Indian Ocean and also near the
northwestern coast of Australia, with a difference of
4 to 1 (Hall et al. 2001).

Over the tropical southwestern Pacific, TCs appear
most frequently in MJO phases 6 and 7 and least
frequently in phases 4 and 5. Over the northwestern
Pacific, TCs are most frequent in phases 6 and 7 and
least frequent in phases 2 and 3. The MJO modulation
of TCs over the Indian and western Pacific Oceans
sometimes leads to twin tropical cyclones straddling
at the equator (Keen 1982; Ferreira et al. 1996).

Over the tropical eastern Pacific, there are more
TCs (hurricanes) in MJO phases 8 to 3 than in phases
4 and 5. TCs vary coherently with the low-level zonal
wind anomalies of the MJO and there are over four
times more hurricane-strength storms during
westerly phases of the MJO than its easterly phases

DECEMBER 2013 BAMS- | 1853
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Fig. 2. TC tracks (1975-2011) and precipitation anomalies (1998-2011) in MJO phases 2 and 3,4and 5, 6 and 7,
and 8 and | when the amplitude of the RMM index is greater than one. The total number of days of TCs in each
phase group is listed. The TC tracks are from the International Best Track Archive for Climate Stewardship

(Maloney and Hartmann 2000a). Global models
with sufficiently high grid spacing well capture this
MJO-TC connection (Jiang et al. 2012).

The MJO can also considerably influence hur-
ricanes in the Gulf of Mexico, Caribbean Sea, and
tropical Atlantic (Mo 2000). More hurricanes tend
to occur in MJO phases 2 and 3 than in phases 6
and 7. Differences in major hurricane numbers and
hurricane days in the main development region
(7.5°-22.5°N, 20°-75°W) are a factor of 3 (Klotzbach
2010). Hurricane genesis in these regions is four
times more likely to occur in local low-level westerly
wind phases of the MJO than in its easterly phases,
and strong hurricanes (categories 3-5) have an even
greater preference (fivefold) to occur during local

westerly phases of the MJO (Maloney and Hartmann
2000b). Numerical prediction skill of Atlantic hur-
ricanes sensitively depends on MJO phases and
strength at model initiation time (Belanger et al.
2010).

Globally, more TCs tend to occur near the eastern
edge and to the poleward side of the local low-level
westerly wind anomalies of the MJO and within the
eastern and equatorward portion of its cyclonic vortex
gyres (Frank and Roundy 2006). Possible mechanisms
for the MJO influences on TCs include reduced vertical
wind shear, enhanced low-level convergence, cyclonic
relative vorticity, deep convection, midlevel moisture,
small eddies, and synoptic disturbances serving as
embryos for TCs (Liebmann et al. 1994; Mo 2000;
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dicting TCs up to 20 days
has been attributed to their
skill in predicting the MJO (Vitart et al. 2010).

FLOOD. Observational studies have suggested that
the MJO might have had influences on certain major
flood events. Examples include a series of severe
floods during the summer of 1998 in eastern China
(Zhu et al. 2003), the Afghanistan flood of April 2002
(Barlow et al. 2005), the extreme 2006-07 flood in
the southern peninsula of Malaysia (Tangang et al.
2008), and the largest floods on record at Jakarta in
2002, 2007, and 2008 (Aldrian 2008). While relating
individual flood events to individual MJO events
must face large uncertainties, MJO influences on
flood occurrence probability can be quantified with
statistical significance. An analysis of a global flood
data (see http://floodobservatory.colorado.edu
/Archives/index.html) suggested possible effects of
the MJO on global “large flood events,” which are
defined as extreme flood events with damages that
have been reported with intervals of a decade or
longer. The locations of such large flood events are
shown in Fig. 3. Several flood regions are defined,
somewhat arbitrarily, based on known flood vulner-
ability (e.g., the Philippines) or geographic location
(e.g., Australia). In a given region, flood probability is
measured as the total number of flood days and flood
events,? normalized by the total number of days in a
given MJO phase or calendar month.

Over the West Coast of North America (blue
box in Fig. 3), for example, there is a strong seasonal
cycle in large floods, with many more flood days in

2 One flood event consists of all consecutive flood days.
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December and January than in June and July (Fig. 4a).
Most December and January floods occur when there
are MJO events. While early winter (November-
December) floods in the northwest United States
tend to occur when MJO convection is active over the
Indian Ocean (Bond and Vecchi 2003), large flood
events are most likely to startin MJO phase 6 when its
convection center is located over the western Pacific
and least likely in phase 1 (Fig. 4b) when positive pre-
cipitation anomalies of the MJO are generally in the
Western Hemisphere (Fig. SB2). Differences between
these two phases and between them and phase 0 (no
MJO) are significant at the 95% confidence level.

Another example is the Philippines (green box
in Fig. 3), which is located on the pathway of MJO
propagation. There, the seasonality of large flood is
marked by a dip in April (Fig. 5a). Both total flood
days (Fig. 5b) and flood events (Fig. 5¢) are substan-
tially higher in phases 6 and 7 than in phases 2 and
3, and both are significantly different from those in
phase 0 (no MJO). The MJO modifies the occurrence
probability of large flood days and/or events also in
many other regions (red boxes in Fig. 3).

FIRE. Possible MJO effects on fire (biomass burning
due both to wildfire and manmade fire in agriculture
practice) come obviously from its modulation on
rainfall that may help prevent, delay, or terminate
fire. An example is the influence of the MJO on fire
over the Maritime Continent, where biomass burning
is part of the land management practice (Reid et al.
2012). During the dry and burning season (June-
November), fire maximum (minimum) occurs during

180

FiG. 3. Locations of large floods during 1985-2010 based on the Dartmouth
Flood Observatory Global Archive of Large Flood Events at University of
Colorado (http://floodobservatory.colorado.edu/Archives/index.html). Red
boxes mark regions where probability of total flood days and/or events are
significantly affected by the MJO. Blue and green boxes are examples shown
in Figs. 4 and 5, respectively.
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Flood Day Probability (%)

local dry (rainy) phases (5-8 versus 1-4) of the MJO,
as expected. The ratio of fire accounts between these
phases can be as high as 10 (Fig. 6). The strongest
MJO effects tend to occur in regions where convec-
tive rainfall is enhanced by orography (e.g., Sumatra,
western Borneo). Similar results were obtained during
the wet season (December-May) with two exceptions.
Fire activity is more delayed after the rainy phases
of the MJO because it takes longer for the burning
materials to dry. Stronger MJO rainfall leads to much
lower fire minimum than during dry seasons, effec-
tively doubling the relative differences between fire
maximum and minimum.

Globally, the MJO affects fire in many regions.
A similar analysis method as for flood revealed that

(a') | | | | I | | | | | |
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carbon fire emission (Mu et al. 2011) in certain parts
of the world fluctuates substantially with MJO phases
(Fig. 7). For example, over northwestern Canada and
Alaska, fire is most likely to occur in MJO phase 1
and is least likely in phase 4. In northeastern China
and adjacent Siberia, fire chances are also the low-
est in MJO phase 4 but the highest in phase 7. MJO
effects on fire in these high-latitude regions must
be explained in terms of tropical-extratropical
teleconnections.

LIGHTNING AND GLOBAL ELECTROMAG-
NETIC FIELD. Over the eastern tropical Indian
Ocean, the maximum flash rate occurs slightly after
OLR anomalies of the MJO reach maximum, and

(b) 1 ] | | ] ] 1
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Flood Event Probability (%)
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Fic. 4. MJO influences of large floods of the West Coast of North America (blue box in Fig. 3). (a) Monthly prob-
ability of total flood days during MJO episodes (black bars) and when there is no MJO (gray). (b) Probability of
flood events in each MJO phase (total number of flood events starting in each phase divided by the total number
of days in that phase). Vertical error bars denote ranges of the 95% confidence level.
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FiG. 5. MJO influences of large floods of the Philippines (green box in Fig. 3). (a) Monthly probability of total
flood days during MJO episodes (black bars) and when there is no MJO (gray). (b) Probability of total flood
days in each MJO phase (total number of flood days in each phase divided by the total number of days in that
phase). (c) Probability of flood events as functions of MJO phases. Vertical error bars denote ranges of the 95%
confidence level.
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the minimum flash rate (about 18% lower than the
maximum) slightly after OLR anomalies are minimum
(Morita et al. 2006). For the same amount of rain,
the flash rate increases when MJO convection is sup-
pressed and rain systems tend to show more continen-
tal characteristics with isolated, very deep (>10 km)
convective cells but decreases when MJO convection
becomes active and rain systems tend to show more
oceanic characteristics with wide-spread convection
and moderate depth (~7 km). Over large islands of
the Maritime Continent (e.g., Sumatra, Kalimantan),
lightning frequency tends to reach its maximum (up
to 50% of the climatological means) immediately prior
to a local convectively active phase of the MJO and
reach its minimum during and immediately after an
inactive phase (Kodama et al. 2006; Virts et al. 2011).
Such fluctuations in lightning activity through the
convective life cycle of the MJO are consistent to the
substantial amount of “vertically intense” convection
observed in the suppressed period of the MJO and a
lack of it in the active period over the

United States and the development of midtropospheric
instability (Abatzoglou and Brown 2009).

The Schumann resonances (SRs) are electromag-
netic waves of zonal wavenumber one trapped in the
natural cavity between Earth and the ionosphere.
The SRs affect human health, such as cancer, blood
pressure, heart attack, brain waves, and the nervous
system (Cherry 2002; Mitsutakea et al. 2005). SR
anomalies may help early detection of earthquakes
(Ohta et al. 2006). Its intensity is largely modulated
by fluctuations in the number and intensities of
lightning flashes worldwide. There are intraseasonal
(20-30 days) fluctuations in SR data (Fullekrug and
Fraser-Smith 1996) because of the global connection
between the MJO and lightning. As anomalous SR
intensity undergoes its intraseasonal cycle, there is
a systematic eastward shift of anomalous convective
activity from tropical South America to the western
Pacific (Anyamba et al. 2000), consistent with the
eastward propagation pattern of the MJO. Maximum

ocean (Demott and Rutledge 1998a,b)
and land (Shibagaki et al. 2006).
Cloud-to-ground lightning
strikes can be an ignition mecha-
nism for wildfire under relatively dry
conditions, such as summer across
vast sections of the western United
States (Pyne et al. 1996). There is a

strong connection between the MJO
and summertime lightning activ- 01 02
ity across the United States (Fig. 8).
Lightning activity tends to emanate
northward from the desert

=
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Fic. 6. Ratio of fire detections for MJO phases 5-8 over 1-4 in June-
November (from Reid et al. 2012).
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Fic. 7. Total fire carbon emission (g C m? day') based on data of Mu et al.
(2011). Red boxes indicate regions where fire emission fluctuates substantially
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SR intensity occurs when maximum convection is
over Africa. Minimum SR intensity occurs when
convection is maximum over the western Pacific and
minimum over Africa.

SURFACE TEMPERATURE. In East Asia,
two-thirds of extreme cold surges with temperature
reductions greater than two standard deviations
occur when MJO convection is over the Indian
Ocean (Jeong et al. 2005). Combined effects of the
MJO and other factors (e.g., the Arctic Oscillation)
might have led to an extreme cold surge with record-
breaking snowfall in Korea (Park et al. 2010). In
general, the MJO tends to prevent weak cold surges
from penetrating southward into the subtropics and
tropics (Chang et al. 2005). During a cold year of
ENSO, however, an MJO event with its convection
center stalled over Sumatra might have resulted in an
extreme cold event that broke a 50-yr record of mini-
mum daily temperature and duration of large negative
temperature anomalies (>1 standard deviation) over
Southeast Asia in February 2008 (Hong and Li 2009).

When the MJO convection center is over the
Indian Ocean, anomalies in surface air tempera-
ture 2°-5°C above normal tend to occur in central/
northern Alaska and central/eastern Canada. As the
MJO convection moves eastward, warm anomalies
shift northward in Canada and are replaced by cold
anomalies over Alaska. It is suggested that such tem-
perature fluctuations are related to warm advection
associated with the Rossby wave train emanated from
enhanced convection of the MJO (Vecchi and Bond
2004; Lin and Brunet 2009). The MJO, through its
influences on the Artic Oscillation (see discussion
below), can induce surface temperature fluctuations
of more than 1°C over a large portion of the northern
hemispheric high latitudes (UHeureux and Higgins

2008). MJO influences on wintertime (December-
February) surface air temperature over the United
States are illustrated in Fig. 9. In the northeastern
and the Great Lake areas, surface air temperature
may fluctuate over 5°C between MJO phases 1
and 5. Over northern Argentina, minimum winter
(June-September) surface air temperature fluctuates
by 6°C between MJO phases 3 and 6 (Naumann and
Vargas 2010).

MJO influences on wintertime surface air tem-
peratures extend to the Arctic, with warming
(cooling) in MJO phase 5 (1) because of enhanced
(reduced) poleward-propagating Rossby waves and
eddy heat flux (Yoo et al. 2012). It is interesting that
surface warming induced by the MJO attains a spatial
pattern (stronger over land than over water) similar
to the high-latitude decadal warming. This warming
pattern manifests the Arctic amplification of global
climate change in the past century (Yoo et al. 2011).

EXTRATROPICAL CLIMATE MODES. It
has been known that extended weather forecast
for the extratropics critically depends on tropical
intraseasonal variability (Ferranti et al. 1990). Recent
studies have identified connections between the MJO
and several extratropical climate modes. The North
Atlantic Oscillation (NAO) is the most dominant
and recurrent pattern of atmospheric variability in
the winter season of the Northern Hemisphere. Its
sea level pressure pattern and associated surface
temperature, precipitation, wind, and winter storms
fluctuate on time scales ranging from days to decades,
affecting the economy and ecosystems over a broad
region at the northern middle and high latitudes
(Hurrell et al. 2003). Lin et al. (2009) found a sig-
nificant amplification of a positive (negative) phase
of the NAO (25%-41% of its mean) about 5-15 days

-2

Fic. 8. Summer (June-September) lightning frequency rank-order anomalies (z scores) stratified by RMM phases
(denoted in lower-right corner). Red (blue) shading denotes areas of enhanced (suppressed) lighting activity
for each RMM phase exceeding the 95% confidence interval (from Abatzoglou and Brown 2009).
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after depressed (enhanced) convection of the MJO
reaches the central Pacific. They suggested that MJO
influences on the NAO take place through northward
momentum transport by Rossby wave dispersion
from the tropical Pacific to the extratropical North
Atlantic. A statistical model based on the connection
between the MJO and NAO predicts the daily sign of
the wintertime NAO with a success rate of about 70%
at a lead time of 9-13 days (Cassou 2008).

The MJO also influences the Arctic Oscillation
(AO), which is also known as the northern annular
mode (Thompson and Wallace 2000). Anomalous
zonal-mean westerlies at about 55°N and anomalous
zonal-mean easterlies at about 35°N (contraction of
the midlatitude jet) define the positive polarity of
the AO, while the opposite signs (expansion of the
midlatitude jet) define the negative polarity. More
frequent midlatitude cold-air outbreaks tend to
occur during the negative polarity of the AO than its
positive polarity (Higgins et al. 2000; Thompson and
Wallace 2001). Zhou and Miller (2005) found that,
when MJO convection is enhanced (suppressed) over
the Indian Ocean, the positive (negative) polarity of

T composites (DJF)

the wintertime AO is twice as likely to occur as the
opposite polarity. UHeureux and Higgins (2008)
showed that the number of days with the positive AO
polarity is large when MJO convection center is in the
Eastern Hemisphere, especially over the Maritime
Continent; in contrast, the number of days with the
negative AO polarity is large when MJO convection in
the Eastern Hemisphere is suppressed (phases 7 and
8). In November—-March, 18%-21% of the AO variance
in 1000-hPa geopotential height is related to the MJO.
Both studies demonstrated that the Rossby wave train
excited by MJO convection and propagating from the
tropical Pacific into the extratropics is instrumental
to the corresponding variability of the AO.

The Pacific and North American (PNA) telecon-
nection pattern is a prominent climate variability in
boreal winter (Wallace and Gutzler 1981). In its posi-
tive phase, positive anomalies in 700-300-hPa heights
are over Hawaii and western North America, negative
anomalies are over south of the Aleutian Islands
and the eastern United States, positive (negative)
anomalies in temperatures are over western North
America (across the south-central and southeastern

Significance (%) (DJF)
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Fic. 9. December-February composites of surface air temperature anomalies (°C) for each MJO phase (from
Zhou et al. 2012).
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United States), and positive (negative) precipitation
anomalies are over the Gulf of Alaska extending
into the U.S. Pacific Northwest (over the upper U.S.
Midwest). Interannually, the positive (negative) phase
of the PNA tends to occur during a warm or El Nifio
(cold, or La Nifia) event. Intraseasonally, the positive
(negative) phase of the PNA pattern is most likely to
occur during MJO phases 7-1 (3-5) when MJO con-
vection is inactive (active) over the region from the
Bay of Bengal to the western Pacific. This MJO-PNA
connection explains about 30% of the emergence of
the PNA pattern (Mori and Watanabe 2008; Lin et al.
2009; Johnson and Feldstein 2010). Propagation of
Rossby wave trains from anomalous convection of
the MJO has been identified as the main mechanisms
for this MJO-PNA connection.

By the similar mechanism of Rossby wave trains,
the MJO also affects the southern annular mode
(SAM) or Antarctic Oscillation (AAO). In austral
winter, negative (positive) phases of the AAO tend to
occur when MJO convection is enhanced (suppressed)
over the central Pacific (Carvalho et al. 2005).
Meanwhile, the SAM reaches its maximum positive
polarity seven days after MJO convection peaks over
the equatorial Indian Ocean. MJO enhances surface
westerly wind associated with the SAM over almost
the entire latitude circle at 60°S and accelerates the
Antarctic circumpolar transport (Matthews and
Meredith 2004).

ENSO. The possible role of the MJO in ENSO has
been reviewed by Zhang (2005) and Lau (2012). Here,
a brief synthesis and updates are given.

Observational evidence of MJO influences on
ENSO comes from both case studies and statistics.
Recent major ENSO warning events (El Nifio)
were preceded by extraordinarily strong episodes
of the MJO (McPhaden 1999, 2004, 2008). ENSO
warming in the eastern Pacific tends to be preceded
by enhanced MJO activities (Zhang and Gottschalck
2002) and their associated westerly wind events (Seiki
and Takayabu 2007a) by 6-12 months. This suggests
that MJO activities in boreal spring are crucial to
ENSO warm events (Hendon et al. 2007).

It has been repeatedly demonstrated that pre-
scribed wind perturbations of the MJO derived from
observations can help coupled models reproduce
better ENSO cases (Lengaigne et al. 2004) and statis-
tics (Zavala-Garay et al. 2008; Kapur et al. 2011). The
importance of feedback from ENSO SST to stochastic
forcing (“multiplicative noise”) has recently been rec-
ognized (Jin et al. 2007). Many ENSO properties, such
as its strength, period, asymmetry, and prediction
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depend on SST feedback to high-frequency surface
wind (Eisenman et al. 2005; Perez et al. 2005; Gebbie
and Tziperman 2009). The MJO is not an exception
(Seiki and Takayabu 2007b). Simulated ENSO is sensi-
tive to how its SST anomalies feed back to the zonal
extent of the eastward MJO propagation into the
central and eastern Pacific (Kapur and Zhang 2012).

Skills of global coupled climate models to simulate
ENSO appear to be related to their capability of pro-
ducing MJO westerly wind events over the western
Pacific (Shi et al. 2009; Seiki et al. 2011). Improved
model representations of physics that lead to better
M]JO simulations may also yield better ENSO statis-
tics (Wu et al. 2007; Neale et al. 2008; Stan et al. 2010).

INDIAN OCEAN DIPOLE. The Indian Ocean
dipole (IOD; Saji et al. 1999), with an ENSO-like
zonal gradient in SST, is the dominant interannual
variability in the tropical Indian Ocean. In the posi-
tive phase of IOD, negative SST anomalies occur in
the eastern Indian Ocean offshore Sumatra, which
reach the maximum during boreal fall. Correspond-
ing anomalies in the atmospheric circulation have
a broad impact in the region (Webster et al. 1999).

The MJO has been suggested to be one of the
mechanisms for IOD. A diagnosis of IOD in 2003,
2006, and 2007 (Rao et al. 2008) indicated that the
MJO might have helped initiation of IOD if its convec-
tively suppressed phase occurs over the Indian Ocean
in May-June. Easterlies associated with convectively
suppressed phases of the MJO can causes shoaling of
the thermocline in the eastern Indian Ocean through
anomalous upwelling oceanic Kelvin waves. On the
other hand, downwelling oceanic Kelvin waves that
deepen the thermocline may act to help terminate
IOD if they are generated by anomalous surface
westerly wind associated with convectively active
phases of the MJO after IOD is initiated, similar to
the process by which MJO affects the onset of ENSO
warm events. By the same token, an IOD mature
phase can sustain itself only in the absence of strong
M]JO events (Rao and Yamagata 2004). Modeling
studies appear to yield similar results (Rao et al. 2007;
Waliser et al. 2003b).

WYRTKI JETS. Narrow (2°N-2°S), strong
(0.5-2 m s7!) ocean surface (0-100 m) eastward
currents along the equator across the Indian Ocean
during the transition periods between the two mon-
soon seasons (April-May and October-November)
are known as the Wyrtki jets (Wyrtki 1973). The only
eastward equatorial surface currents in the world
oceans, the Wyrtki jets cast substantial effects on the



region. They transport salinity, heat, and mass east-
ward; deepen the mixed layer and thermocline depth,
raise the sea level, and increase surface temperature
in the eastern equatorial Indian Ocean; induce
eastern boundary waves that move toward higher
latitudes; and are closely related to the equatorial
undercurrent, subsurface current, entrainment, and
the IOD (Hastenrath et al. 1993; Schott and McCreary
2001; Han et al. 2004; Nagura and McPhaden 2010).
In addition to their semiannual variability related to
the seasonal transition of the monsoon wind (Knox
1976), the Wyrtki jets also fluctuate on intraseasonal
time scales (McPhaden 1982). Surface westerly wind
associated with the MJO generates intraseasonal
fluctuations of the Wyrtki jets during spring and fall
and also causes intraseasonal enhancement of the
equatorial eastward surface current during summer
and winter (Senan et al. 2003; Masumoto et al. 2005;
Sengupta et al. 2007), which will be referred to also
as the Wyrtki jets. Intraseasonal variability of the
Wryrtki jets exhibits two spectral peaks at 30-60 and
90 days. The 30-60-day peak results directly from
MJO forcing. The 90-day peak comes from resonant
excitation of the second-baroclinic waves by the MJO
wind at its low-frequency spectral end (Han 2005)
and from interference between directly forced and
reflected ocean waves (Nagura and McPhaden 2012).
MJO forcing to the Wyrtki jets can also rectify into
the seasonal to interannual time scales (Han et al.
2004). The intraseasonal peak of the Wyrtki jets is
often greater than its seasonal amplitudes.

INDONESIAN THROUGHFLOW. The
Indonesian Throughflow (ITF) is the main artery
transporting heat and mass from the Pacific to Indian
Oceans (Wyrtki 1987). It undergoes intraseasonal, as
well as annual and interannual, fluctuations. In many
parts of the Indonesian Seas, intraseasonal spectral
peaks at 50-60 days were found in upper-ocean
(0-500 m) currents (Molcard et al. 1996), as well as
in sea surface temperature (Ffield and Gordon 1996),
sea level (Arief and Murray 1996), surface dynamic
height (Bray et al. 1997), and subsurface temperature
and salinity (Kashino et a. 1999). These observed
intraseasonal signals were suggested to be related to
the MJO. A detailed modeling study (Qiu et al. 1999)
identified two areas where intraseasonal fluctuations
in the ITF might be attributed to the MJO: intrasea-
sonal signals in the ITF near the Sumatra-Java coasts
of the eastern Indian Ocean are related to those in the
zonal wind over the central equatorial Indian Ocean,
possibly through eastward propagation of MJO-
forced oceanic Kelvin waves (Zhou and Murtugudde
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2010), and intraseasonal signals in the Timor Straits
are forced by intraseasonal fluctuations in local wind.
In a GCM simulation, intraseasonal fluctuation in
the ITF forced by the MJO is of the same strength as
its annual and interannual variability (Waliser et al.
2003b). Because of the important function of the ITF
in the heat balance and thermocline circulation of
not only the Indian Ocean but also the global oceans
(Godfrey 1996), MJO’s influence on the ITF is another
example of its role in global climate.

OTHER EFFECTS. The MJO also cast significant
influences on many other phenomena in the Earth
system. They can only be briefly mentioned in this
article because of its length limitation. Some of them
have been reviewed in detail elsewhere as cited below.

The MJO, by affecting air-sea fluxes, modulates
upper-ocean temperature and salinity, the depths
of the mixed layer and thermocline, and generated
equatorial ocean waves (see reviews by Zhang 2005;
Kessler 2012; Hendon 2012; Duvel 2012).

Through its component of surface zonal winds, the
MJO modulates the momentum exchange between
the atmosphere and the solid Earth. In consequence,
the Earth angular momentum fluctuates in concert
with MJO activities and so does the length of the
day. A review on this subject was given by Chao and
Salstein (2012).

M]JO deep convection casts substantial influences
on the variability in upper-tropospheric and lower-
stratospheric water vapor (Mote et al. 2000; Sassi et al.
2002; Zhan et al. 2006) and cloud ice water content
(Schwartz et al. 2008) as part of its effect on the
atmospheric water cycle (Waliser et al. 2009).

The MJO can induce intraseasonal fluctuations in
atmospheric CO (Wong and Dessler 2007), CO, (Li
etal. 2010), O, (K.-F. Li et al. 2012), and upper-ocean
chlorophyll (Jin et al. 2013) and nutrients (Resplandy
etal. 2009). A review on this subject was given by Tian
and Waliser (2012).

The MJO modulates tropospheric aerosol (see a
review by Tian and Waliser 2012). Over the equatorial
Indian Ocean, surface aerosol undergo a regime
transition from dominance by submicrometer
sulfate aerosol of continental origin before a local
MJO convectively active period to dominance by sea
spray afterward when surface wind becomes strong
(DeWitt et al. 2013).

In many areas of the Indian and Pacific Oceans,
sea level fluctuates intraseasonally with amplitudes
more than 10 cm, mainly because of MJO-generated
equatorial Kelvin and Rossby waves and coastal waves
(Oliver and Thompson 2010).
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In addition to the Wyrtki jets, the MJO also
induces intraseasonal fluctuations in other ocean
currents, such as the Somali current (Mysak and
Mertz 1984) and the Indian Ocean south equatorial
current (Zhou et al. 2008).

When MJO convection moves from the Indian
Ocean to the western Pacific, tropical (10°S-10°N)
mean cirrus fraction in the tropopause transition
layer (T'TL) doubles with its maximum over equato-
rial Africa and South America (Virts and Wallace
2010). Meanwhile, the tropical tropopause rises at
most longitudes (Son and Lee 2007) in addition to
regions near the MJO convection center (Madden and
Julian 1972), and tropopause (cold point) temperature
drops more than 2°C (Kiladis et al. 2001; Zhou and
Holton 2002). The largest perturbations occur in the
subtropical cyclonic vortices on the polar sides of the
MJO convection center (Tian et al. 2012).

The MJO influences ITCZ breakdown in the
Pacific (Wang and Magnusdottir 2006). Convective
initiation of the MJO over the Indian Ocean inter-
rupts the ITCZ south of the equator (Yoneyama et al.
2013). Precipitation in the Atlantic ITCZ is enhanced
when the MJO convection center is over either the
Indian or western Pacific Ocean but reduced when
it is over the Maritime Continent (see Fig. SB2 in the
sidebar).

The MJO affects global atmospheric circulations
and tropical waves (see a review by Roundy 2012).

MJO influences on weather depend on the mean
state, which varies with the season and other climate
variability such as ENSO (Roundy et al. 2010; Moon
etal. 2011; C. Y. Li et al. 2012).

CONCLUDING REMARKS. There is hardly
another phenomenon that is globally connected to
both weather and climate as broadly as the MJO. The
broad connections between the MJO and many types
of weather and climate events are strong testaments to
the realization that the societal need of weather and
climate prediction cannot be met without advancing
our understanding of the MJO and without improving
our ability of predicting the MJO (Walier et al. 2003)
and associated teleconnections (Vitart and Molteni
2010). While considerable progress has been made
in the study of the MJO (Wang 2012; Sperber et al.
2012; Majda and Stechmann 2012; Zhang 2012) since
it was first documented by Madden and Julian (1971,
1972), our understanding of it is still incomplete and
its prediction skill is still limited (Waliser 2012). It is
a great challenge for Earth system models to repro-
duce the observed connections between the MJO and
weather/climate events. Such a capability is essential
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for any Earth system model to serve as a credible
tool for simulation and prediction of weather and
climate, especially their extremes. The endeavor of
understanding and predicting weather, climate, and
their extremes must be achieved with the MJO and
intraseasonal variability in general included as the
integrated part of the weather—climate continuum.
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