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ABSTRACT

This study examines the characteristics of cold-season (NovemberÐMarch) daily precipitation over the
contiguous United States during active periods of the MaddenÐJulian oscillation (MJO). A large response in
the precipitation rate anomaly is found over the eastern United States when MJO-related enhanced tropical
convection is moving through the far western to central PaciÞc (conventionally known as phases 5, 6, and 7 of
the MJO). Positive anomalies occur in the region of the eastern Mississippi River basin, and negative
anomalies occur in the Southeast. The relative stability of this pattern throughout the three phases suggests
that they can be considered together. During phases 5Ð7, the central United States has a daily precipitation
rate between 110% and 150% of normal, while the precipitation rate over much of Florida is less than 70% of
normal. Much of the lower Mississippi River basin region receives somewhat more frequent daily pre-
cipitation during MJO phases 5Ð7, but a greater increase is found in the daily precipitation intensity, sug-
gesting more intense storms. On the other hand, Florida has substantially fewer daily precipitation events,
with a smaller decrease in the intensity.

To understand the atmospheric mechanisms related to the above shifts in daily precipitation, elements of
the atmospheric circulation were examined. Positive moisture ßux convergence anomalies, which have been
linked to increased precipitation rate and intensity, are found in the region of increased precipitation rate
during MJO phases 5Ð7. During those phases, the North American jet stream is shifted northward, likely
leading to a higher incidence of storms over the lower Mississippi River basin and fewer storms over Florida.
This is supported by the fact that the storm track also shows increased activity over the central United States
during MJO phases 5Ð7.

1. Introduction

The MaddenÐJulian oscillation (MJO) is a large-scale
pattern of coupled atmospheric circulation and deep
convection. First documented by Madden and Julian
(1971, 1972), it features a prominent area of enhanced
deep convection and rainfall that propagates eastward

along the equator through the Indian and PaciÞc Oceans
at the relatively slow speed of about 5 m s2 1, with an in-
traseasonal period of between 30 and 90 days (see Zhang
2005, and references therein). The enhanced convection
signal can be identiÞed through satellite outgoing long-
wave radiation (OLR), velocity potential, and upper- and
lower-level winds (Knutson and Weickmann 1987).

Remote effects of the MJO have been detected at
higher latitudes due to indirect mechanisms. These
mechanisms include modulation of the Hadley cell by
the MJO-related enhanced convection, leading to
stronger 200-hPa divergence in the tropics and stron-
ger 200-hPa convergence in higher latitudes (Mo and
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Higgins 1998b, see their Fig. 12). This leads to mid-
latitude divergence and negative Rossby wave vorticity
source anomalies in the central PaciÞc. As the enhanced
convection system moves eastward, anomalous divergent
outßow generates an anomalous Rossby wave vorticity
source in the subtropics, the PaciÞc jet extends eastward,
and the North American jet moves northward (Mo and
Higgins 1998b).

Several studies have tied MJO activity to altered
precipitation patterns in North America (e.g., Mo and
Higgins 1998a,b; Jones 2000; Bond and Vecchi 2003).
An increased frequency of extreme precipitation during
active MJO has been identiÞed in areas of Africa, the
Middle East, eastern China, eastern South America, and
parts of North America (Jones et al. 2004). Jones et al.
(2004) found that, for areas with an MJO signal, the
number of extreme precipitation events occurring during
the active MJO was about 40% higher than the number
occurring during the quiescent phase. Some differences
exist in the results of these studies, possibly due to dif-
ferent methods of MJO identiÞcation. For example,
Jones (2000) found a slight tendency for increased ex-
treme events in California when enhanced convection is
located over the Indian Ocean, while Mo and Higgins
(1998b) found no signiÞcant precipitation anomaly over
the United States for this condition.

Most previous studies of MJO effects on the conti-
nental United States have focused on the western
United States. The Þndings of these include dry condi-
tions in the southwest and wet conditions in the PaciÞc
Northwest during winter when enhanced convection is
located in the western PaciÞc (Mo and Higgins 1998b),
and a link between MJO-related enhanced convection in
Indonesia and the western PaciÞc and extreme 3-day
precipitation events along the West Coast (Higgins et al.
2000a). Bond and Vecchi (2003), looking at Oregon and
Washington State during early winter, found as much as
a 200% difference between precipitation rates, de-
pending on the location of MJO-related westerly wind
anomalies.

Dynamical forecasting of the MJO suggests a potential
for predictability out to three or four weeks (Waliser et al.
2003; Reichler and Roads 2005), and an understanding of
MJO-related modulation of precipitation over the United
States can contribute to improved forecasting of weather
and climate. This forecasting range of one to four weeks,
often thought of as the bridge between ÔÔweatherÕÕ and
ÔÔclimate,ÕÕ is an area in need of research. Here we ex-
amine the teleconnections between MJO-related en-
hanced tropical convection and daily precipitation in the
central and eastern United States, and explore possible
mechanisms for the patterns that are found. Section 2
of this paper presents the indexing methods used to

determine an MJO event, as well as the data used in this
study. Section 3 discusses the main results, that is, the
MJO-related modulation of regional circulation during
NovemberÐMarch and its links to changes in pre-
cipitation over the United States. A summary and con-
clusions are presented in section 4.

2. MJO indices and data

Over the past few decades, many different methods
have been used to identify the presence, strength, and
phase of the MJO, often relying on simultaneous or lag-
ged OLR and wind measurements. Wheeler and Hendon
(2004) proposed an MJO-indexing method that is based
on the Þrst two empirical orthogonal functions (EOFs)
of the combined Þelds of near-equatorially-averaged
850-hPa zonal wind, 200-hPa zonal wind, and OLR data.
In this method, and before the EOFs are computed,
ENSO variability and the 120-day mean of the most
recent 120 days at each point are removed. The magni-
tude of the index indicates the amplitude of the MJO:
a magnitude greater than 1 is considered a strong index.
The two EOFs make up the x and y axis of a phase space,
and the state of the MJO is diagnosed as a point in this
space. The phase space is divided into 8 regions (phases
1Ð8), mapping the approximate location of the enhanced
convective signal of the MJO around the global tropics.
The enhanced convection signal of the MJO generally
develops in the Indian Ocean, propagates across the
Maritime Continent, and weakens as it crosses the date line
(Hendon and Salby 1994), but MJO-related enhanced
convection can also develop elsewhere in the tropics,
and can pass from the Western Hemisphere into Africa
and the Indian Ocean (i.e., from phase 8 into phase 1).

While the Wheeler and Hendon (2004) MJO index
identiÞes the strength and location of enhanced tropical
convection, it is necessary to apply further criteria to
identify ÔÔMJO eventsÕÕ (i.e., when the tropical convec-
tion is propagating eastward on time scales congruent
with the MJO). The Climate Prediction Center (CPC)
has recently developed an MJO event classiÞcation
following Wheeler and Hendon (2004)Õs approach, but
applied to pentad-averaged data. The CPC classiÞcation
system sets 3 criteria for an MJO event (LÕHeureux and
Higgins 2008; M. LÕHeureux 2009, personal communi-
cation): the MJO index must have a magnitude greater
than 1 for consecutive pentads, the phases must be in
numerical order (to indicate eastward propagation; e.g.,
5, 6, 7, 8, 1, 2), and the MJO must meet the Þrst two criteria
for more than Þve pentads and not remain stationary (in
one phase) for more than four pentads. As the indexing
method relies on satellite-derived OLR, the event clas-
siÞcation includes the satellite era only (1979Ðpresent).
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The CPC index was used in our study to build the
composites and their time evolution.

Figure 1 presents the OLR anomalies [derived from
the National Oceanic and Atmospheric Administration
(NOAA) interpolated OLR; Liebmann and Smith 1996]
composited for NovemberÐMarch 1979Ð2008 using the
CPCÕs MJO event classiÞcation. This Þgure is similar to
those of earlier MJO studies, for example Bond and
Vecchi (2003, their Fig. 1) and Cassou (2008, their Fig. 2).
The eastward movement of the enhanced convection
through the eight phases is readily noticed: phases 1Ð3
reveal the developmental stages of MJO-related enhanced
convection (negative OLR anomalies) over the Indian
Ocean. This anomaly grows and progresses through the
PaciÞc Ocean in phases 5Ð8. As the MJO propagates into
the Western Hemisphere, the enhanced convection signal
decreases (Fig. 1, phase 7). The MJO is still identiÞable in
the velocity potential and upper- and lower-level winds,
however, and continues to move eastward at an in-
creased rate of approximately 10 m s2 1 (Hendon and
Salby 1994). Using the CPCÕs event classiÞcation, the
MJO is in an ÔÔactiveÕÕ state approximately 60% of days
during NovemberÐMarch in the 1979Ð2005 record (Fig. 2).
Figure 2, which depicts all of the MJO events examined in

this study, also illustrates the progression through the
phases of an MJO event.

A gridded daily precipitation analysis obtained from
the CPC (available online at ftp://ftp.cpc.ncep.noaa.gov/
precip/CPC_UNI_PRCP/GAUGE_GLB/) is employed
to examine MJO-related modulation of precipitation
over the United States. The gridded daily analysis (Higgins
et al. 2000b) was produced using the CPCÕs UniÞed Rain
Gauge Database, which contains precipitation information
from over 8000 stations across the United States. The sta-
tion data was used to make a 1200Ð1200 UTC daily anal-
ysis, and gridded to a 0.258 3 0.258latitudeÐlongitude grid
using a Cressman (1959) interpolation scheme. The quality
control of the dataset is discussed by Higgins et al. (2000b).

To explore the mechanisms related to the modulation
of U.S. precipitation, a complementary analysis was per-
formed using the North American Regional Reanalysis
(NARR). NARR is a long-term, dynamically consistent,
high-resolution (32 km, 45 layers), high-frequency (3 h),
atmospheric and land surface hydrology dataset for the
North American domain (Mesinger et al. 2006). The
regional reanalysis was developed with the 2003 version
of the Eta model and its associated Eta data assimilation
system. The Eta model is coupled to the Noah land surface

FIG . 1. NovemberÐMarch composite OLR anomalies (W m2 2) indexed by MJO phase, from NOAA OLR data.
Enhanced convection, indicated by a negative anomaly in OLR (blue), moves eastward across the tropics during an
MJO event.
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