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ABSTRACT

Madden–Julian oscillation (MJO) wind and convection anomalies are locally amplified over the northeast
Pacific warm pool during June–November. Composite analysis using NCEP reanalysis data indicates that per-
turbation available potential energy (PAPE) production through the positive correlation of intraseasonal tem-
perature and convective diabatic heating anomalies supports the local intensification of MJO-related east Pacific
warm pool wind anomalies. PAPE production is maximum during periods of strong MJO convection and low-
level westerly wind perturbations. PAPE is converted to perturbation kinetic energy through positive correlations
between intraseasonal temperature and vertical velocity. Microwave Sounding Unit (MSU) temperature and
NOAA outgoing longwave radiation data support the energy budget results derived from NCEP reanalysis.

The amplified east Pacific circulation enhances surface convergence and latent heat flux anomalies during
MJO convective periods. The surface convergence anomalies have a strong frictional component. Intraseasonal
surface convergence and latent heat flux anomalies are strongly correlated (greater than 0.7) with the negative
outgoing longwave radiation anomalies that is associated with east Pacific MJO convective regions. Surface
latent heat and convergence variations may therefore be important in modulating MJO convective anomalies
over the east Pacific during June–November. Enhanced surface flux and convergence anomalies associated with
an enhanced surface circulation may intensify MJO convection, thereby creating a feedback loop that leads to
the further intensification of local wind and convection anomalies. Work with mesoscale or general circulation
models is needed to confirm that surface latent heat and convergence variations are indeed important for mod-
ulating east Pacific MJO convection.

Enhanced MJO convection over the boreal summer east Pacific is accompanied by positive water vapor
anomalies throughout the troposphere. Column precipitable water anomalies from both NASA Water Vapor
Project (NVAP) and NCEP reanalysis are in phase with MJO convection anomalies over the east Pacific. These
results support the observations of previous studies that the equatorial troposphere must be sufficiently moistened
before significant MJO deep convection can occur. The strongest NCEP reanalysis specific humidity anomalies
at lower levels are collocated with positive surface latent heat flux and surface convergence anomalies.

1. Introduction

The effects of the Madden–Julian oscillation (MJO;
Madden and Julian 1994) on northeast tropical Pacific
warm pool convection and winds during Northern
Hemisphere (NH) summer have been previously doc-
umented (Kayano and Kousky 1999; Maloney and Hart-
mann 2000). The NH summer intraseasonal convective
anomalies over the western Pacific Ocean are associated
with an anomalous large-scale circulation that extends
across the tropical Pacific Ocean to the coast of the
Americas. Alternating periods of westerly and easterly
low-level wind anomalies occur over the eastern Pacific
Ocean in association with the MJO. MJO-related lower-
tropospheric westerly wind anomalies are associated
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with a quasi-stationary area of enhanced convection
over the east Pacific warm pool, and easterly anomalies
are associated with suppressed convection. The stron-
gest convection anomalies occur in regions of anoma-
lous meridional shear of the low-level zonal wind to the
north and east of the strongest wind anomalies (see Fig.
3). Maloney and Hartmann (2000) showed that circu-
lation anomalies are locally amplified over the eastern
Pacific during a NH summer MJO life cycle, presumably
through interactions with convective heating. Periods of
enhanced MJO convection and low-level westerly wind
anomalies are accompanied by an increase of tropical
cyclone activity over the eastern Pacific (Maloney and
Hartmann 2000; Molinari and Vollaro 2000; Higgins
and Shi 2001). Statistically significant variations of east-
ern Pacific sea surface temperature (SST) also occur
during a boreal summer MJO life cycle (Maloney and
Kiehl 2002a).

Recent studies have demonstrated that MJO circu-
lation anomalies are amplified and supported against
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frictional dissipation due to the coincidence of positive
diabatic heating anomalies and positive temperature per-
turbations (Salby et al. 1994; Hendon and Salby 1994;
Yanai et al. 2000). Perturbation available potential en-
ergy (PAPE) is generated under such conditions, which
can then be converted to perturbation kinetic energy
through anomalous upward motion in the presence of
warm temperature anomalies. We will examine the re-
lationships among anomalous diabatic heating, vertical
motion, and temperature over the eastern Pacific during
a composite MJO life cycle to determine whether con-
vective heating supports the local amplification of MJO-
related circulation anomalies there. The intensification
of the low-level circulation can have important conse-
quences for surface quantities such as enhancement of
latent heat flux and increased frictional convergence that
may influence atmospheric convection.

The manner in which the local circulation over the
east Pacific supports convection is an unanswered ques-
tion. Maloney and Hartmann (2001) showed that periods
of MJO-related westerly wind anomalies over the east-
ern Pacific are accompanied by anomalous surface con-
vergence. This anomalous convergence may support
convection by producing an upward flux of moisture in
the boundary layer that moistens the lower troposphere
(Hendon and Salby 1994; Maloney and Hartmann
1998), or may provide large-scale upward motion in the
boundary layer to overcome convective inhibition (Ma-
pes 2000; Xie and Zhang 2000). Maloney and Kiehl
(2002a) showed that periods of enhanced MJO convec-
tion and strong surface westerly anomalies over the east
Pacific warm pool are accompanied by positive latent
heat flux anomalies. The strongest heat flux anomalies
occur to the south and west of the strongest convection
anomalies. The results of Raymond et al. (2003, man-
uscript submitted to J. Atmos. Sci., hereafter RAY) from
the East Pacific Investigation of Climate (EPIC) 2001
experiment also suggest that the imposition of surface
wind variations by the MJO or equatorial Kelvin waves
can cause east Pacific latent heat flux anomalies that
influence deep convection. A wind-induced surface heat
exchange mechanism related to that proposed by Eman-
uel (1987) may help to support anomalous east Pacific
MJO convection. The east Pacific mechanism suggested
here is different than that proposed by Emanuel (1987)
in that the strongest intraseasonal latent heat fluxes oc-
cur in association with westerly wind anomalies im-
posed on a mean westerly flow, rather than with easterly
anomalies imposed on a mean easterly flow. Regions of
mean surface westerlies can also be found near the equa-
tor over the west Pacific and Indian Oceans during De-
cember–May. Previous studies have found that the
strongest Indian and west Pacific MJO-related latent
heat fluxes occur in association with surface westerly
anomalies (e.g., Lin and Johnson 1996; Jones and Weare
1996), and so intraseasonal flux variations over the east
Pacific may hold clues to intraseasonal variations in
convection and winds across the Tropics.

The role of anomalous surface latent heat flux and
convergence anomalies in forcing east Pacific boreal
summer MJO convection will be examined in this paper.
If convection forced by latent heat fluxes or anomalous
convergence acts to strengthen the anomalous circula-
tion through production of PAPE (and consequently per-
turbation kinetic energy), a positive feedback loop can
be established until some process acts to weaken the
circulation or convection. The relationships among east
Pacific intraseasonal convection, latent heat fluxes, and
the low-level circulation are similar to those described
in the MJO model of Raymond (2001), where the ro-
tational flow is of paramount importance for inducing
enhanced latent heat fluxes to the south and west of
convection. The Raymond (2001) model does not ex-
plicitly require mean westerly winds, however.

Previous studies have also suggested that the tropo-
sphere must be sufficiently moistened before strong
MJO convection can occur (Hendon and Liebmann
1990; Bladé and Hartmann 1993; Hu and Randall 1994;
Maloney and Hartmann 1998; Kemball-Cook and Weare
2001; Fuchs and Raymond 2002). The relationship be-
tween water vapor anomalies and enhanced east Pacific
MJO convection will therefore be examined. Maloney
and Kiehl (2002b) further showed, using a general cir-
culation model coupled to a slab ocean, that an inter-
active oceanic mixed layer may be important for pro-
ducing strong intraseasonal convective variability over
the east Pacific. The implications of these results will
be briefly discussed in the framework of the present
study.

MJO-related variability in the northeast Pacific warm
pool during NH summer is interesting because it pre-
dominantly lies outside of the atmospheric and oceanic
equatorial waveguides and to the north of the equatorial
cold tongue. Although boreal summer east Pacific var-
iability on MJO timescales is strongly correlated with
activity over the equatorial western Pacific (Maloney
and Hartmann 2000), interactions between the east Pa-
cific circulation and east Pacific warm pool convection
clearly help amplify east Pacific intraseasonal anoma-
lies. Statistically significant spectral peaks near 50 days
in zonal winds and outgoing longwave radiation (OLR)
occur in this region only during June–November (Figs.
1 and 2, seasonal cycle removed), while intraseasonal
eastward-propagating variability in the equatorial wave-
guide is strongest during NH winter (Salby and Hendon
1994). Further, Wheeler and Kiladis (1999) showed that
MJO convective variability is distinct from the disper-
sion curves of all equatorial trapped wave modes of
shallow water theory. Explanation of the amplified in-
traseasonal variability over the east Pacific warm pool
during NH summer may therefore give insight into the
mechanisms that control intraseasonal oscillations
across the Tropics during all seasons. Mechanisms that
are distinct from equatorial dynamics may help regulate
convection on intraseasonal timescales.

Section 2 describes the data used in this study. An
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FIG. 1. Power spectra of NCEP–NCAR reanalysis 850-mb zonal
wind (1979–2001) for a 58 by 58 averaging box centered at 118N,
1018W for (a) Jun–Nov and (b) Dec–May. Spectra shown are the
average of 23 spectral estimates during Jun–Nov and 22 spectral
estimates during Dec–May. A 5% cosine taper was applied to the
ends of each individual time series before the spectrum was computed.
Long dashed lines represent the red noise spectrum and short dashed
lines, the upper a priori 99% confidence limit on the red noise spec-
trum. The effective bandwidth is 0.00474 day21. The seasonal cycle
was removed before computation of the spectra.

energy budget analysis during a composite boreal sum-
mer MJO life cycle over the eastern Pacific is described
in section 3. Section 4 examines the role of surface
convergence, latent heat fluxes, and water vapor anom-
alies in modulating east Pacific MJO convection. Some
discussion is presented in section 5, and conclusions
follow in section 6.

2. Data and compositing technique

The June–November energetics analysis presented
later uses zonal winds, meridional winds, omega, tem-
perature, and specific humidity from the National Cen-
ters for Environmental Prediction–National Center for
Atmospheric Research (NCEP–NCAR) gridded (2.58 3
2.58) reanalysis dataset during 1979–2001 (Kalnay et
al. 1996). Data are used at 12 pressure levels between
1000 and 100 hPa, with the exception of specific hu-
midity that is available only to 300 hPa. Results are
subject to the assumption that the reanalysis product
produces realistic fields over the eastern tropical Pacific
Ocean. The specific humidity field is particularly sen-
sitive to the model parameterizations used to construct
the reanalysis dataset due to the lack of high-resolution
humidity data in the east Pacific region. Heat and mois-
ture budget analyses are also sensitive to errors in ome-
ga. Surface latent heat flux from NCEP reanalysis is
used to diagnose latent heat flux anomalies during a
composite MJO life cycle. These data were also used
in Maloney and Kiehl (2002a) to examine MJO-related
intraseasonal heat flux variations. NCEP reanalysis sur-
face pressure is used in calculating the meridional flow
that results from a balance among the zonal pressure
gradient force, the Coriolis force, and turbulent drag
over the tropical oceans (Holton 1992).

We utilize several independent datasets to verify that
results derived from the NCEP reanalysis data are at
least qualitatively correct. Column-integrated, National
Aeronautics and Space Administration (NASA) Water
Vapor Project (NVAP) precipitable water data from
1988–97 are used as a check on intraseasonal anomalies
in NCEP water vapor (Randel et al. 1996). Microwave
Sounding Unit (MSU) upper-tropospheric temperatures
(channels 3/4; Spencer et al. 1990) from 1979–95 are
used to independently verify results related to PAPE
production as derived from the NCEP reanalysis data.
The National Oceanic and Atmospheric Administration
(NOAA) interpolated gridded OLR product is used
throughout the paper as a proxy for atmospheric con-
vection (Liebmann and Smith 1996). Future work with
scatterometer data (e.g., Chelton et al. 2000) and Trop-
ical Atmosphere Ocean buoy array data may be needed
to validate the surface fields from NCEP reanalysis. A
very interesting dataset has also recently been collected
on the ship Ron Brown by C. Fairall during EPIC 2001
and may help validate some of the surface flux data.

The MJO compositing index is constructed in an iden-
tical manner to that described in Maloney and Kiehl

(2002a). Except for a change in the numbering of MJO
phases, the Maloney and Kiehl (2002a) compositing
method follows that in Maloney and Hartmann (1998).
The two leading empirical orthogonal functions (EOFs;
Kutzbach 1967) of the 30–90-day equatorial (58N–58S
averaged) 850-mb zonal wind over all longitudes form
a quadrature pair that captures eastward-propagating
MJO variability in the Tropics. The structure of the lead-
ing EOFs are very similar to those shown in Fig. 1 of
Maloney and Hartmann (1998) that were derived using
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FIG. 2. Same as in Fig. 1 except for Liebmann and Smith outgoing
longwave radiation at a 58 by 58 averaging box centered at 148N,
1018W.

data from 1979 to 1995. The leading EOFs are signif-
icantly different from the others based on the criterion
of North et al. (1982). The MJO index used in this paper
is a linear combination of the principal components of
the first two EOFs. The index has zero mean. Key events
are determined by selecting periods when strong neg-
ative deviations of the index (,21s) occur. Results are
similar if positive deviations of the index are used to
select events. Negative deviations of the index represent
westerly 850-mb wind anomalies over the eastern Pa-
cific and easterly 850-mb wind anomalies over the In-
dian and western Pacific Oceans. Forty-four key events
during June–November of 1979–2001 are selected using
the criterion noted above. Nine phases are then assigned
for each event, choosing phase 5 as the time of the

strongest negative value of the index, when east Pacific
MJO 850-mb westerly anomalies are near their peak.
Phases 1 and 9 represent positive peaks of the index
before and after phase 5, respectively, when MJO-re-
lated east Pacific wind anomalies are strong easterly.
Phases 3 and 7 represent zero crossings of the index,
and the other four phases fill in midway between the
others already assigned. Results do not significantly dif-
fer if phase 5 denotes the time of peak easterly anom-
alies. The average time between phases is approximately
5 days. An average is taken over all 44 events to dem-
onstrate composite behavior during a June–November
MJO life cycle. See Maloney and Kiehl (2002a) and
Maloney and Hartmann (1998) for more details on the
compositing technique.

Intraseasonal fields throughout the paper are con-
structed using a linear nonrecursive filter with half-pow-
er points at 30 and 90 days. Results are not sensitive
to reasonable variations in the size of the bandpass win-
dow. Budget analyses were conducted using fields high-
pass filtered to 90 days in order to retain cross-frequency
interactions.

3. Analysis of east Pacific PAPE generation

Figure 3 shows intraseasonal 1000-mb wind and OLR
anomalies over the eastern Pacific during phases 2–9 of
a composite June–November MJO life cycle. Phases are
approximately 5 days apart. This figure is used as a
reference when discussing wind and convection anom-
alies throughout this paper. A more thorough discussion
of the east Pacific composite MJO life cycle is contained
in Maloney and Kiehl (2002a). Enhanced convection
peaks over the eastern Pacific (north of 108N) during
phases 5 and 6 in association with strong surface west-
erly wind anomalies centered near 108N, and suppressed
convection peaks during phases 1 (not shown) and 2 in
association with surface easterly anomalies. A local in-
tensification of the anomalous atmospheric circulation
occurs over the eastern Pacific during phase 5, although
low-level wind anomalies of the same sign extend west-
ward across the Pacific. Phase-5 wind anomalies in the
westernmost equatorial Pacific are of opposite sign to
those in the east Pacific (not shown). We will now de-
termine whether convective heating does indeed inten-
sify the local atmospheric circulation over the east Pa-
cific through generation of PAPE and subsequent con-
version to perturbation kinetic energy (PKE).

Perturbation thermodynamic and moisture equations
that can be used to diagnose the anomalous tropical
diabatic heating field associated with MJO convection
variations are developed in Yanai et al. (1973) and Lau
and Lau (1992). The perturbation apparent heat source

that will be used to describe MJO-related diabaticQ91
heating of the eastern tropical Pacific atmosphere is ap-
proximately given by
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FIG. 3. Jun–Nov composite MJO 1000-hPa wind and OLR anomalies as a function of phase. OLR contours are
plotted every 4 W m22, starting at 2 W m22. Negative values are solid. Values less (greater) than 26 W m22 (16 W
m22) are dark (light) shaded. The reference wind vector is located at the bottom right.

]
Q9 ø c T9 2 c (v9s 2 V9 · = T), (1)1 p p h h]t

where s 5 (RT/cpp) 2 (dT/dp), cp is the specific heat
at constant pressure, Vh is the horizontal velocity vector,
and =h is the horizontal gradient operator. The parameter
R is the gas constant for dry air. Terms related to ad-
vection by the mean and perturbation flows are negli-

gible and not included in (1). The primed quantities on
the right-hand side of (1) represent high-pass filtered
fields derived using a filter with a half-power point at
90 days. The filter retains subseasonal perturbations as-
sociated with the MJO. Zonal means are not removed
from the filtered fields in this study. It is not clearly
appropriate to remove zonal means in the case of a
localized enhancement of MJO convection and winds
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FIG. 4. Vertically averaged apparent heat source ( ) for phases 2Q91
and 5 of a composite MJO life cycle. Contour interval is 0.24 3 1022

m2 s23, starting at 0.12 3 1022 m2 s23. Values greater (less) than
0.36 3 1022 m2 s23 (0.36 3 1022 m2 s23) are dark (light) shaded.

FIG. 5. Same as in Fig. 4 except for vertically averaged apparent
moisture sink ( ).Q92

over the eastern Pacific, outside of the equatorial wave-
guide. Results are very similar if zonal means are re-
moved from all perturbation fields, however. Quantities
with overbars are taken to represent the average of a
field over the nine phases of an individual MJO event.
Results are insensitive to the exact means by which the
basic-state flows are computed. A clear scale separation
between the perturbation quantities and the background-
state quantities exists. The parameter as formulatedQ91
here is the sum of all diabatic heating terms, and not
just latent heat release associated with deep convection.
For example, radiative processes, sensible heating, and
frictional heating are included in . The perturbationQ91
apparent moisture sink will be used to help diagnoseQ92
where condensational drying is occurring over the east
Pacific during MJO events. The parameter can beQ92
approximated by

] ]
Q9 ø 2L q9 2 L v9 q 1 V9 · = q , (2)2 h h1 2]t ]p

where L is the latent heat of condensation at 08C. Col-
location of with can help determine where dia-Q9 Q92 1

batic heating processes are dominated by latent heat
release.

The vertical average of a quantity A(p) will be de-
noted by ^A& throughout the remainder of this paper.
This notation is consistent with that of Lau and Lau
(1992). Composite fields are created by averaging over
all MJO events.

Composite ^ & is displayed in Figure 4 for phases 2Q91

and 5 of a June–November MJO life cycle. Phases 2
and 5 represent the periods of peak suppressed and en-
hanced convection over the east Pacific, respectively.
The vertically averaged diabatic heating anomalies are
consistent with the location of the east Pacific OLR
anomalies, a proxy for convective heating variations
(Fig. 3). Phase 5 shows strong vertically averaged pos-
itive diabatic heating anomalies over the east Pacific
associated with MJO convection. Lesser diabatic heat-
ing maxima occur over the western Gulf of Mexico and
South America. The diabatic heating maxima along the
Gulf Coast do not show a good correspondence with
OLR. OLR becomes an increasingly poor proxy for con-
vection toward midlatitudes, and ^ & also accounts forQ91
processes other than condensational heating such as ra-
diative processes, sensible heating, etc. Negative dia-
batic heating anomalies occur over the east Pacific dur-
ing phase 2. To determine whether ^ & is consistentQ91
with condensation processes, ^ & for phases 2 and 5Q92
of an MJO life cycle are shown in Figure 5. The pa-
rameter ^ & is generally collocated with ^ & over theQ9 Q92 1

east Pacific during phases 2 and 5 and is of comparable
magnitude, suggesting that anomalous diabatic heating
variations are dominated by precipitation processesQ91
during an MJO life cycle. Results are similar if only
perturbations on the 30–90-day timescale are considered
(rather than variance at all timescales less than 90 days).
A good correspondence between ^ & and ^ & does notQ9 Q91 2

exist in the Gulf of Mexico.
It will now be determined whether east Pacific con-

vective heating perturbations are positively correlated
with temperature perturbations during an MJO life cy-
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FIG. 6. MJO composite vertically averaged (a) production of PAPE
due to the correlation of diabatic heating and temperature and (b)
PAPE change through conversion to PKE. The contour interval is
0.8 m2 s22 day21, starting at 0.4 m2 s22 day21. Values greater (less)
than 1.2 m2 s22 day21 (21.2 m2 s22 day21) are dark (light) shaded.

cle. Such positive correlations generate PAPE and sup-
port the local intensification of MJO circulation anom-
alies through the subsequent conversion of PAPE to
PKE. Hendon and Salby (1994) and Yanai et al. (2000)
found that MJO heating was positively correlated with
warm temperature anomalies during intensification of
the equatorial MJO wave signal. Following Lau and Lau
(1992), generation of PAPE due to diabatic heating pro-
cesses is given by

]P lQ9T915 , (3)1 2]t T
diab

where l 5 Gd/(Gd 2 G). Here, G is the observed lapse
rate and Gd is the dry adiabatic lapse rate. The overbar
in (3) denotes an average over the nine phases of an
MJO life cycle. The average in (3) is computed sepa-
rately for each MJO event before composites are con-
structed. Primes represent 90-day high-pass fields. The
destruction of PAPE due to conversion to PKE through
the rising of anomalously warm air parcels is given by

]K RT9v9
5 . (4)

]t p

Figure 6a displays composite vertically averaged
PAPE generation by diabatic heating perturbations dur-
ing a MJO life cycle. PAPE generation over the east
Pacific maximizes within the region of strong MJO OLR
variations (cf. Fig. 3). MJO convection therefore pro-
vides an energy source for the local intensification of

the anomalous atmospheric circulation over the eastern
Pacific. The vertically averaged PAPE generation max-
imizes near 3.4 m2 s22 day21. Phase 5 contributes most
strongly to PAPE generation over the MJO life cycle
(not shown) due to the collocation of strong positive
diabatic heating and temperature anomalies. The con-
tribution to PAPE generation during phase 5 maximizes
near 6.3 m2 s22 day21 in association with peak enhanced
MJO convective heating. Contributions to PAPE pro-
duction are also heightened during periods of suppressed
convective heating (phases 1 and 2). Other phases (e.g.,
phase 3) contribute little to the generation of PAPE. An
analysis considering only interactions between MJO–
timescale components (30–90 day) of the total subsea-
sonal variations produces qualitatively similar results to
those presented here for the 90-day high-pass fields,
although magnitudes are generally reduced. Interactions
among synoptic-scale fields and MJO perturbations may
complement the PAPE generation resulting from inter-
actions among the 30–90-day components (e.g., Straub
and Kiladis 2003; Maloney and Dickinson 2003). Fur-
ther, compositing 30–90-day and T9 as a function ofQ91
MJO phase and then computing PAPE generation over
a composite MJO life cycle produces qualitatively sim-
ilar results to those described in the analysis of (3). This
calculation indicates that the essence of the energy trans-
formations are captured within the composite 30–90-
day MJO fields.

Figure 6b details the composite vertically averaged
conversion of PAPE to PKE during an MJO life cycle
(destruction of PAPE). The PAPE generated over the
eastern Pacific during an MJO life cycle is almost en-
tirely converted to PKE. These results support the ob-
servation of Maloney and Hartmann (2000) that MJO
convection locally intensifies the anomalous circulation
over the eastern Pacific. Contributions to the covariance
are strongest during phase 5 (not shown).

The composite vertical distribution of eastern Pacific
PAPE generation along 12.58N during an MJO life cycle
is shown in Fig. 7a. This latitude crosses the area of
strong MJO-related convection anomalies over the east-
ern Pacific Ocean. PAPE generation maximizes in the
middle and upper troposphere near 1058W, within the
area of strongest variations in OLR over the eastern
Pacific (Fig. 3). PAPE is converted to PKE in these same
areas due to the positive correlation of perturbation tem-
perature and vertical velocity (Fig. 7b). PKE gains are
ultimately realized in the lower troposphere and above
250 hPa through a reorganization of the perturbation
geopotential field and subsequently through the pressure
work term. A calculation of the geopotential flux con-
vergence verifies this reorganization (not shown). The
largest lower-troposphere energy gains are realized
where MJO-related east Pacific wind anomalies maxi-
mize near 108N. An excellent discussion of this redis-
tribution process can be found in Lau and Lau (1992).

As a check on the PAPE generation results derived
from NCEP reanalysis, we now examine the correlation
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FIG. 7. MJO composite vertical cross section along 12.58N of (a)
PAPE production due to the correlation of diabatic heating and tem-
perature and (b) PAPE change through conversion to PKE. The con-
tour interval is 1.6 m2 s22 day21, starting at 0.8 m2 s22 day21. Values
greater (less) than 2.4 m2 s22 day21 (22.4 m2 s22 day21) are dark
(light) shaded. Negative contours are dashed.

FIG. 8. Correlations between negative 30–90-day OLR anomalies
and MSU level 3/4 anomalies. Correlations are computed during sig-
nificant MJO events (1979–93). Contours are plotted every 0.1, start-
ing at 0.05. Negative contours are dashed. Shading shows where
correlations are significantly different from zero at the 95% confi-
dence level, assuming 48 degrees of freedom.

between negative intraseasonal OLR anomalies and in-
traseasonal MSU channel 3/4 temperature anomalies
during significant 1979–93 MJO events. We use the
OLR anomalies as a proxy for convective heating var-
iations. Data 40 days to either side of phase 5 of each
MJO event are used in the computations. MSU channel
3/4 temperature is representative of the temperature of
the deep upper-tropospheric layer between 500 and 100
hPa. A significant correlation of negative OLR anom-
alies and warm MSU upper-tropospheric temperature
anomalies should give an indication of whether the
NCEP-derived budget analyses of Fig. 6 are at least
qualitatively correct. Significant correlations exist be-
tween negative OLR and MSU temperature over the east
Pacific warm pool during significant MJO events (Fig.
8). These results provide independent evidence sup-
porting the NCEP reanalysis PAPE generation results
discussed earlier (e.g., Fig. 6). The strongest correlations
are shifted to the northwest of the strongest PAPE gen-
eration indicated in Fig. 6. The strongest MSU tem-

perature anomalies occur to the northwest of the stron-
gest OLR variability (not shown), and may contribute
to the higher correlations northwest of maximum con-
vective variability. Further, OLR is an imperfect proxy
for convective heating. Errors in the NCEP reanalysis
fields may also contribute to the spatial phase shift.
Significant negative correlations exist at 58N in the east
Pacific, consistent with the PAPE destruction indicated
there in Fig. 6.

The next section will examine the implications of a
locally strengthened anomalous circulation for the main-
tenance and growth of east Pacific MJO convection
anomalies. A strengthened low-level circulation may
foster the growth of more intense convection anomalies
through increased surface latent heat fluxes or low-level
convergence (e.g., Emanuel 1987; Hendon and Salby
1994; Waliser et al. 1999). Strengthened convection can
then foster an even stronger circulation through PAPE
production, creating a positive feedback loop. The role
of tropospheric water vapor anomalies in modulating
east Pacific MJO convection will also be addressed.

4. Control of east Pacific MJO convection by the
circulation

East Pacific water vapor variations during a June–
November MJO life cycle will now be examined. Be-
cause the specific humidity field in the NCEP–NCAR
reanalysis product is highly dependent on the parame-
terizations and assumptions used in the analysis model,
particularly in data-sparse regions such as the east Pa-
cific, care must be taken when interpreting results de-
rived from the reanalysis specific humidity field. We
will therefore first compare column-integrated water va-
por anomalies from NCEP reanalysis with column-in-
tegrated precipitable water anomalies from NVAP. This
comparison should determine whether east Pacific col-
umn-integrated water vapor anomalies in NCEP re-
analysis are at least qualitatively correct. We will also
examine the vertical distribution of NCEP reanalysis
water vapor anomalies. Our results are subject to the
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FIG. 9. Column-integrated 30–90-day NCEP water vapor anomalies for phases 3, 5, 7, and 9 of a composite MJO
life cycle. Contour interval is 0.4 mm, starting at 0.2 mm. Values greater (less) than 0.2 mm (20.2 mm) are dark
(light) shaded.

assumption that the NCEP reanalysis product gives a
realistic vertical distribution of specific humidity anom-
alies over the east Pacific during an MJO life cycle. The
vertical distribution of NCEP reanalysis specific hu-
midity may be highly sensitive to the parameterization
of clouds and precipitation in the reanalysis model, and
may therefore reflect errors in our understanding of the
processes that control tropical clouds and precipitation.
High vertical resolution specific humidity measurements
may be needed to validate the NCEP reanalysis specific
humidity product over the east Pacific. These caveats
should be noted when considering the results shown
later.

Column-integrated 30–90-day NCEP reanalysis spe-
cific humidity anomalies are plotted for phases 3, 5, 7,
and 9 of a composite June–November MJO life cycle
in Fig. 9. Only MJO events during 1988–97 are included
in the composites, corresponding to the NVAP data rec-
ord. Column-integrated NVAP precipitable water anom-
alies for the same phases are shown in Fig. 10. Anom-
alies are expressed in millimeters of precipitable water.
Precipitable water anomalies look qualitatively similar
between the NCEP and NVAP products. Column water
anomalies peak within MJO convective areas (cf. Fig.
3) around phase 5, and a northwestward propagation of
the positive anomalies occurs in both NCEP and NVAP
from phase 5 to 7. Negative vapor anomalies also look
qualitatively similar between NCEP and NVAP in these
same regions during phases 3 and 9. The magnitudes
of NVAP and NCEP anomalies in and near MJO con-
vective regions are similar, although NCEP tends to
slightly underpredict column vapor anomalies. The

NCEP product tends to considerably underpredict
anomaly magnitudes outside of MJO convective regions
(e.g., in the intertropical convergence zone during phase
3), although the spatial distribution of the anomalies is
similar to NVAP there.

A better appreciation of the phase relationship be-
tween column water vapor and MJO convection can be
gained by examining the time evolution of vapor anom-
alies at a location of strong MJO convection. Figure 11
shows the evolution of column-integrated 30–90-day
NCEP and NVAP precipitable water anomalies and neg-
ative OLR anomalies at 12.58N, 97.58W, near the lo-
cation of strongest MJO OLR variations during an east-
ern Pacific MJO life cycle (see Fig. 3). The lowest OLR
anomalies occur during phase 5, in conjunction with the
peak in precipitable water anomalies in both the NCEP
and NVAP products. The correlation between negative
OLR anomalies and integrated precipitable water anom-
alies peaks near 0.7 at zero lag during significant MJO
events (not shown). These results are consistent with
previous suggestions that the atmospheric column must
be sufficiently moistened for MJO convection to occur,
as suggested in previous studies (e.g., Bladé and Hart-
mann 1993; Hu and Randall 1994; Maloney and Hart-
mann 1998; Kemball-Cook and Weare 2001). These re-
sults are also consistent with Fig. 1 of Fuchs and Ray-
mond (2002) who showed that precipitation rate in-
creases with column water content. How exactly the
column gets moistened during an MJO cycle is difficult
to ascertain; deep convection could itself be responsible
for this moistening. NCEP reanalysis tends to under-
estimate column water anomalies at 12.58N, 97.58W by
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FIG. 10. Same as in Fig. 9 except for column-integrated NVAP precipitable water.

FIG. 11. The 30–90-day NCEP and NVAP column-integrated water
vapor anomalies and negative OLR anomalies as a function of MJO
phase at 12.58N, 97.58W.

about 20% during phase 5, although the magnitude of
NCEP anomalies during dry periods are quite similar
to NVAP anomalies. The similarities in magnitude and
phase between NCEP and NVAP precipitable water
anomalies within the MJO convective region gives high-
er confidence that the NCEP reanalysis product pro-
duces reasonable results in this region.

Figure 12 shows vertical cross sections along 12.58N
of 30–90-day NCEP specific humidity anomalies during
phases 2 and 5 of a June–November composite MJO
life cycle for the entire 1979–2001 record. Results are
similar for the NVAP period (1988–97). Suppressed
convection periods (phase 2) are characterized by dry

anomalies throughout the troposphere and enhanced
convection periods are characterized by moist anomalies
(phase 5). The largest percentage anomalies relative to
the mean specific humidity occur in the middle and
upper troposphere. The moisture variations at the mid-
troposphere and their relationship to convection are con-
sistent with observations taken during the Intensive Ob-
serving Period of the Tropical Ocean Global Atmo-
sphere Coupled Ocean Atmosphere Response Experi-
ment that showed a moist middle troposphere
accompanies deep convection periods (e.g., Lin and
Johnson 1996; Brown and Zhang 1997).

Moisture variations near the surface have a very in-
teresting structure during enhanced and suppressed con-
vection periods (Fig. 12). A change in the sign of low-
level specific humidity anomalies occurs near 1158W in
both the phase 2 and phase 5 composites. Low-level
moist anomalies along 12.58N during active convective
periods (phase 5) extend from 1158W to the coast of
the Americas. This relationship also holds for opposite-
signed anomalies during phase 2. A comparison of Fig.
12 with Figs. 13 and 14 shows that the near-surface
positive specific humidity anomalies during phase 5 ap-
proximately coincide with regions of enhanced 30–90-
day surface convergence and latent heat fluxes. Near-
surface dry anomalies to the west of 1158W coincide
with regions of suppressed latent heat flux anomalies
and very small divergence anomalies. These results sug-
gest that latent heat fluxes and convergence variations
may play a role in the regulation of east Pacific MJO
convection through the low-level moisture field, and
thereby the moist static energy. The surface convergence
anomalies occur in conjunction with anomalous cy-
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FIG. 12. Vertical cross sections of 30–90-day NCEP specific humidity anomalies along 12.58N for phases 2 and 5
of a composite MJO life cycle. The contour interval is 0.06 g kg21, starting at 0.03 g kg21. Values greater (less) than
0.09 g kg21 (20.09 g kg21) are dark (light) shaded. Negative contours are dashed.

FIG. 13. The 30–90-day 1000-hPa convergence anomalies during
phase 5 of a composite MJO life cycle. Contour interval is 0.4 3
1026 s21, starting at 0.2 3 1026 s21. Values greater (less) than 0.2
3 1026 s21 (20.2 3 1026 s21) are dark (light) shaded. Negative
contours are dashed.

FIG. 14. The 30–90-day surface latent heat flux anomalies during
phase 5 of a composite MJO life cycle. Contour interval is 4 W m22,
starting at 2 W m22. Values greater (less) than 6 W m22 (26 W m22)
are dark (light) shaded. Negative contours are dashed.

clonic wind shear and likely have a strong frictional
component. A simple model of the meridional Ekman
flow that uses only meridional NCEP reanalysis pressure
gradients (e.g., Holton 1992) can reproduce to first order
the magnitude and spatial extent of the east Pacific warm
pool convergence anomalies given in Fig. 13. Phase-5
composites of the model 30–90-day band-passed con-
vergence (not shown) provide a reasonable approxi-
mation to the composite shown in Fig. 13. Latent heat
flux anomalies are driven primarily by the MJO surface
wind anomalies added to the seasonal cycle wind field
(Maloney and Kiehl 2002a). Mean June–November sur-
face winds become easterly to the west of 1158W. If the
east Pacific anomalous low-level circulation were to be
intensified by diabatic heating, then surface latent heat
flux and convergence anomalies would be expected to
increase, potentially intensifying the convective diabatic
heating anomalies.

Figure 15a shows correlations between negative OLR
at 12.58N, 97.58W, near the location of the strongest
negative OLR anomalies over the east Pacific during an

MJO life cycle, and surface latent heat and convergence
anomalies at 12.58N, 97.58W during significant MJO
events. Data 40 days to either side of phase 5 of each
MJO event are used in the computations. Dashed hor-
izontal lines show where correlations are statistically
significant at the 95% confidence level. Negative OLR
at the location of the greatest convection anomalies is
correlated with surface convergence at greater than 0.7,
suggesting that surface convergence may play an im-
portant role in supporting convection during east Pacific
MJO events. Convergence is nearly in phase with neg-
ative OLR anomalies at 12.58N, 97.58W. Maloney and
Hartmann (1998) found that positive west Pacific equa-
torial surface convergence anomalies lead MJO con-
vection by 5 days or more. Surface convergence occurs
to the east of convection in the west Pacific due to
frictional convergence into a Kelvin wavelike surface
trough. Since MJO convection in the east Pacific is pri-
marily outside of the equatorial waveguide, the phase
relationship between convection and convergence are
different here. Anomalous vertical velocity within MJO
convective regions increases most rapidly below 900
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FIG. 15. Lag correlations between negative OLR anomalies at
12.58N, 97.58W and surface latent heat flux (LH) and convergence
anomalies (Conv) at (a) 12.58N, 97.58W and (b) 12.58N, 1058W. Cor-
relations are computed during significant MJO events. A positive lag
means that negative OLR (convective) anomalies lead. Dashed hor-
izontal lines show where correlations are significantly different from
zero at the 95% confidence level, assuming 86 degrees of freedom.

mb (not shown), indicating that lower-tropospheric con-
vergence may be a major contributor to the convective
mass flux. Correlations of negative OLR with collocated
latent heat fluxes are significant, but considerably lower
than with convergence. This suggests that collocated
latent heat flux variations may not be as important as
surface convergence for supporting MJO convection at
12.58N, 97.58W.

The preceding results do not imply that eastern Pacific
latent heat fluxes are unimportant for influencing boreal
summer MJO convection at 12.58N, 97.58W. Figure 15b
shows correlations between negative OLR at 12.58N,
97.58W and surface latent heat and convergence anom-
alies at 12.58N, 1058W, near the location of strongest

east Pacific latent heat flux anomalies (Fig. 14). Latent
heat fluxes at 12.58N, 1058W are strongly correlated
(greater than 0.7) with negative OLR at 12.58N, 97.58W.
Figure 3 shows OLR anomalies at 12.58N, 97.58W to
be downwind of 12.58N, 1058W heat flux anomalies,
with respect to intraseasonal wind perturbations. Strong
westerly surface wind anomalies during phase 5, in as-
sociation with mean westerly surface winds over the
east Pacific warm pool during June–November (not
shown), lead to an enhanced westerly flow during con-
vectively active periods of an MJO life cycle (see Ma-
loney and Hartmann 2001). These westerly anomalies
are accompanied by positive latent heat flux anomalies,
which may be communicated to convective regions to
the east by the westerly surface flow. Variations in the
specific humidity deficit between the ocean surface and
near-surface air can also influence latent heat flux anom-
alies. Further analysis indicates that east Pacific MJO-
related specific humidity variations contribute negligi-
bly to the surface flux anomalies. During phase 5, pos-
itive near-surface specific humidity anomalies (Fig. 12)
and weak SST anomalies (Maloney and Kiehl 2002a)
contribute to a specific humidity deficit that very weakly
opposes the observed positive latent heat flux anomalies
in the east Pacific. The surface latent heat flux is anom-
alously low to the west of 1158W, where weak positive
OLR anomalies occur in phases 5 and 6. These negative
latent heat flux anomalies correspond to a region of
surface westerly intraseasonal wind anomalies added to
easterly seasonal-cycle winds (Maloney and Kiehl
2002a). These results suggest that a wind-induced sur-
face heat exchange mechanism, related to that proposed
by Emanuel (1987), may help support boreal summer
MJO convection over the east Pacific. The relationship
among east Pacific MJO convection, latent heat fluxes,
and the low-level circulation is similar to that described
in the MJO model of Raymond (2001), where the ro-
tational flow is of paramount importance for inducing
enhanced latent heat fluxes to the south and west of
convection. However, the Raymond (2001) model does
not explicitly require mean westerly winds, and cloud–
radiative feedbacks are also needed for maintaining
MJO convection.

RAY found that periods of westerly wind anomalies
near 958W during EPIC were accompanied by positive
latent heat flux anomalies and enhanced convection,
consistent with the results found here. In fact, the sur-
face latent heat flux explained about 40% of the variance
of deep convection over the Mexican warm pool during
EPIC. RAY suggest that meridional variations in the
flow are important for causing the latent heat flux var-
iations observed. Further analysis using NCEP reanal-
ysis winds and fluxes indicates that intraseasonal zonal
wind anomalies dominate east Pacific surface flux var-
iations near 108N in our MJO composites, whereas me-
ridional flow variations are of comparable importance
to zonal flow variations in forcing flux anomalies near
58N. These results deserve to be validated with data
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from the EPIC experiment. The MJO index used our
study (see section 2) does indicate significant MJO ac-
tivity during the EPIC time period (September–October
2001). OLR-based indices also indicate significant MJO
variability during EPIC (M. Wheeler 2003, personal
communication). Data collected during EPIC should
provide a useful tool for validating some of the surface
flux results derived here using NCEP reanalyses.

We should also note that although latent heat flux
anomalies peak over the eastern Caribbean Sea during
phases 2 and 3, little or no enhancement of convection
occurs there (Maloney and Kiehl 2002a). Thus, the re-
sults derived here for the east Pacific do not necessarily
generalize to other regions. The east Pacific warm pool
tends to generally be a more favorable location for con-
vection than the Caribbean. Factors such as midtropo-
spheric dryness (Brown and Zhang 1996; RAY), con-
vective inhibition (e.g., Mapes 2000), and atmospheric
lapse rate are also important factors for convection that
we have not considered. However, it is clear from this
paper that east Pacific intraseasonal convective anom-
alies are strongly correlated with surface convergence
and latent heat flux anomalies. Surface latent heat flux
and convergence variations are therefore both plausible
candidates for modulating boreal summer MJO con-
vection over the east Pacific. As discussed later, mod-
eling work may be needed to ultimately determine the
role of latent heat flux and convergence anomalies in
controlling east Pacific MJO convection.

5. Discussion

The preceding results suggest a coupled feedback be-
tween convection and the low-level circulation over the
east Pacific warm pool during a June–November MJO
life cycle. MJO convection may strengthen the local
circulation during active convective periods (Fig. 6),
thereby increasing surface latent heat flux and conver-
gence anomalies. These anomalies may then support
stronger convection, creating a positive feedback loop.
A modeling study using a general circulation or me-
soscale model may be useful for determining the im-
portance of surface convergence and latent heat flux
anomalies to east Pacific MJO convection, since coupled
feedbacks are difficult to analyze in observational data.
Experiments can be conducted to decouple latent heat
fluxes from surface wind variations to remove the wind-
induced surface heat exchange mechanism. Maloney
(2002) conducted such an experiment with a general
circulation model to determine the impact of wind-in-
duced surface heat exchange on equatorial intraseasonal
variability during NH winter. Surface wind speeds were
set to their climatological values in calculation of the
surface latent heat flux. Equatorial model intraseasonal
variability was found to be insensitive to surface flux
feedbacks, although the structure of the model intra-
seasonal oscillation was not realistic. Similar methods
for removing the effects of wind-induced surface heat

exchange on model intraseasonal oscillations were used
in Neelin et al. (1987) and Colon et al. (2002). Model
surface drag can also be altered to gauge the effect of
weakened surface frictional convergence on east Pacific
convection. These experiments are highly dependent on
the ability to realistically simulate boreal summer east
Pacific MJO variability in a model. General circulation
models (GCMs) generally do a poor job of simulating
the global MJO (e.g., Slingo et al. 1996).

Another open question is the importance of SST var-
iations in influencing east Pacific MJO convection. Ma-
loney and Kiehl (2002a) documented a significant mod-
ulation of east Pacific SSTs during a composite MJO
life cycle. The highest SSTs in MJO convective regions
lead enhanced convection by about 10 days, and the
strongest decline of SSTs occurs during active convec-
tive periods. SSTs decrease through enhanced surface
latent heat fluxes and decreased shortwave radiation
reaching the surface. These phase relationships are sim-
ilar to what has been observed over the western Pacific
in association with the boreal winter MJO (e.g., Zhang
1996). Magaña et al. (1999) suggest that similar phase
relationships between convection and SST over the east
Pacific warm pool may drive the midsummer drought
that affects Mexico and Central America during July
and August. The midsummer drought over the Americas
is an intraseasonal oscillation that is phase-locked to the
annual cycle. Although the MJO, as described by our
equatorial zonal wind index, shows no relationship to
the midsummer drought, it is interesting that the two
phenomena involve similar interactions between con-
vection and SST in the east Pacific.

Maloney and Kiehl (2002b) found that east Pacific
intraseasonal variability in a GCM could be improved
through coupling to a slab ocean model, although not
all aspects of the simulation were realistic. Warm SST
anomalies may help to initiate the cycle of enhanced
convection over the east Pacific, in tandem with low-
level westerly wind anomalies propagating into the east-
ern Pacific from the west. Maloney and Kiehl (2002a)
showed that MJO-related eastern Pacific warm SST
anomalies could force surface convergence into the east
Pacific warm pool by the mechanism proposed by Lind-
zen and Nigam (1987). SST variations also cause east
Pacific warm pool surface saturation equivalent poten-
tial temperature variations of 38C during an MJO life
cycle. Both of these mechanisms should support con-
vection. The decline of SSTs during strong MJO con-
vective periods may also help to terminate convection
through decreased low-level moist static energy, de-
creased surface convergence, and a decrease in the sur-
face latent heat flux through a reduction of surface sat-
uration specific humidity. Propagation of easterly low-
level MJO wind anomalies into the east Pacific, and
drying of the midtroposphere through dry intrusions or
other processes (e.g., Mapes and Zuidema 1996), may
also help to weaken east Pacific MJO convection.

Another idea worth exploring is whether a localized
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40–50-day periodicity in winds and precipitation (e.g.,
Figs. 1 and 2) can occur over the northeastern Pacific
during June–November without communication with
western Pacific MJO variability. Magaña et al (1999)
suggest such a possibility. Results shown earlier clearly
indicate that local processes act to intensify intrasea-
sonal wind variations over the eastern Pacific during
NH summer (Fig. 6). Assuming that a suitable model
can be found, experiments using a GCM with a slab
ocean model can be designed to isolate the east Pacific
warm pool from processes over the west Pacific. Model
results can be analyzed to determine if locally contained
east Pacific intraseasonal oscillations can occur. A local
preconditioning of the atmosphere and ocean may need
to take place before strong intraseasonal convection can
occur, in the spirit of the mechanisms proposed by Hen-
don and Liebmann (1990), Hu and Randall (1994), and
Blade and Hartmann (1993) for the tropical atmosphere.
A mesoscale model with an interactive ocean may also
be a good candidate for such as study, because such a
model would allow a better treatment of coastal topog-
raphy. If a localized tropical 40–50-day periodicity in
winds and precipitation can be generated outside of the
equatorial waveguide through coupled interactions
among convection, the large-scale circulation, and the
oceanic mixed layer, important insight may be gained
into MJO-timescale variability across the Tropics.

The role of topography in influencing the east Pacific
MJO-related flow also deserved to be examined. Figure
13 shows that surface convergence anomalies maximize
near the coast. Although a simple model of Ekman con-
vergence assuming only meridional pressure gradients
can recreate the surface convergence signal observed
(as explained earlier), it may be worth examining wheth-
er topographic effects are also important. Maloney and
Kiehl (2002b) showed in a GCM study that a poor res-
olution of topography may cause intraseasonal convec-
tion variations over the east Pacific to have more of a
propagating component that in observations. Mesoscale
modeling work may be useful to examine how the coast
influences propagation characteristics and deviations
from geostrophy on 30–60-day timescales. Orographic
forcing has also been shown to be important for the
initiation of tropical cyclones in this region (Zehnder
1991).

6. Conclusions

A composite life cycle of the June–November Mad-
den–Julian oscillation (MJO) is constructed to examine
the local intensification of MJO wind and convection
anomalies over the northeast Pacific warm pool. Pro-
duction of perturbation available potential energy
(PAPE) through the positive correlation of intraseasonal
temperature and convective diabatic heating anomalies
supports the local intensification of east Pacific MJO-
related circulation anomalies during June–November.
PAPE production maximizes during periods of strong

MJO convection and low-level westerly wind anoma-
lies. Important contributions to PAPE production also
occur during periods of peak suppressed convection and
easterly anomalies. Production of PAPE during an MJO
life cycle maximizes in the middle and upper tropo-
sphere. PAPE is converted to perturbation kinetic energy
through positive correlations between intraseasonal tem-
perature and vertical velocity. Energy budget results are
derived using NCEP–NCAR reanalysis data. An anal-
ysis of MSU channel 3/4 (upper tropospheric) temper-
ature data and OLR data (as a proxy for convective
heating) supports the PAPE generation results derived
from NCEP reanalysis.

The intensified local circulation enhances surface
convergence and latent heat flux anomalies over the east
Pacific during MJO convective periods. East Pacific in-
traseasonal surface convergence and latent heat flux
anomalies are strongly correlated (greater than 0.7) with
negative OLR anomalies within MJO convective re-
gions. Surface latent heat and convergence variations
are therefore plausible mechanisms for modulating MJO
convective anomalies over the east Pacific. The stron-
gest east Pacific warm pool latent heat flux and con-
vergence anomalies occur in association with westerly
MJO wind anomalies in the lower atmosphere. En-
hanced surface flux and convergence anomalies asso-
ciated with the enhanced local circulation may intensify
MJO convection, thereby creating a feedback loop that
leads to the further intensification of the local anomalous
circulation. Modeling work is needed to isolate the im-
portance of surface latent heat flux and surface con-
vergence variations in modulating boreal summer east
Pacific MJO convection. Modeling work may also elu-
cidate the effects of topography on east Pacific MJO-
related circulations.

Vertically integrated NCEP reanalysis and NVAP pre-
cipitable water anomalies both indicate that enhanced
MJO convection over the east Pacific is accompanied
by an anomalously moist equatorial troposphere. Intra-
seasonal NCEP and NVAP column water vapor anom-
alies are in phase with MJO convection anomalies over
the east Pacific. These results support the assertion that
the equatorial troposphere must be sufficiently moist-
ened for significant MJO convection to occur. Positive
near-surface NCEP specific humidity anomalies maxi-
mize in regions of positive surface latent heat flux and
surface convergence anomalies.
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