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ABSTRACT

The MaddenÐJulian oscillation (MJO) dominates tropical weather on intraseasonal 30Ð90-day time scales,
yet mechanisms for its generation, maintenance, and propagation remain unclear. Although surface moist
static energy (MSE) ßux is greatest under strong winds in the convective phase, sea surface temperature (SST)
warms by ; 0.38C in the clear nonconvective phase of the MJO. Winds converging into the hydrostatic low
pressure under warm air over the warm SST increase the vertically integrated MSE. We estimate column-
integrated MSE convergence using a model of mixed layer (ML) winds balancing friction, planetary rotation,
and hydrostatic pressure gradients. Small (0.3 K) SST anomalies associated with the MJO drive 7 W m2 2 net
column MSE convergence averaged over the equatorial Indian Ocean ahead of MJO deep convection. The
MSE convergence is in the right phase to contribute to MJO generation and propagation. It is on the order of
the total MSE tendency previously assessed from reanalysis, and greater than surface heat ßux anomalies
driven by intraseasonal SST ßuctuations.

1. Introduction

The MaddenÐJulian oscillation (MJO; Madden and
Julian 1971) is the dominant mode of intraseasonal (10Ð
100 day) variability in the tropical atmosphere. Theories
for the physics of the MJO are incomplete at explaining
the MJO growth and propagation. Despite the potential
for improving subseasonal to seasonal predictions, nu-
merical weather prediction models struggle to simulate
the MJO ( Gottschalck et al. 2010; Kang and Kim 2010;
Wang et al. 2014; Lim et al. 2018). Differences among
the models are not easily attributed to individual pro-
cesses. It is likely that the MJO owes its existence to a
mixed summation of weakly unstable modes. In mois-
ture mode theories, small positive feedbacks to the
column moist static energy (MSE) budget induced by
the responses of radiation (Johnson et al. 2015; Del

Genio and Chen 2015) and surface ßuxes to convection
may be all that is needed to overcome weak atmospheric
gross moist stability (Raymond and Fuchs 2009) and grow
planetary-scale intraseasonal convective anomalies.

Among many possible positive feedbacks, surface
ßuxes have been proposed to destabilize the atmosphere
to the MJO ( Krishnamurti et al. 1988; Maloney and Sobel
2004). An early theory for the MJO proposed wind-
induced surface heat exchange as important for MJO
destabilization and propagation (Emanuel 1987; Neelin
et al. 1987). Forcing an atmospheric model with ßuxes due
to strong SST anomalies enhances its intraseasonal con-
vection (e.g.,Flatau et al. 1997), and atmospheric models
coupled to a thermodynamically interactive ocean, whose
surface ocean temperature evolves conserving enthalpy,
are usually better at simulating the MJO than standalone
atmospheric models (DeMott et al. 2016; Woolnough
et al. 2000; Stan 2018; Marshall et al. 2008).

SST warms during the MJO suppressed phase (Zhang
and McPhaden 1995; Hendon and Glick 1997; Shinoda
et al. 1998; de Szoeke et al. 2015), attaining its highest
temperature just before the onset of active convection.
Wind and clouds associated with the convection quickly
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expunge the warm SST anomaly by decreased down-
ward radiative ßux, increased surface turbulent heat
ßux, and increased and upper ocean mixing (Moum et al.
2014), even when the upper ocean entrains warmer
water from the salinity stratiÞed barrier layer during
westerly wind bursts (Pujiana et al. 2017). Compared to
intraseasonal ßuxes diagnosed using the time-mean
SST Þeld, intraseasonal SST anomalies shift the intra-
seasonal turbulent heat ßux maximum forward in time
by ; 2 days, so that it is more in phase with the maximum
of column MSE ( DeMott et al. 2016).

Here we explore another hypothesis, that warm SST
anomalies induce hydrostatic low pressure in the marine
atmospheric mixed layer (ML), driving convergence in
the ML ( Lindzen and Nigam 1987; Stevens et al. 2002;
Back and Bretherton 2009). This increases moist static
energy (MSE) over warm SST anomalies ahead of con-
vection and assists the eastward propagation of the MJO.
Reanalysis composited on outgoing longwave radiation
(OLR) spaceÐtime Þltered to isolate the MJO shows
warm anomalies below 850 hPa and convergence below
about 925 hPa to the east of the minimum OLR (Kiladis
et al. 2005, hereafter K05).

Low-level convergence to the east of convection has
been proposed as an important mechanism for the sus-
tenance and eastward propagation of the MJO (Hsu and
Li 2012; Wang and Li 1994; Wang et al. 2016). Rydbeck
and Jensen (2017)demonstrate that persistent warm SST
anomalies associated with downwelling oceanic Rossby
waves can help to initiate the MJO in the western Indian
Ocean. We evaluate the mass and moisture convergence
(and hence MSE convergence) due to MJO composite
SST anomalies with the wind Þeld calculated from the
diagnostic model ofBack and Bretherton (2009, hereafter
BB09). Because the mean MSE proÞle decreases to the
middle troposphere then increases to the tropopause,
upward vertical velocity in the lower troposphere in-
creases MSE by vertical advection, while upward vertical
velocity in the upper troposphere decreases MSE (Back
and Bretherton 2006). By mass conservation, conver-
gence in the ML implies vertical velocities in the lower
troposphere that increase column MSE.

We estimate convergence due to SST gradients re-
lated to the MJO in several steps.Section 2composites
the SST anomalies measured by satellite on the Real-
time Multivariate MJO index (RMM; Wheeler and
Hendon 2004). Section 3 shows the atmospheric tem-
perature structure correlated to the SST. Section 4 in-
tegrates the hydrostatic geopotential, averaged over the
depth of the ML, due to the temperature anomalies in-
duced by SST.Section 5 solves for the ML winds and
convergence from the geopotential gradients using a
version of the BB09 linear model. Multiplying by the

ML moisture, section 6 presents the SST-induced mois-
ture convergence, and its effect on the column MSE in
each phase of the RMM. Section 7 compares this SST-
induced MSE convergence to previous estimates of in-
traseasonal surface ßux anomalies (DeMott et al. 2016)
and to intraseasonal MSE advection from the Dynamics
of the MJO (DYNAMO) Þeld experiment sounding ar-
ray (Johnson and Ciesielski 2013).

2. Intraseasonal SST composites

We Þrst estimate intraseasonal SST anomalies associ-
ated with the MJO. We use passive microwave SST re-
trievals that measure SST through clouds, avoiding biases
that result from clouds obscuring infrared SST retrievals.
To remove the inßuence of seasonal and interannual
variability, we Þrst high-pass Þlter Tropical Rainfall
Measuring Mission (TRMM) Microwave Imager (TMI;
Gentemann et al. 2004; Wentz et al. 2015) 25-km grid-
ded swath SST by subtracting the 120-day running mean,
iterated three times over the 1998Ð2013 record.

SST and SST gradient anomalies are assigned to their
RMM phase (phases 1Ð8;Wheeler and Hendon 2004)
according to the RMM daily time series. We select data
from austral summer (NovemberÐApril), when the equa-
torial MJO deÞned by the RMM is strongest. To better
detect the effect of the MJO, we composite only those days
when the RMM amplitude is equal to or greater than one
standard deviation. To maximizethe statistical signiÞcance
of the composites, MJO events were not subdivided fur-
ther, such as into primary and successive events (Matthews
2008; Straub 2013). The number of days is between 653
and 797 for every RMM phase. TMI precipitation anom-
alies are likewise composited by RMM phase.

Most satellite SST data products are composed of
nocturnal surface retrievals. At night the upper ocean is
not thermally stratiÞed by solar absorption (Gentemann
et al. 2003; Clayson and Bogdanoff 2013). SST rises in
the intraseasonal convectively suppressed phase in large
part because of strong solar diurnal warming and reduced
mixing near the ocean surface. Using latitudeÐlongitude
gridded TMI swath data that record the time of day of
each retrieval, we average daylight and nocturnal means
for each RMM phase separately to avoid diurnal aliasing
from the sun-asynchronous TRMM satellite orbit. Day-
light and nocturnal composites are averaged together
with equal weight after the RMM compositing. The re-
sults are not sensitive to using either full-day or nocturnal
composites, indicating that intraseasonal SST variability
is well represented by ocean mixed layer temperature, as
sampled by nocturnal SST.

Figure 1 shows the SST composite anomalies and
positive precipitation anomalies for each RMM phase.
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