
Atmospheric Mixed Layer Convergence from Observed MJO Sea Surface
Temperature Anomalies

SIMON P. DE SZOEKE

Oregon State University, Corvallis, Oregon

ERIC D. MALONEY

Colorado State University, Fort Collins, Colorado

(Manuscript received 15 May 2019, in final form 26 September 2019)

ABSTRACT

The Madden–Julian oscillation (MJO) dominates tropical weather on intraseasonal 30–90-day time scales,

yet mechanisms for its generation, maintenance, and propagation remain unclear. Although surface moist

static energy (MSE) flux is greatest under strongwinds 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-

integratedMSE convergence using a model of mixed layer (ML) winds balancing friction, planetary rotation,

and hydrostatic pressure gradients. Small (0.3K) SST anomalies associated with the MJO drive 7Wm22 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 flux anomalies

driven by intraseasonal SST fluctuations.

1. Introduction

The Madden–Julian oscillation (MJO; Madden and

Julian 1971) is the dominant mode of intraseasonal (10–

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 fluxes to convection

may be all that is needed to overcomeweak atmospheric

grossmoist stability (Raymond andFuchs 2009) and grow

planetary-scale intraseasonal convective anomalies.

Among many possible positive feedbacks, surface

fluxes have been proposed to destabilize the atmosphere

to theMJO (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 atmosphericmodelwith fluxes 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 flux, increased surface turbulent heat

flux, and increased and upper oceanmixing (Moum et al.

2014), even when the upper ocean entrains warmer

water from the salinity stratified barrier layer during

westerly wind bursts (Pujiana et al. 2017). Compared to

intraseasonal fluxes diagnosed using the time-mean

SST field, intraseasonal SST anomalies shift the intra-

seasonal turbulent heat flux maximum forward in time

by;2 days, so that it is more in phase with themaximum

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) space–time filtered to isolate the MJO shows

warm anomalies below 850hPa and convergence below

about 925hPa 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 field calculated from the

diagnosticmodel of Back andBretherton (2009, hereafter

BB09). Because the mean MSE profile 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 2 composites

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 flux anomalies (DeMott et al. 2016)

and to intraseasonal MSE advection from the Dynamics

of the MJO (DYNAMO) field experiment sounding ar-

ray (Johnson and Ciesielski 2013).

2. Intraseasonal SST composites

We first estimate intraseasonal SST anomalies associ-

ated with the MJO. We use passive microwave SST re-

trievals thatmeasure SST through clouds, avoiding biases

that result from clouds obscuring infrared SST retrievals.

To remove the influence of seasonal and interannual

variability, we first high-pass filter 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 runningmean,

iterated three times over the 1998–2013 record.

SST and SST gradient anomalies are assigned to their

RMM phase (phases 1–8; Wheeler and Hendon 2004)

according to the RMM daily time series. We select data

from austral summer (November–April), when the equa-

torial MJO defined by the RMM is strongest. To better

detect the effect of theMJO,we composite only those days

when the RMM amplitude is equal to or greater than one

standard deviation. Tomaximize the statistical significance

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 stratified 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 latitude–longitude

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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In the Indian Ocean, where the MJO forms and begins

to propagate eastward, the warmest SST anomalies are

found to the east of positive precipitation anomalies.

Intraseasonal warm SST anomalies associated with

the RMM in November–April propagate northward

from the southern ITCZ (58–108S) in phase 7 to the

equator in phases 8 and 1 (Fig. 1). Cold SST anomalies

likewise propagate from the ITCZ to the equator in

phases 3–5. This northward SST propagation is consis-

tent with warming the SST beneath the location of the

climatological southern ITCZ after convection shifts off

the ITCZ and onto the equator in the convective phase

of the MJO. The RMM phase 7–8 composites also

show a cool band over the northern Indian Ocean in the

suppressed phase of the MJO. This may be analogous to

the cessation of the northern ITCZ in the October 2011

MJO. Active convection in the ITCZ and suppressed

convection on the equator allowed equatorial SST to

warm, driving equatorial convergence before the onset

of equatorial convection (Moteki 2015).

Eastward propagation along the equator follows the

northward propagation. Cold SST anomalies propagate

FIG. 1. TMI SST anomaly composites (contour interval 0.058C) for each phase of the

Wheeler and Hendon (2004) RMM index. The number printed over Africa indicates the

RMM phase. Positive TMI precipitation anomalies are contoured in units of standard de-

viations (green).

15 JANUARY 2020 DE SZOEKE AND MALONEY 549

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 09/29/21 12:31 PM UTC



zonally along the equator from the central IndianOcean

to the Maritime Continent in phases 3–6. Warm anom-

alies lead, and cold SST anomalies follow, the MJO

convection along its path through the seas between In-

donesia and Australia. Warm SST anomalies in phases

2–4 and cold anomalies in phases 6–8 propagate south-

ward from the equator to the South Pacific ITCZ. Large

positive SST anomalies also develop in phases 3–4 (and

negative anomalies in phases 6–7) in the Maritime Con-

tinent between Java and Australia.

3. Atmospheric density structure

In order for the SST to generate pressure anomalies in

theML, it must be related to negative density anomalies in

the atmosphere. On 3-times-daily running averaged SST,

we regress temperature and virtual temperature anomalies

from DYNAMO radiosondes (Yoneyama et al. 2013;

Johnson and Ciesielski 2013) released from the R/V

Revelle in October–November 2011 at the equator, 808E
(Fig. 2). Radiosondes sampled about every 3h. Virtual

temperature anomalies of about 0.28C, half the strength of
daily low-pass-filtered SST anomalies (sSST 5 0.48C;,
Fig. 2) were observed below 850hPa. The positive tem-

perature regression reaches above the cloud-base height to

about 830hPa (1.5km), before reversing sign over the rest

of the depth of the shallow convection (700hPa or 3km).

The signs of these anomalies are consistent with the

warmer atmospheric mixed layer in equilibriumwith the

warmer SST in the suppressed phase, but a relatively

cool upper shallow cumulus cloud layer. Water vapor

anomalies in the lower atmosphere reinforce the (light)

density anomaly due to temperature below 800 hPa, as

demonstrated by the projection of virtual temperature

on SST. The virtual temperature effect of water vapor

on density largely cancels that of cool temperature in

the 700–800-hPa layer. Since DYNAMO sampled 2–3

intraseasonal SST cycles and convective events, this

projection provides only anecdotal, rather than statis-

tically significant, evidence of the intraseasonal atmo-

spheric temperature response associated with SST. The

DYNAMO period exhibited considerable synoptic, me-

soscale, and other variability unrelated to intraseasonal

SST variability.

An MJO composite of a longer record (from K05, be-

fore theDYNAMOexperiment) corroborates equatorial

temperature anomalies of 0.28C reach from the surface to

850hPa, for convection centered over 1508E (Fig. 7 of

K05). The DYNAMO and K05 composites have maxi-

mum temperature anomalies at 925–850hPa rather than

at the surface. This may due to cold pools, which pene-

trate the subcloud mixed layer and spread out along the

surface in thin layers only;100m deep (de Szoeke et al.

2017). The K05 temperature anomaly spans from the

eastern edge of the deep convection to the shore of the

easternPacificOcean. From thedate line to 1408W, the low-

level warm anomalies reach 700hPa, suggesting that

shallow convection to the east of the intraseasonal

deep convection homogenizes the temperature.1 Warm

anomalies associated with the deep convection would

also affect the surface pressure, but in this study we

model only the effect of the subcloud mixed layer tem-

perature that is most closely related to SST.

4. Hydrostatic geopotential anomalies

Gradients of geopotential along constant pressure

surfaces describe the force on the air in the ML. In

this section we integrate the temperature anomalies in

the hydrostatic equation to compute the geopotential

anomalies averaged over the depth of the ML. We as-

sume the ML temperature T 5 T0 1 Ts is a constant

base state temperature T0 plus an anomaly Ts that

FIG. 2. DYNAMO R/V Revelle sounding temperature and vir-

tual temperature projection (8C) onto daily filtered SST anomalies.

The standard deviation of the filtered SST is 0.398C. Vertical height

is indicated on the right axis.

1 Our MJO SST anomaly in phase 5 (Fig. 1), when convection is

centered on 1508E, does not extend as far eastward across the

equatorial Pacific as in the K05 composite. The RMM index we use

(Wheeler and Hendon 2004) includes only the leading two east-

ward co-propagating modes. The filters of K05 retain zonal mean

anomalies, including a mode of variability that zonally extends

intraseasonal convection eastward in warm El Niño–Southern
Oscillation (ENSO) years (Kessler 2001).
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is vertically uniform throughout the subcloud mixed

layer, to pT 5 925hPa (about zT 5 780m). This layer

extends slightly above the cumulus cloud base over the

tropical warm pool, and corresponds to the warm anom-

aly east of convection in K05. We disregard variations in

temperature and pressure above this (de Szoeke et al.

2015; Johnson and Ciesielski 2013) in accordance with

the weak temperature gradient approximation (Sobel

et al. 2001). In fact, there are small temperature gradi-

ents above the ML associated with synoptic waves and

convective cloud heating. The following calculations are

linear, so the contribution to the geopotential (and the

wind) from the free troposphere and from theML can be

separated and superposed. Here we focus only on the

geopotential associated with temperature changes of the

ML associated with SST. The geopotential Z hydrostati-

cally integrates the density, dZ 5 2RTdlnp, downward

from pT5 925hPa to the surface pressure pS’ 1010hPa,

where R is the gas constant:

Z(p)5Z
T
2R(T

0
1T

s
) ln(p/p

T
) . (1)

Only Ts has a horizontal gradient. The zonal (x) deriv-

ative is thus Zx(p) 5 2R ln(p/pT)(Ts)x.

We assume the 1010–925-hPa ML winds are homo-

geneously mixed, and average the acceleration from the

geopotential gradients over theML. The mass-weighted

geopotential derivative for the subcloud ML is found by

vertically averaging the horizontal gradient of (1):

ðpS
pT

Z
x
dp/(p

S
2 p

T
)

52(T
s
)
x
Rfp

T
1 p

S
[ln(p

S
/p

T
)2 1]g /(p

S
2 p

T
) . (2)

The factor relating the acceleration of the ML to the

temperature gradient is

g[

ðpS
pT

Z
x
dp/[(T

s
)
x
(p

S
2 p

T
)]

52Rfp
T
1 p

S
[ln(p

S
/p

T
)2 1]g /(p

S
2 p

T
) . (3)

For pT 5 925 and pS 5 1010hPa, this factor is g 5
212.8m2 s22K21. For twice the depth, pT 5 850 hPa,

the coefficient is slightly more than doubled, to g 5
225.6m2 s22K21. If the temperature anomaly isTs at pS5
1010hPa and decreases proportionally to lnp, to zero at

pT 5 925 hPa, then the coefficient for the average geo-

potential gradient force coefficient is g524.1m2 s22K21,

about 1/3 of the coefficient of acceleration for vertically

uniform temperature. In Fig. 2, perhaps due to con-

founding atmospheric temperature variability unrelated

to SST, the virtual temperature anomaly is about half

that of SST from the surface to about 800 hPa, which

is weaker yet deeper than we assumed to calculate our

SST–pressure coefficient g.

For our choice of g 5 212.8m2 s22K21, a SST gra-

dient of 0.4K over 128 latitude would accelerate a wind

from rest to 1.7m s21 in 5 days (;1 MJO phase), were

the geopotential acceleration not balanced by friction

and Coriolis force. In the next section, we solve for the

balanced wind.

5. The SST-induced wind and divergence model

Weapply theBB09MLwindmodel to the geopotential

gradients. The governing equations for the ML zonal u

and meridional wind y are

u
t
52Z

x
2 ru1 f y, (4)

y
t
52Z

y
2 ry2 fu , (5)

where f is the Coriolis parameter, r is the Rayleigh

friction coefficient, and 2(Zx, Zy) is the layer-average

geopotential gradient acceleration. Subscripts indicate

partial derivatives.

This model includes entrainment friction at the top of

theML.We assume the wind above theML is not related

to the SST anomalies and linearize the entrainment fric-

tion coefficient about the mean wind shear at the top of

the inversion. Stevens et al. (2002) found that ML model

winds match observations for a h 5 500-m layer and en-

trainment velocity of 1 cms21, yielding an entrainment

Rayleigh drag coefficient of rT 5 we/h 5 2 3 1025 s21.

The entrainment friction is greater than the surface drag

rS 5 CDU/h ’ 1.5 3 1025 s21 with aerodynamic drag

coefficient CD 5 1.3 3 1023 and mean wind speed U 5
6ms21. Substituting our mixed layer depth h 5 780m,

corresponding to pT 5 925hPa, with these constants, we

adopt a ML Rayleigh friction coefficient of

r5 r
T
1 r

S
5 2:23 1025s21 ’ 2 day21 . (6)

For comparison, the Coriolis parameter is f 5 3.8 3
1025 s21 at 158N. This Rayleigh friction coefficient im-

plies that the winds reach frictional balance within a day,

and so are nearly steady on the time scale of intraseasonal

SST anomalies.

Following BB09, we model the steady ML wind that

balances the pressure gradient, rotation, and drag by

zeroing both sides of (4) and (5). The steady velocities are

u52(rZ
x
1 fZ

y
)/(r2 1 f 2), (7)

y5 (fZ
x
2 rZ

y
)/(r2 1 f 2) . (8)

The horizontal divergence of this wind=H �V5 ux1 yy is
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=
H
�V52

r

r2 1 f 2
[Z

xx
1Z

yy
]

1
b

(r2 1 f 2)2
[(r2 2 f 2)Z

x
1 2frZ

y
] , (9)

where b 5 fy is the meridional derivative of the Coriolis

parameter. The first term with the LaplacianZxx1 Zyy is

usually an order of magnitude larger than the second (b)

term. Using the Rayleigh friction coefficient r 5 3.5 3
1025 s21 (Stevens et al. 2002; BB09) for a 500-m layer

would scale the divergence down by a factor of 0.64. The

wind and divergence are completely linear operations, so

that convergence over a warm patch of SST is completely

symmetric with divergence from a cold patch of SST.

Divergence is calculated from (9) using finite differ-

ence approximations for Zx, Zy, Zxx, and Zyy on

smoothed SST fields for each RMM phase (Fig. 1).

Centered finite differences approximate first and second

spatial derivatives to at least second-order accuracy

using a three-point stencil near data voids at coasts, and

up to eighth-order accuracy using a nine-point stencil

far from data voids. The spatial gradients amplify high-

wavenumber noise in the SST observations. This spatial

differentiation procedure uses 3.258 3 3.258 filtered

composite SST fields. Its gradients are less noisy than,

but not qualitatively different from, those resulting from

filtering composite averages of spatial gradients of the

sparse gridded daily TMI SST swath observations.

Divergence diagnosed from the SST composite mean

for each phase of the RMM (Fig. 1) is shown in Fig. 3.

Only divergence composites whose one-sided confi-

dence interval exceeds zero with a probability of at least

0.95 are shaded. The significance level varies with the

variance of the SST derivatives and the number of reali-

zations at each location and each phase, but is approxi-

mately 3 3 1027 s21 everywhere. (The weakest shaded

contour levels in Fig. 3 are 62 3 1027 s21.) The signifi-

cance level is estimated for each location and RMM

phase from all finite differences of computed from pairs

of all neighboring daylight or night SST realizations

within 48h of each other. The median number of these

zonal and meridional differences is 380. White noise in

the SST retrievals strongly affects the spatial derivatives.

The 3.258 3 3.258 (13 3 13 points) spatial filter reduces

noise variance by a factor of 3.8 3 1026 for first deriv-

atives, and 1.1 3 1027 for second derivatives.

ML convergence accompanies warm SST in the sup-

pressed phase east of the intraseasonal rain maximum

from the central Indian Ocean to the far west Pacific in

phases 8, 1, 2, and 3. The warm SST and related ML

convergence end at the onset of intraseasonal deep con-

vection. Divergence accompanies cool anomalies fol-

lowing and to the west of intraseasonal deep convection.

Meridional convergence is responsible for most of the

systematic intraseasonal convergence anomalies (not

shown) because of zonally elongated intraseasonal SST

anomalies with weak zonal gradients.

6. MSE convergence

Vertical advection of dry static energy, s5 cpT1Z, is

balanced by diabatic heating (mostly net latent heating

of condensation) so that the vertical velocity only affects

theMSE through moisture advection. Because moisture

falls off rapidly with height in the atmosphere, ML con-

vergence pumps moister air from the ML deeper into

the atmospheric column, increasing its integrated moist

static energy, h 5 s 1 Lq.

We will show that the ML horizontal convergence is re-

sponsible formost of the convergenceofmoisture due to the

SST-induced winds. A secondary part is due to horizontal

advection of moisture. Conservation of water is written

q
t
1u � =

3
q5 0: (10)

The three-dimensional advection u � =3q can be ex-

pressed in terms of flux divergence and the specific hu-

midity q times divergence:

q
t
1=

3
� (uq)2 q(=

3
� u)5 0, (11)

and the divergence (=3 � u) is zero because the large-scale

density structure of the atmosphere is hydrostatic and

its flow is incompressible. We express the advection of

water vapor alternatively in flux form, and ignore ver-

tical fluxes at the surface and top of the atmosphere.

Separating the flux divergence into horizontal and ver-

tical components yields

q
t
52=

H
� (Vq)2 (vq)

p
. (12)

The vertical integral of the (0.258 3 0.258 grid scale)

vertical flux divergence (vq)p is zero over the whole

atmosphere, so

2g21

ð0
pS

q
t
dp52g21

ð0
pS

2=
H
� (Vq) dp . (13)

Having eliminated the vertical flux, we expand the hori-

zontal flux divergence into divergence and advection

components:

2g21

ð0
pS

q
t
dp5 g21

ð0
pS

[q(=
H
�V)1V � =

H
q] dp . (14)

Convergence of mass in the ML is balanced by diver-

gence aloft, yet littlemoisture diverges aloft. To estimate
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how much moisture is exported from the atmospheric col-

umn by the compensating divergence, we divide the at-

mosphere vertically at pT 5 925hPa. The integrated

SST-induced divergence DML in the ML below pT is com-

pensated by opposite divergenceDA above pT. Divergence

aloft is distributed over a much deeper layer, such that

D
A
52(p

S
2p

T
)/(p

T
2 p

tropopause
)D

ML
’20:1D

ML
,

(15)

with ptropopause 5 200hPa.

The mean velocity and divergence calculated for the

925–1010-hPa ML multiplied by the ML-average mois-

ture QML gives the horizontal moisture convergence.

From Clausius–Clapeyron and (moist) adiabatic expan-

sion, the saturation specific humidity decreases by a factor

of e21 over about 250 hPa. Using this scale, the mean

humidity aloft QA ’ 7 3 1023 QML and the moisture

export aloft QADA ’ 27 3 1024; QMLDML is much

smaller than themoisture import in theMLQMLDML. A

similar scaling applies to the advection term.

FIG. 3. TMI SST composite anomalies as in Fig. 1 and modeled ML (1010–925 hPa) mean

divergence for each (numbered) phase of theRMMindex.Only statistically significant divergence

is shaded, i.e., exceeding about 3 3 1027 s21, depending on the background variance. Positive

TMI precipitation anomalies are contoured in units of standard deviations (green). Vectors show

the intraseasonal SST-induced wind anomaly. The guide vector over Africa is 0.2m s21.
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If the ML convergence is returned in shallower cir-

culations, the compensating effect will be stronger be-

cause of the stronger divergence and higher humidity in

the return circulation. Even if all the ML mass conver-

gence is balanced by divergence below the freezing level

(600 hPa), the compensating midlevel moisture diver-

gence above theML is onlyQmidDmid520.12QMLDML,

relatively small compared to the ML moisture conver-

gence. The contribution of the free troposphere aloft to

the moisture divergence is henceforth neglected.

The column integral moisture source in (14) is then

approximated as the contributions from the ML:

2g21

ð0
pS

q
t
dp5 g21

ðpT
pS

[q(=
H
�V)1V � =

H
q]dp . (16)

We calculate the terms on the right-hand side from the

SST-induced horizontal velocityV [Eqs. (7) and (8)] and

divergence =H � V [Eq. (9)], and the 925–1000-hPa

November–April record mean humidity q from Euro-

pean Centre for Medium-Range Weather Forecasts

(ECMWF) interim reanalysis (ERA-Interim; Dee et al.

2011), assuming the intraseasonal variations of q are small

(Wolding et al. 2016). Using a constant mean specific

humidity in every phase, the moisture convergence is a

linear function of SST.

Figure 4 shows the integrated ML moisture conver-

gence as (dynamic) latent heat flux. The horizontal ad-

vection of q is 1022 times smaller than the divergence

term q(=H � V), so the moisture source (Fig. 3) scales

with the convergence, and we henceforth refer to the

right side of (16) as the ML moisture convergence. The

ML moisture convergence is coherent with RMM SST

and convective anomalies over the Indian Ocean and the

Pacific Ocean west of 1508E. The ML moisture conver-

gence is positive over warm SST anomalies, especially in

the central and eastern Indian Ocean in RMM phase 8.

The moisture convergence is negative over cool SST

anomalies in the eastern Indian Ocean in phase 5. The

onset of convection in the central Indian Ocean is in

phase 1, where there is still mean but patchy large-scale

convergence.

MJO convection anomalies are weak over the central

and eastern Pacific Ocean. Positive equatorial SST

anomalies east of the date line in RMM phases 1–3 and

negative SST in phases 5–7 may be due to the equato-

rial ocean response to zonal wind anomalies associated

with intraseasonal convection over the western Pacific. In

November–April, precipitation anomalies shift meridio-

nally between the equator and the South Pacific conver-

gence zone (SPCZ). These patterns project onto the

RMM composite but may only be coincidentally related

to the MJO.

The average ML MSE convergence for the equatorial

Indian Ocean (58N–58S, 508–958E) is shown in Fig. 5. The

Indian Ocean average MSE convergence has a standard

deviation of 4.3Wm22, with a peak of 7.1Wm22 in RMM

phase 8, resulting in 39 3 1012W integrated over the aver-

aging area. The MSE source is positive for phases 7, 8, 1,

and 2 and averages to 4.0Wm22 over these four phases.

This estimate of themoisture convergence is comparable to

the maximum MSE tendency in advance of the MJO con-

vective onset (Kiranmayi and Maloney 2011, their Fig. 5).

Indian Ocean average SST anomalies are positively

skewed, with positive SST anomalies of 0.28C, and negative
anomalies of less than 0.18C, yet the moisture convergence

induced by the SST gradients is fairly symmetrical. The

ML moisture convergence is stronger in the eastern half

of the equatorial Indian Ocean, reaching 610Wm22

(root-mean-square of 7Wm22) over 72.58–958E. In the

western Indian Ocean (508–72.58E) the extrema were

only 23 and 14Wm22.

7. Summary

We compare the rate of increase of columnMSE from

the intraseasonal SST-induced moisture convergence

with the enhanced surface MSE flux due to greater sea–

air temperature and humidity differences and wind speed.

Warmer SST before the convective phase of the MJO

increases the sea–air temperature difference and increases

the surface turbulent latent heat flux by 2–3Wm22 10 days

before the maximum in precipitation (DeMott et al.

2016). The moistening due to convergence found here is

in phase with the SST-driven flux anomaly and 2–3 times

larger. Combining the two processes, SST contributes

;10Wm22 to the intraseasonal atmospheric MSE bud-

get, bolstering the MSE source when intraseasonal wind

anomalies and surface fluxes are weak in the phase of

suppressed intraseasonal convection.

The SST-induced wind anomalies slightly reduce intra-

seasonal wind speed anomalies, but contribute only min-

imally to surface heat flux anomalies. The maximum

SST-induced anomalous wind is westerly ;0.2m s21 in

the western Indian Ocean in RMM phase 8. This is

against the prevailing RMM phase 8 easterly wind

anomaly of 4m s21 (Wheeler and Hendon 2004, Fig. 8

therein), so it reduces of the wind speed and the turbu-

lent surface flux anomaly by about 5%.

Johnson et al. (2015) calculate the moisture and tem-

perature advection from the DYNAMO sounding array.

Sobel et al. (2014, their Fig. 6) show that the integrated

horizontal MSE advection is22Wm22 below cloud base

(pT5 925hPa), while the vertical advection increases the

MSE of the layer from the surface to 600–700hPa before

and during the peak in convection. Vertically integrating
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just the moisture advection (Johnson et al. 2015) for the

subcloud ML (from the surface to 925hPa), vertical ad-

vection moistens the ML by 4.7Wm22, and horizontal

advection dries theML by26.4Wm22, for a total drying

(latent) advection of 21.7Wm22. Thus the 17Wm22

intraseasonal anomaly of SST-induced moisture con-

vergence is strong enough to cancel the mean drying

advection after the convectively suppressed phase and

before the active phase, and the SST-induced26Wm22

anomaly contributes to mean drying when SST is cool

after the convectively active phase. Thus SST-induced

moisture convergence in the ML recharges and

discharges atmospheric MSE anomalies in quadrature

with precipitation and in phase with intraseasonal vari-

ations of MSE over the tropical Indian and western

Pacific Oceans. The intraseasonal SST-induced conver-

gence supports moisture modes of intraseasonal con-

vective variability. The simple diagnostic of MSE

convergence over SST anomalies developed here may

be evaluated for coupled models used for intraseasonal

prediction of tropical convection.
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APPENDIX

Analytical Wind and Divergence Solutions

Taking the curl and divergence of the momentum

tendencies [(4) and (5)] gives equations for the curl f5
yx 2 uy and divergence c 5 ux 1 yy:

f
t
52rf1 fc1by, (A1)

c
t
52rc2 ff2bu2=2

HZ . (A2)

Near the equator f vanishes, butmeridional derivative of

planetary rotation, b 5 fy, multiplied by the undiffer-

entiated velocities remains, yielding the Sverdrup (1947)

generalized geostrophic balance. The steady solution for

the divergence is

c5 [2r=2Z2b(f y1 ru)]/(r2 1 f 2): (A3)

When planetary rotation is small r � f then the diver-

gence approaches 2(=2Z 1 bu)/r. For the curl,

f5 [2f=2Z1b(ry2 fu)]/(r2 1 f 2) . (A4)

When f � r the curl approaches 2(=2Z 1 bu)/f, and

when r � f it approaches 2f=2Z/r2 1 by/r.

The eigenvalues of the time-dependent system [(4)

and (5)] are2r6 if. Initially rotating inertial oscillations

decay exponentially to frictional balance on a time scale

of r21. At 28 latitude, f ’ 0.43 day21. The Rayleigh

frictional damping time scale is about r21 5 0.5 day for

the h5 780-m subcloud mixed layer and meanML wind

of U0 5 6m s21. At this latitude, r . f and the solution

decays toward frictional balance much faster than the

inertial period 2p/f. Thus, the SST-driven divergence

approaches the steady frictionally balanced solution

relatively quickly for each phase of the intraseasonal

SST anomalies.
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