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ABSTRACT

The impact of horizontal advection of seasonal-mean moisture (SMM) onMadden–Julian oscillation (MJO)

dynamics is investigated here using a theoretical model that includes moisture advection processes. The zonal

advection of SMM with an eastward gradient is found to produce planetary-scale instability and promote slow

eastward propagation corresponding to an intraseasonal periodicity. This is because the SMM advection by an

anomalous easterly of the Kelvin waves generates a moisture source to the east of precipitation, which favors

eastward propagation and unstable growth. On the other hand, the advection of SMMwith a westward gradient

results in a westward-propagating unstable mode. For a realistic SMM distribution, the simulated eastward

propagation is enhanced over the Indo-Pacific warm pool, while the westward propagation prevails over the

central-eastern Pacific. In contrast to the zonal advection of SMM, the meridional advection of SMM only

affects short waves and leaves planetary waves nearly unaffected.

The effect of zonal advection of SMM suggests an important mechanism for explaining the eastward

propagation and growth of the MJO over the Indo-Pacific warm pool when the SMM increases eastward.

However, this mechanism alone produces unrealistic Kelvin wave–like structure and strong westward

propagation in the central-eastern Pacific; both disagree with observations. These caveats, however, can be

remitted if the planetary boundary layer (PBL) moisture convergence feedback is included, which couples

the Kelvin wave and the Rossby wave via precipitation heating, producing a realistic horizontal structure

and also substantially suppressing the unrealistically growing, westward-propagating mode in the central-

eastern Pacific.

1. Introduction

The Madden–Julian oscillation (MJO), named after

its discoverers (Madden and Julian 1971, 1972, 1994), is

the most energetic intraseasonal oscillation in the

tropical atmosphere. The MJO is usually characterized

by a slowly eastward-propagating (about 5m s21),

planetary-scale baroclinic circulation cell, and its

convection center usually prevails over the Indo-

Pacific warm pool (Knutson and Weickmann 1987;

Wang and Rui 1990; Hendon and Salby 1994; Maloney

and Hartmann 1998; Kiladis et al. 2005; Zhang 2005).

We present an important mechanism to explain MJO

development, propagation, and scale selection in this

paper.

Owing to considerable interest in understanding the

underlying cause of the MJO, a number of theories

have been proposed, such as wave–convective instability

of the second kind (wave-CISK; Lau and Peng 1987),

evaporation–wind feedback (Emanuel 1987; Neelin

et al. 1987; Wang 1988b), planetary boundary layer

(PBL) moisture convergence feedback and frictionally

coupled Kelvin–Rossby wave theory (Wang 1988a; Li
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and Zhou 2009; Liu and Wang 2012a), cloud–radiation

feedback (Hu and Randall 1994; Raymond 2001; Fuchs

and Raymond 2005; Andersen and Kuang 2012; Wang

et al. 2013), convection–moisture feedback (Woolnough

et al. 2001; Grabowski and Moncrieff 2004; Raymond

and Fuchs 2009; Kuang 2011; Sobel and Maloney 2012,

2013), and multiscale interaction (Majda and Biello

2004; Majda and Stechmann 2009, 2011; Wang and Liu

2011; Liu and Wang 2012b, 2013).

In addition to the aforementionedmechanisms, recent

general circulation model (GCM) experiments sug-

gested that horizontal moisture advection is particularly

important for MJO simulation (Maloney 2009; Maloney

et al. 2010) and that correct simulation of seasonal-mean

moisture (SMM) is important for MJO simulation (Kim

et al. 2011; Benedict et al. 2014). Studies using obser-

vations noted the zonal advection of SMM is important

for the MJO initiation and development over the Indian

Ocean (Kiranmayi and Maloney 2011; Hsu and Li 2012;

Zhao et al. 2013; Sobel et al. 2014). During the boreal

winter from November to March, the MJO is intensified

over the Maritime Continent when the eastward gradi-

ent of SMM anomalies exists because of the simulta-

neous positive sea surface temperature (SST) anomalies

over the central Pacific (Liu et al. 2015). In the monthly

mean NCEP–Department of Energy (DOE) AMIP-II

reanalysis (Kanamitsu et al. 2002), the SMM is maxi-

mum over the warm pool region (Fig. 1); thus, the zonal

gradient of SMM is eastward over the Indo-Pacific warm

pool and westward over the central-eastern Pacific, and

the zonal advection of SMM by lower-tropospheric

easterly winds of the MJO would support MJO devel-

opment over the Indian Ocean. We use the daily Ad-

vanced Very High Resolution Radiometer (AVHRR)

outgoing longwave radiation (OLR) from the NOAA

polar-orbiting satellites (Liebmann and Smith 1996) to

represent the MJO convection and use the daily zonal

wind and specific humidity from the NCEP–NCAR re-

analysis (Kalnay et al. 1996) to represent the MJO cir-

culation and moisture during 1979–2013. Figure 2 shows

observed relations among MJO convection, moisture

anomalies and zonal SMM advection. For the de-

veloping MJO over the Indian Ocean (Wheeler and

Hendon 2004), the moisture anomalies of the MJO lead

the convective center to the east. The positive zonal

advection of SMM by the lower-tropospheric easterly

winds leads MJO moisture anomalies to the east

(Fig. 2a). This means the zonal advection of SMM tends

to moisten the lower troposphere and enhance MJO

convection. For the decaying MJO over the western

Pacific, the zonal advection of SMM tends to dry the

lower troposphere and suppress MJO convection

(Fig. 2b). By considering an f plane, first baroclinic

mode in the weak temperature gradient approximation,

the meridional advection of SMM is found to destabilize

the eastward propagation (Sobel et al. 2001), while the

FIG. 1. Climatological distribution of SMM. (a) Zonal (108S–108N average) and

(b)meridional (608E–1408Eaverage) distributions of climatological-mean (1948–2013), boreal-

winter (November–March), lower-tropospheric (825–500 hPa) specific humidity.
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meridional advection of SMMonly simulates the neutral

mode on a b plane (Sukhatme 2014). In view of these

simulations, observations, and theoretical results, we

aim to test the hypothesis that the horizontal advection

of SMM is one of the important mechanisms for ex-

plaining MJO development, propagation, and scale

selection.

The theoretical model used for testing the hypothesis

is a modified version of the newly developed theoretical

model for studying the essential dynamics of the MJO

(Liu and Wang 2016). The model framework integrates

the wave–convection interaction, the PBL frictional

moisture convergence (FC) feedback and a simple

convection–moisture feedback. The model extends the

FIG. 2. Observed SMM advection. (a) The composite equatorial (108S–108N) averaged,

lower-tropospheric (825–500 hPa), 20–80-day filtered moisture (blue) and zonal SMM advec-

tion (red) during the boreal winter (November–March) for the developing MJO for which the

area (108S–108N, 708–908E) averaged 20–80-day filteredOLR is less than one negative standard

deviation. The climatological-mean SMM (as in Fig. 1a) is also shown by the black curve. The

shaded rectangle denotes the convective center. (b)As in (a), but that for the decayingMJO for

which the area (108S–108N, 1308–1508E) averaged 20–80-day filtered OLR is less than one

negative standard deviation.
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Matsuno–Gill theory by incorporating moisture feed-

back to precipitation heating and a trio-interaction

among low-frequency equatorial waves, boundary

layer dynamics, and precipitation heating. Therefore,

the model combines convectively coupled wave–PBL

dynamics (Wang and Rui 1990;Wang and Li 1994; Kang

et al. 2013) and a simple moisture process in the

‘‘moisture mode’’ (Raymond and Fuchs 2009; Sobel and

Maloney 2013), whereas the complicated convection

triggering process connected to the mean atmospheric

moisture and the thermodynamics feedback of the

moisture mode are not considered here. The model with

the simplified Betts–Miller scheme can produce essen-

tial aspects of large-scale characteristics of the observed

MJO: an equatorial planetary-scale, unstable system

(over the Indo-Pacific warm pool) moving eastward

slowly (resulting in an intraseasonal periodicity) with

convectively coupled Kelvin–Rossby wave structure

and rearward-tilted moisture and divergence anoma-

lies. The model can also accommodate a variety of

additional processes, providing a general framework

for understanding MJO dynamics (Liu and Wang

2016). For this reason, we use it to test the afore-

mentioned hypothesis.

To identify the potentially important role of basic-

state moisture advection, we implement a moisture ad-

vection mechanism in the model. This improved model

allows us to understand the mechanism by which SMM

advection (by MJO circulation anomaly) affects the

propagation, instability, and structure of the MJO. In

this work, the simplified Betts–Miller scheme is used to

incorporate moisture feedback. The model can be run

with or without the PBL dynamics so that the impact of

moisture advection can be examined in isolation or in

combination with the PBL feedback.

In section 2, we introduce the theoretical model. In

section 3, we show the properties of the linear normal

modes affected by the uniform moisture advection

process. In section 4, we present a few representative

numerical solutions for realistic mean states. In section

5, we discuss the convection scheme. In section 6, we

provide our conclusions.

2. Model framework

a. Basic equations

In the theoretical model, we parameterize large-scale

precipitation heating based on a simplified Betts–Miller

relaxation scheme (Betts 1986; Betts and Miller 1986;

Frierson et al. 2004). For simplicity, we neglect mo-

mentum damping in the free troposphere and adopt the

longwave approximation to filter out high-frequency

waves. We choose a velocity scale of C5 50m s21(the

speed of the lowest internal gravity wave), a length

scale of
ffiffiffiffiffiffiffiffi

C/b
p

5 1, 500km (the equatorial Rossby de-

formation radius), and a time scale of
ffiffiffiffiffiffiffiffiffiffiffi

1/Cb
p

5 8:5 h,

where b5 2:33 10211 m21 s21 represents the leading-

order curvature effect of Earth at the equator. The

scales for geopotential and moisture anomalies are

C2 5 2500m2 s22 and 4:8 g kg21 (Wang 1988a), re-

spectively. Thus, the nondimensional governing equa-

tions for the first baroclinic mode (Liu and Wang 2016)

are the following:

u
t
2 yy52f

x
,

yu52f
y
,

f
t
1 u

x
1 y

y
52P

r
2mf ,

q
t
1Q(u

x
1 y

y
)52P

r
, and

P
r
5
1

t
(q1af) , (1)

where u and y are the zonal x and meridional y veloc-

ities, respectively, f is the geopotential anomaly, and

m is the nondimensional Newtonian cooling coefficient.

The parameter Q is the nondimensional vertical gra-

dient of tropospheric background moisture, which is a

function of prescribed SST (Wang 1988a). The term Pr

is the precipitation associated with the diabatic heating

of deep convection, which is parameterized by the

simplified Betts–Miller scheme. In the precipitation

equation, the first and second terms on the rhs indicate

convection will relax moisture to its reference state

counterpart and release the convective available po-

tential energy (CAPE). Through this parameterization,

the positive lower-tropospheric moisture anomalies

and cold midtroposphere–warm boundary layer con-

trast both enhance precipitation. The term a is the

coefficient of the reference moisture profile, measuring

the relative contribution of environmental buoyancy to

the CAPE parameterization. Positive a means the

convection will release positive CAPE, and sensitivity

experiments show that the model results are not sen-

sitive to a. The term t is the convective adjustment

time, which measures how long it takes the convection

to release CAPE and relax moisture back to its refer-

ence state (Neelin and Yu 1994). Here, we assume a

slow adjustment; thus, t5 12h is in agreement with

observations (Bretherton et al. 2004). Details of this

model can be found in Liu and Wang (2016).

When the horizontal advection of SMM is added, the

original moisture equation is replaced by

q
t
1Q(u

x
1 y

y
)1 uQ

x
1 yQ

y
52P

r
, (2)
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whereQx andQy are the zonal and meridional gradients

of SMM in the lower troposphere, respectively.

For comparison, the role of PBLmoisture convergence

is also included in the model. We use a well-mixed PBL

model with the longwave approximation (Wang and Li

1994), in which the movement is driven by the pressure

anomaly that is assumed to be equal to the pressure

anomaly in the lower troposphere. Thus, the Ekman

pumping w (Liu and Wang 2016) has the form of

w5 d(d
1
f
yy
1 d

2
f
y
) , (3)

where d1 5E/(E2 1 y2), and d2 522Ey/(E2 1 y2)2. The

term d is the nondimensional PBL depth. The term E is

the Ekman number in the PBL. The PBL moisture con-

vergence acts to moisten the lower troposphere, and this

process can be added in the moisture equation as follows:

q
t
1Q(u

x
1 y

y
)52P

r
1Q

b
w , (4)

where Qb is the nondimensional effective background

moisture in the PBL (i.e., the vertical gradient of the

background moisture at the top of the boundary layer).

b. The theoretical model with both moisture
advection and PBL processes

The model including both the moisture advection and

PBL moisture convergence processes can be written as

follows:

u
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x
,
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y
,
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1
f

yy
1d

2
f
y
) . (5)

The Ekman pumping is also added in the temperature

equation because of continuity (Liu and Wang 2016).

The original wave dynamics–moisture (WM) model can

be obtained by neglecting these advection and PBL

processes (i.e., by setting Qx 5 0, Qy 5 0, and Qb 5 0).

Individual roles of zonal moisture advection, meridional

moisture advection, and PBL moisture convergence can

be investigated by only keeping a specific term in each

test run. Standard values for the parameters used in this

model are listed in Table 1.

c. Linear normal modes

To explore the role of horizontal advection of SMM,

the zonally constant SMM gradient is investigated first.

According to observations (Fig. 1), we choose the zonal

gradient of SMM Qx 5 0:06, which represents a di-

mensional zonal gradient of 1.5 g kg21 per 508 longitude,
and the meridional gradient Qy 520:24y exp(2y2/2),

which represents a poleward meridional gradient of

3.5 g kg21 per 308 latitude. Following previous works

(Wang 1988a; Liu and Wang 2012a), the basic-state

specific humidity is assumed to decrease exponentially

from the surface upward, with an e-folding scale of

2.2 km. The surface specific humidity is estimated

based on an empirical dependence on SST [i.e.,

(0.972SST 2 8.92) 3 1023 kgkg21]. Thus, the SMM in

the PBL (1000–900hPa), lower troposphere (900–

500 hPa), upper troposphere (500–100hPa), and full

troposphere (900–100 hPa) can be obtained, and the

moisture vertical gradient at the top of the PBL Qb can

be calculated by the difference between the PBL and full

troposphere, while the gradient in the troposphere Q

can be calculated by the difference between the lower

and upper troposphere.

To obtain the analytical solution, the zonally homo-

geneous background moisture is used, and the standard

value over a warm SST of 29.58C for the tropospheric

vertical SMM gradient Q and the PBL moisture gra-

dient Qb are listed in Table 1. Thus, there is in-

consistency between the zonally uniform SMM and

zonal SMM gradient Qx, which remains to be a good

approximation and can be corrected in the numerical

integration with a realistic distribution of background

moisture.

TABLE 1. Parameters and their default values used in the experiments. Adapted from Liu and Wang (2016).

Parameter Description Typical value used (nondimensional)

Q Vertical SMM gradient between the lower (900–500 hPa)

and upper (500–100 hPa) troposphere

0.9 [7.3 g kg21(400 hPa)21]

Qb Vertical SMM gradient at the top of the PBL (900 hPa) 1.6 [12.5 g kg21(100 hPa)21]

m Newtonian cooling coefficient 0.18 (6 3 1026 s21)

E Ekman number in the PBL 1.1 (1/8 h)

d PBL depth 0.25 (100 hPa)

a Moisture reference coefficient 0.1

t Convective adjustment time 1.5 (12 h)
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Since the background moisture associated with SST is

maximum in the tropics and decreases poleward over

the Indo-Pacific warm pool during the boreal winter

(Kang et al. 2013), we assume that the tropospheric

zonal SMM gradientQx, the tropospheric vertical SMM

gradient Q, and the PBL vertical moisture gradient Qb

all are maximum at the equator, having the values listed

above and decreasing poleward with an e-folding

damping scale of 308.
For the zonally homogeneous SMM gradient, Eqs. (5)

can be calculated by solving an eigenvalue problem. We

assume that the solutions have a zonally propagating

plane–wave structure in the form of ei(kx2vt); that is, the

perturbations propagate at a real phase speed of Re(v)/k

and with a linear growth rate of Im(v). Here, v and k are

frequency and wavenumber, respectively. After projec-

ting Eqs. (5) onto the frequency–wavenumber domain,

we can obtain a coefficient matrix for the five variables,

and the eigenvalues and eigenvectors are calculated via

matrix inversion. The Rossby and Kelvin waves, with

their lowest meridional modes, can be studied using the

first three meridional expansions of parabolic cylinder

functions. Sensitivity experiments showed that higher

meridional modes did not affect the results qualitatively.

A simple formula for the oscillation without the PBL

and moisture advection can be obtained by considering

the even simpler case of flow above the equator. In this

case, Eqs. (5) are used, y and y are set to zero, and me-

ridional derivatives are also ignored; thus, the dispersion

equation can be simply written as follows:

ts3 1 is2 2 tk2s2 i(12Q)k2 5 0, (6)

which is a cubic equation when the moisture process is

included.

Since the dispersion relation is determined by a

cubic equation, the frequency has three solutions for

each wavenumber. In this work, we only keep the

positive frequency (i.e., v. 0), and the eastward

(westward) propagation is selected by choosing posi-

tive (negative) wavenumber. In this work, we mainly

focus on the eastward propagation, and the westward

propagation will be discussed in the sensitivity ex-

periments. The calculation also shows that one solu-

tion with positive frequency has a growth rate smaller

than 20.4 day21, and we remove this unrealistic,

strongly damped solution.

d. Numerical integration

To test the hypothesis that horizontal advection

of SMM is important for the MJO, the realistic SMM,

especially the realistic zonal variation of the SMM gra-

dient, is studied by integrating the model from an initial

value with linear heating over time. We solve this linear

system numerically in a zonally periodic domain, and no

fluxes of mass, momentum, and heat are applied at the

meridional lateral boundary of 358N and 358S. The finite
difference method is adopted in both time and space.

The time integration scheme is forward differenced

with a time step of 2.5min. The spatial resolution is 2.58
by 2.58. Sensitivity tests were performed using different

spatial grid sizes, and the results showed no sensitivity to

the horizontal resolution.

Simulations are initialized by the pressure perturbation

with aKelvin wave–like structure off5f0 sin(2pkix/L),

where L is the nondimensional circumference of

Earth at the equator, and ki is the wavenumber of

initial disturbances.

3. Idealized mean state

For simplicity, in this section we consider linear

heating and the idealized SMM field. The idealized

SMM distributions were described in section 2c. In the

following analysis, we first focus on the effects of SMM

advection on growth rate, propagation, and horizontal

structure and then examine the combined effects of PBL

frictional moisture feedback and SMM advection. This

allows us to isolate the roles of SMM advection clearly.

a. Impact of SMM advection

Let us examine instability and periodicity (or propa-

gation speed) first. Figure 3 shows the growth rate and

frequency (periodicity) as a function of wavenumber for

different moisture advection processes without the PBL

feedback. Three cases are used for comparison. In the

first case, only wave–moisture feedback under the

Betts–Miller scheme is included, so it is without mois-

ture advection. This case serves as a basic model, named

the WM model for short. In the second and third cases,

zonal Qx and meridional Qy moisture advections are

added, respectively, so that the effects of moisture ad-

vection can be identified.

Without SMM advection, the Betts–Miller scheme

only simulates a damped eastward-propagating mode,

and short waves are strongly damped. The meridional

advection of SMM mainly affects short waves, and the

long waves are less affected. The growth rate of short

waves is increased, though it remains negative. When

an eastward SMM gradient is included, the SMM ad-

vection makes planetary-scale waves less damped, and

wavenumber 1 becomes unstable; the short waves are

strongly damped.

The frequency is changed significantly by themoisture

advection processes (Fig. 3b). Without SMM advection,

the WM-damped mode is nearly stationary, although
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still eastward, with a period longer than 120 days for all

wavenumbers. The inclusion of the meridional advec-

tion tends to accelerate the eastward propagation of

short waves, while the long waves are less affected. The

eastward propagation is accelerated by the zonal SMM

advection process for all wavenumbers, resulting in an

oscillation of 30–90 days.

Since the MJO is viewed as coupled equatorial Kelvin

andRossby waves, it is worth analyzing how the horizontal

moisture advection affects the horizontal structure of this

coupled system, which can be shown by the eigenvector

corresponding to each eigenvalue. Figure 4 shows

the horizontal structure of the eastward-propagating

wavenumber-1 mode. Without SMM advection (Fig. 4a),

the WM mode exhibits that the equatorial low pressure

anomalies are sandwiched by two off-equatorial high

pressure gyres; the positive pressure anomalies, however,

are in phase with the positive precipitation anomalies. This

horizontal structure is unrealistic in the sense that 1) it is

not a convectively coupled Kelvin–Rossby wave structure

(or theGill pattern) and 2) it has an erroneous relationship

between precipitation and pressure anomalies. In the ob-

servations, precipitation is in quadrature with equatorial

pressure anomalies; here, they are precisely in phase.

When the zonal advection of SMM is included, the

horizontal structure is drastically changed (Fig. 4b).

The system is dominated by equatorial disturbances,

and off-equatorial disturbances are almost completely

suppressed. This horizontal structure is not a con-

vectively coupled Kelvin–Rossby wave structure;

rather, it looks like a Kelvin wave structure. The low

pressure anomalies, in phase with the lower-tropospheric

easterly wind anomalies, lead the positive precipitation

center, while the positive pressure anomalies lag the

convective center. The meridional moisture advection

has an insignificant effect on the horizontal structure of

wavenumber 1 (not shown).

Different from previous works (Sobel et al. 2001;

Sukhatme 2014), we find that the meridional advection of

SMM only affects short waves while keeping long waves

unaffected. The zonal advection of SMM tends to provide

an instability source for planetary waves, which results in

an unstable wavenumber 1. The zonal moisture advection

also plays a significant role in accelerating eastward

propagation, resulting in a period on the intraseasonal

time scale. However, the zonal moisture advection cannot

couple the Kelvin and Rossby waves, resulting in a Kelvin

wave–like mode.

b. Effects of SMM advection in the presence of PBL
dynamics

What roles does the SMM advection play in the pres-

ence of PBL moisture convergence? Figure 5 shows the

growth rate and frequency for different processes. We

again use three cases for comparison. The first case has

only the WM feedback, without the moisture advection

and PBL feedback. The second case has the PBL feed-

back added (Qb . 0). The third case has both the mois-

ture advection and PBL moisture feedback added

(QxQyQb 6¼ 0). The PBL moisture convergence alone

provides an instability source for the planetary-scale

mode (Fig. 5a), and it also accelerates the eastward

propagation, making the periodicity fall into the

intraseasonal oscillation range for all wavenumbers

FIG. 3. Role of horizontal advection of SMM. (a) Growth rate (day21) and (b) frequency (cycles per day) as

a function of wavenumber in the WM model (gray), the WM model with meridional SMM advection only (blue),

and the WM model with zonal SMM advection only (red). The selection of these processes is given in section 2b.
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(Fig. 5b). This confirms the result of Liu and Wang

(2016). The combined effects of horizontal moisture

advection and PBL moisture convergence processes en-

hance the growth rate of the planetary-scale eastward-

propagatingmode, resulting in unstable wavenumber 1

through wavenumber 3. Wavenumber 1 has the maxi-

mum growth rate, and short waves are damped.

Compared to the result from the WM model with the

PBL process added, the frequency is increased for

all wavenumbers when the moisture advection process

is also included. This positive feedback of zonal advec-

tion of SMM—namely, increasing the growth rate

of planetary-scale waves and accelerating the eastward

propagation—can also be shown by two sensitivity

experiments with strong and weak zonal advection of

SMM in the WM model, which has added both the

PBL and horizontal SMM advection processes

(Fig. 5). The sensitivity tests on Q and Qb also show

that a stronger growth rate is generated by a warmer

SST for all wavenumbers and that planetary-scale

waves are slowed down over the warmer SST while

short waves are less affected (Liu and Wang 2016).

The PBLmoisture convergence has a different impact

on the horizontal structure than the SMM advection

(Fig. 4c). Rather than having a Kelvin wave–like struc-

ture, the PBL moisture convergence couples Kelvin

and Rossby waves with precipitation heating and

yields a Gill-like anomaly pattern. The equatorial low

pressure anomalies, which are in phase with the upward

equatorial Ekman pumping, now lead the positive

FIG. 4. Horizontal structure changes by different processes. Horizontal structures of nor-

malized precipitation anomalies (shading) and lower-tropospheric pressure anomalies (black

contours) for eastward-propagating wavenumber 1 in (a) the original WMmodel, (b) the WM

model with the zonal moisture advection process only, and (c) the WM model with the PBL

process only. The contour interval is one-fifth of the maximum amplitude of the anomaly, and

the zero contour is not shown. The thick blue contours denote the easterly wind in (b) and

upward Ekman pumping in (c), with 0.2 as their amplitudes.
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precipitation anomalies. These two features are in good

agreement with observations. Therefore, only in the

presence of PBL moisture convergence feedback, can

the zonal SMM advection mechanism produce realistic

horizontal and vertical circulation structures; in addi-

tion, it enhances growth rates and makes the eastward

propagation faster.

c. Interpretation of the effects of zonal SMM
advection

How does the zonal SMM advection affect the struc-

ture, speed, and instability of eastward propagation? In

the WM model, the negative temperature (or positive

geopotential) and positive precipitation anomalies are in

phase owing to the simplified Betts–Miller parameteri-

zation scheme. This relationship is changed by the in-

clusion of zonal SMM advection. The mean moisture

advection provides an additional moisture source moist-

ening the lower troposphere ahead of the precipitation

center, which changes the precipitation–geopotential re-

lationship from an in-phase to in-quadrature relationship.

In the presence of PBL convergence (Wang and Rui

1990; Liu and Wang 2016), the upward off-equatorial

Ekman pumping also enhances the precipitation in the

subtropics, which lags its equatorial counterpart. How-

ever, the additional moisture advected by the lower-

tropospheric easterly wind occurs mainly in the tropical

region, which only tends to enhance the precipitation in

the equatorial region, resulting in strong equatorially

trapped Kelvin wave–like disturbances (Fig. 4b). Since the

subtropical perturbation associated with the westward-

propagating Rossby component is suppressed and the

equatorial precipitation favors the growth of Kelvin waves,

the eastward propagation is much accelerated by the zonal

SMM advection process.

For the growing modes, positive eddy available poten-

tial energy (EAPE) should be generated, which requires

positive covariance between perturbation tempera-

ture and diabatic heating associated with large-scale

precipitation anomalies, or 2Prf averaged over one

wavelength, because on the first baroclinic mode

f52u, where u is the nondimensional temperature

anomaly (Wang and Rui 1990).

Figure 6 compares the EAPE in the WM model with

and without the zonal moisture advection and PBL pro-

cesses. For wavenumber 1 in the WM model (Fig. 6a),

strong negative EAPE is generated in the tropics, and

weak negative EAPE is in the subtropics. For wave-

number 2, similar negative EAPE is also generated, while

positive EAPE is generated near 78S and 78N. When the

zonal advection of SMM is included (Fig. 6b), similar

negative EAPE as that in theWMmodel can be obtained

for wavenumber 2, but positive EAPE, with its maximum

value at the equator, is generated for wavenumber 1. In

the WM model with the PBL process (Fig. 6c), strong

positive EAPE is generated at the equator and in the

subtropics for wavenumber 1, while negative EAPE is

generated at the equator for wavenumber 2.

FIG. 5. Roles of PBL and horizontal moisture advection processes. As in Fig. 3, but for the WM model with

different processes: PBL alone (black) and both PBL and horizontal moisture advection (brown). Also shown are

the results of two sensitivity experiments with strong (red; Qx1 5 2Qx) and weak (purple; Qx2 5Qx/2) zonal

moisture advections in the experiment with both the PBL and horizontal moisture advection processes.
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In the WM model, the Betts–Miller precipitation

scheme is a strong negative feedback, and any distur-

bances are damped quickly owing to the consumption of

convective instability by convection; thus, only negative

EAPE is generated. This is in agreement with the result

of Liu and Wang (2016). Both the moisture advection

and PBL processes provide an instability source for

wavenumber 1 and generate positive EAPE. The former

is through advecting additional moisture in the equato-

rial region from the SMM, while the latter is through

pumping additional moisture in both equatorial and

subtropical regions from the PBL. For shorter waves,

the stronger negative feedback of the Betts–Miller

scheme dominates, which generates negative EAPE,

resulting in damped modes.

d. Sensitivity experiments

The observed SMM has strong zonal variation, in

which the eastward gradient exists over the Indo-Pacific

warm pool while the westward gradient occurs over the

central-eastern Pacific (Fig. 1a). Thus, it is necessary to

test how the model evolves under different zonal SMM

gradients first.

Figure 7 shows the sensitivity of growth rate and phase

speed to different zonal gradients of SMM. When the

zonal SMM gradient is positive (negative), the solution

for the westward (eastward) propagation has a negative

growth rate smaller than20:4day21 (not shown). When

the zonal gradient of SMM is weak (Fig. 7a), both

westward and eastward modes are suppressed; when the

zonal gradient of SMM is strong, the westward SMM

gradient will select the westward propagation as the un-

stable mode, and the eastward SMM gradient tends to se-

lect the eastward propagation. The eastward-propagating

(westward propagating) modes have large growth rates

when the eastward (westward) SMM gradient is strong.

The large eastward (westward) SMM gradient also has

strong effect on accelerating the eastward (westward)

propagation accordingly (Fig. 7b).

Although precipitation will be damped owing to the

consumption of convective instability, the strong zonal

advection of SMM does provide additional moisture

FIG. 6. EAPE changes by different processes. Zonally averaged EAPE of eastward-propagating

wavenumber 1 (red) and wavenumber 2 (blue) in (a) the WMmodel, (b) the WMmodel with the

zonal moisture advection process only, and (c) the WM model with the PBL process only.
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source to the growth of precipitation. The eastward

(westward) gradient of SMM will select the eastward

(westward) propagation as the growing mode. These

results suggest that we should look at the model evolu-

tion under a realistic mean state.

4. Realistic mean state

Since the eigenvalue problem cannot deal with a

realistic SMM gradient with zonal variation, we need

to integrate the model numerically. In these numer-

ical experiments, a realistic SMM gradient with zonal

variation is included, and we can simulate longitude-

dependent development and propagation. For simplicity,

an idealized SST structure mimicking the warm-pool-like

SST distribution for the boreal winter is used in the nu-

merical calculation. For simplicity, we use linear heating

in the numerical experiments. The nonlinear heating (i.e.,

the positive-only heating that has been found to select the

planetary scale as the most unstable mode; Li and Zhou

2009) is not used here; instead, it will be studied in future.

Figure 8 shows this simple but realistic SST (Fig. 8a),

an associated PBL specific-humidity structure (Fig. 8b),

and a lower-tropospheric specific-humidity structure

(Fig. 8c), which are mainly based on the observation of

Fig. 1 and can capture the main characteristics of

the observed SMM over the Indo-Pacific region. The

lower-tropospheric specific humidity, as well as the

SST, is maximum over the warm pool region and de-

cays poleward with a comparable amplitude as the

observation (Figs. 8d,e). The experiments under this

simple but realistic mean state can demonstrate the

roles of PBL moisture convergence and horizontal

SMM advection clearly.

In this work, only a theoretical model on the first

baroclinic mode is investigated, andmany effects of land

friction, diurnal cycle, positive-only heating, vertical

wind shear, and so forth are not included. In the obser-

vation, two SMM peaks occur in Africa and South

America (not shown). Dealing with these complicated

realistic processes over land and theMaritimeContinent

is beyond the scope of this work. To isolate the role of

SMM advection on theMJO propagation over the Indo-

Pacific region, we use this idealized while still realistic

mean state.

As shown in Figs. 3 and 5, both the zonal advection of

SMM and PBL moisture convergence can provide a

positive instability source for the planetary-scale waves.

We will study these two processes from the same initial

pressure disturbances with a Kelvin wave–like structure

of wavenumber 1 while adding one of PBL, advection

processes, or both.

Figure 9 shows Hovmöller plots of precipitation at

the equator for the calculations with the model in-

cluding only the PBL moisture convergence, only the

horizontal advection of SMM, and both the PBL and

FIG. 7. Sensitivity experiments with different SMM gradients. (a) Growth rate (day21) and

(b) phase speed (m s21) as a function of SMM gradient for the westward- (blue) and eastward-

(red) propagating wavenumber 1 in the WM model with the zonal moisture advection process.
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moisture advection processes, respectively. Results

are shown for a period of 100 days. The PBL moisture

convergence only induces eastward-propagating

modes, although the precipitation over the cold SST

region is weak (Fig. 9a). Since the PBL is mostly wet

over the warm pool region (Fig. 8b), the positive

feedback of PBL moisture convergence is also maxi-

mum there, and so is the lower-tropospheric moisture.

The main convection activity occurs over the warm

pool region. The horizontal advection of SMM induces

both unstable eastward- and westward-propagating

modes; over the region with the eastward gradient of

SMM, the eastward-propagating mode is enhanced,

while over the region where the gradient of SMM is

westward, the strong westward-propagating and am-

plifying mode is simulated (Fig. 9b).

In the solution when both the PBL and advection

processes are included (Fig. 9c), the dominant unstable

mode is the eastward propagation over the region where

the zonal gradient of SMM is eastward, and the eastward

propagation speed is close to the observedMJO, 5m s21.

In contrast, to the east of the warm pool center (1358E),

FIG. 8.Warm-pool-like mean state. An idealized warm-pool-like (a) SST (8C) and associated (b) PBL SMM

(g kg21) and (c) lower-tropospheric SMM (g kg21) with the zonal mean removed, which are used in the

initial-problem experiments. (d),(e) As in Fig. 1, but the idealized lower-tropospheric SMM is shown by the

red line.
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the westward gradient of SMM favors the growth of

westward propagation (Fig. 9b), and the PBL moisture

convergence keeps on selecting the eastward propaga-

tion (Fig. 9a). These two processes work together and

result in weak eastward propagation there.

The horizontal structures of these different propaga-

tions are shown in Fig. 10. For the eastward propagation,

the Gill-like structure in the simulation with both the

PBL and moisture advection processes (Fig. 10c) is

mainly caused by the PBL process (Fig. 10a), while the

horizontal moisture advection process mainly affects the

equatorial region (Fig. 10b). Also seen is that the east-

ward propagation mode in the moisture advection case

decays, while the westward-propagating mode amplifies

over the central-eastern Pacific (Fig. 10b). This un-

realistic westward propagation is suppressed by the PBL

process in the simulation that includes both the PBL and

moisture advection processes (Fig. 10c).

The maximum SST is located in 1358E, while the

separation between eastward and westward propagation

signals is slightly shifted toward 1508E (Fig. 9b). Near

the warm pool center with a weak zonal SMM gradient,

the convection near the equatorial region is suppressed

for both eastward and westward propagations because

of negative SMM advection feedback. The wind field is

dominated by the equatorial zonal wind for the Kelvin

wave–like eastward propagation, while it is also domi-

nated by the subtropical wind for the Rossby wave–like

westward propagation. The horizontal SMM advection

feedbackwill enhance the positive precipitation anomalies

near the negative precipitation center of the westward

propagation; thus, the positive precipitation anomalies will

suppress the westward propagation while enhancing the

eastward propagation.

It seems that the PBL process alone simulates a more

realistic eastward propagation (Figs. 9a and 10a), and

the simulation with both the PBL and SMM advection

processes presents oscillations that are too frequent

and a period that seems too short (Figs. 9c and 10c).

Over the Indo-Pacific warm pool region, the eastward

propagations in these two simulations have similar

phase speeds. The phase speed in the simulationwith the

PBL process is 3.9m s21, and that in the simulation with

both the PBL and advection processes is 5.1m s21. In the

former simulation, the signal will propagate circum-

globally, and the period is long. In the latter simulation,

the propagation is confined over the Indo-Pacific warm

pool region, and the enhanced preceding MJO over the

western Pacific will initiate the downstream out-of-

phase MJO over the Indian Ocean through moisture

advection; thus, the period is short.

In this linear model, the planetary-scale mode has

the strongest growth rate; this intrinsic mode will

dominate after a long enough period of time. When

integrating the same WM model as in Fig. 9c while

beginning with small-scale (wavenumber 5), Kelvin

wave–like initial pressure disturbances, the strong

planetary-scale eastward propagation will dominate

after day 20 (not shown). Though the initial distur-

bances are small scale, the planetary-scale disturbances

FIG. 9. Zonal propagation changes by different processes. Hovmöller plots of normalized equatorial precipitation in the WM model

(a) with the PBL process only, (b) with the horizontal advection of SMM only, and (c) with both the PBL process and horizontal

advection of SMM. The initial perturbation has a wavenumber-1 Kelvin wave–like structure. The x axis shows longitudinal disturbance,

while the y axis shows time (days). The dashed line shows the reference speed of 5 m s21. The equatorial precipitation of each day is

normalized.
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grow fast and dominate the eastward propagation over

the Indo-Pacific warm pool where the zonal SMM gra-

dient is eastward.

5. Discussion of convection scheme

This work is based on a simple theoreticalmodel for the

MJO, and the results are sensitive to different convection

schemes. When the precipitation is parameterized by the

moisture convergence in both the PBL and lower tropo-

sphere, the waves from wavenumber 2 have much higher

frequency than the observed MJO (Liu and Wang 2016).

By using the MJO skeleton model in which the positive

(negative) low-level moisture anomalies are parameter-

ized to create a tendency to enhance (weaken) the enve-

lope of equatorial synoptic-scalewave activity (Majda and

Stechmann 2009; Liu and Wang 2012a), our simulations

show that the meridional advection of SMM slows

down both eastward and westward propagations and

creates neutral modes. The zonal advection of SMM

with eastward (westward) gradient will disturb the

eastward (westward) planetary-scale propagation (not

shown).

When using the simplified Betts–Miller scheme in a

shallow-water system on the equatorial b plane, the

zonal advection of eastward (westward) SMM gradient

is also found to provide an instability source for the

eastward (westward) propagation (Sukhatme 2014). In

Sukhatme’s (2014) work, a quick convective adjustment

time is used, and only a moist Kelvin wave–like disper-

sion relation can be obtained. The key to obtaining the

MJO-like dispersion relation is using a slow adjustment

process (Liu and Wang 2016). A slow adjustment pro-

cess with a time scale of one day can simulate a rea-

sonable MJO-like dispersion relationship in the

‘‘moisture mode’’ (Sobel and Maloney 2012, 2013), in

the ‘‘skeleton model’’ of the MJO (Majda and

Stechmann 2009; Liu and Wang 2012a), and in the WM

model (Liu and Wang 2016). When a slow adjustment

process is used, quasigeostrophic dynamics in the pres-

ence of moisture gradient also give similar results as in

the skeleton model: a purely meridional gradient has

FIG. 10. Horizontal evolution changes by different processes. Shown are precipitation (shading; mmday21) and lower-level wind

(vectors; m s21) in theWMmodel (a) with the PBLprocess only, (b) with the horizontal advection of SMMonly, and (c) with both the PBL

process and horizontal advection of SMM from day 50 through day 62 by an interval of four days.
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the effect of slowing down the dry Rossby waves

through a reduction in the ‘‘equivalent gradient’’ of the

background potential vorticity. A large-scale unstable

moist mode is obtained with the inclusion of a zonal

gradient (Monteiro and Sukhatme 2016). We also an-

alyze the observation and find that the precipitation

associated with high-frequency Kelvin waves is almost

in phase with the lower-tropospheric moisture anom-

alies, while the precipitation associated with the MJO

lags the lower-tropospheric moisture anomalies by 1–

3 days (not shown). The former is referred to as a quick

convective adjustment process of a few hours, and the

latter is referred to as a slow convective adjustment

process of one day.

6. Conclusions and remarks

We used a modified version of the MJO theoretical

model (Liu and Wang 2016) to explore the role of

horizontal advection of SMM in MJO development,

propagation, and scale selection. While other processes,

such as the PBL moisture convergence, can produce

unstable planetary-scale, eastward-propagating dis-

turbances (Fig. 5a), the zonal advection of the east-

ward SMM gradient can select the planetary-scale

eastward-propagating mode as the most unstable

mode (Fig. 3a). We believe the SMM advection pro-

cess is an important mechanism for understanding the

MJO formation, as demonstrated by observational

analyses (Hsu and Li 2012; Liu et al. 2015) as well as

model simulations (Maloney et al. 2010). Over the

warm SST of 29.58C and an eastward SMM gradient

of 1.5 g kg21 per 508 longitude, which has a similar

amplitude with observations over the Indo-Pacific region,

the PBL can enhance the growth rate of wavenumber 1

by 0.06day21 and the SMM advection can induce a

growth rate increase of 0.04day21 compared to the WM

model. This result means that the PBL has a somewhat

stronger effect on enhancing the eastward-propagating

wavenumber 1 than the SMM advection process does.

The SMM advection mechanism alone produces an

unrealistic Kelvin wave–like structure (Figs. 4b and 10b)

and prevailing westward propagation in the central-

eastern Pacific where the SMM decreases eastward

(Fig. 9b), both of which disagree with observations.

These caveats, however, can be remitted if the PBL

moisture convergence is included (Fig. 10c); the model

then produces a convectively coupled Kelvin–Rossby

wave structure and suppresses the unrealistic, growing

westward-propagating mode.

In the linear regime, the growth rate and phase speed

are sensitive to the gradient of SMM (Fig. 7). The fast

development and slow eastward propagation of the

MJO were simulated over the Indian Ocean where the

SMM gradient is eastward, while the westward SMM

gradient would damp the eastward-propagating MJO in

the central-eastern Pacific (Fig. 9). All these results

suggest that, although the coupling between the mois-

ture convergence of frictional PBL and free-tropospheric

counterpart is important for MJO simulation in GCMs

(Jiang et al. 2015), the model’s mean state, especially the

SMM, can also play a role in MJO simulation in these

models (Kim et al. 2011; Benedict et al. 2014).
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