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ABSTRACT

A simple multilayer zonally symmetric model, using a multicloud convective parameterization and coupled
to a dynamical bulk atmospheric boundary layer, is used here to simulate boreal summer intraseasonal os-
cillations (BSISO) in the summer monsoon trough and elucidate the underlying main physical mechanisms
responsible for their initiation, propagation, and termination. Northward-moving precipitating events initi-
ated near the equator propagate northward at roughly 1°day ' and terminate near 20°N. Unlike earlier
findings, the northward propagation of precipitation anomalies in this model is due to the propagation of
positive moisture anomalies in the northward direction, resulting from an asymmetry in the meridional ve-
locity induced by the beta effect. From a moisture-budget perspective, advection constitutes a biased intrusion
of dry air into the convection center, forcing new convection events to form north of the wave disturbance,
while moisture convergence supplies the precipitation sink. The BSISO events are initiated near the equator
when the competing effects between first-baroclinic divergence and second-baroclinic convergence, induced
by the descending branch of the Hadley cell and in situ congestus heating, respectively, become favorable
to convective intensification. The termination often near 20°N and halfway stalling of these precipitating
events occur when the asymmetry in the first-baroclinic meridional winds weakens and when the negative
moisture gradient to the north of the convection center becomes too strong as the anomaly exits the imposed
warm pool domain.

1. Introduction heavy rainfall known by the generic name of intra-
seasonal oscillations (ISOs; Lau and Waliser 2011). The
Madden—Julian Oscillation (MJO; Madden and Julian
1971, 1972), once called the holy grail of tropical atmo-
spheric dynamics (Raymond 2001), has received tre-
mendous attention since its discovery (e.g., Madden
Denotes content that is immediately available upon publica-  1986; Hendon and Liebmann 1994; Hendon and Salby
tion as open access. 1994; Raymond 2001; Biello and Majda 2005; Zhang
—_— 2005; Majda and Stechmann 2009; Ajayamohan et al.
Corresponding author: Boualem Khouider, khouider@uvic.ca 2013; Jiang et al. 2015; Zhang 2013). The MJO is a

The intraseasonal variability of the tropical tropo-
sphere is dominated by wave-like systems with planetary-
scale flow patterns strongly coupled with convection and
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planetary-scale convective envelope with an intraseasonal
period of 40-60 days, occurring over the Indian Ocean—
western Pacific warm pool and propagating eastward along
the equator at Sms™ ', which typically prevails during the
Northern Hemisphere winter season (Zhang 2005). As a
counterpart to the MJO, the Indian monsoon boreal
summer intraseasonal oscillation (BSISO) is gener-
ally associated with the boreal summer MJO and shares
many characteristics, such as zonal propagation, period,
and moisture dynamics, with the MJO. It typically ini-
tiates over the equatorial Indian Ocean, propagates
northward at 1°day ! (about 1.29ms™'), and termi-
nates around 20°N over the Indian subcontinent during
boreal summer (Lau and Waliser 2011). The early in-
vestigation of the northward propagation of tropical
convection dates back to the 1970s, when Yasunari
(1979, 1980) identified a northward movement of cloud-
iness in 30-40-day periods over the Indian Ocean area
during the summer monsoon. It is generally believed that
the life cycle of BSISO is intimately connected with the
Indian monsoon and the Asian summer monsoon (Lee
et al. 2013). According to Fig. 2.2 in Lau and Waliser
(2011), BSISO is essentially an intraseasonal anomaly of
rainfall of comparable magnitude as the monsoonal
background circulation.

Much progress in improving the BSISO simulations
has been made, but it is far from being satisfactory. The
underlying mechanisms associated with the initiation,
propagation, and termination processes of BSISO are
still poorly understood. A comprehensive elucidation of
these physical processes is not only a theoretical curi-
osity, but it would hopefully provide modelers and
weather-prediction scientists with new metrics on how
to improve climate and weather forecasting models.
Since the BSISO is an important component of intra-
seasonal variability, the realistic simulation of BSISO
should be not only a benchmark for examining skills and
behaviors of present-day global climate models (GCMs)
but also a potential prediction source for extending the
current 2-week subseasonal-to-seasonal prediction skill
(Brunet et al. 2010). With the recent developments in
computing techniques, resources, and satellite mea-
surements, many efforts have been made to better sim-
ulate BSISO in cloud-resolving models (CRMs) and
GCMs in terms of its initiation, propagation, and ter-
mination processes. Jiang et al. (2004), for example,
looked at the spatial and temporal structures of the
northward-propagating BSISO based on the analysis of
both the ECHAM4 model simulation and NCEP-
NCAR reanalysis. Fu and Wang (2004) conducted a
series of small-perturbation experiments, and they
demonstrated that an atmosphere—ocean coupled model
and an atmosphere-only model produce significantly
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different intensities of BSISO and have shown evidence
of strong relationships between convection and un-
derlying sea surface temperature (SST) variations. Seo
et al. (2007) have examined the effect of air—sea cou-
pling and the basic-state SST associated with the BSISO
by using the NCEP coupled Climate Forecast System
(CFS) model.

Many mechanisms have been proposed to explain
the northward propagation of the BSISO in the past
decades. Based on numerical experiments with a linear
primitive equation model with a climatological basic
state for July obtained from reanalysis data, Wang and
Xie (1997) suggested that the monsoon mean flows
and spatial variation of moist static energy trap equa-
torial disturbances in the Northern Hemisphere (NH)
summer monsoon domain, while the mean Hadley
circulation plays a critical role in the reinitiation of
equatorial Kelvin—Rossby wave packets over the equa-
torial Indian Ocean. Based on both GCM simulation
and NCEP-NCAR reanalysis data, Jiang et al. (2004)
propose two mechanisms because of internal atmo-
spheric dynamics for the northward propagation of the
BSISO, namely, the generation of the northward-displaced
barotropic vorticity and the moisture—convection feedback.
The first mechanism is further examined in a zonally sym-
metric model setup (Drbohlav and Wang 2005) and a
three-dimensional intermediate model (Drbohlav and
Wang 2007). By using lagged regressions of intra-
seasonally filtered outgoing longwave radiation (OLR),
Lawrence and Webster (2002) suggested a link between
the eastward and northward movement of convection,
which is believed to be consistent with an interpretation
of the BSISO in terms of propagating equatorial modes.
Besides, Rossby waves emitted by equatorial convec-
tion and air-sea interactions are found to play a criti-
cal role in the BSISO dynamics (Kemball-Cook and
Wang 2001).

Among most of the theoretical and numerical studies
based on intermediate models, the warm surface tem-
perature near the equatorial regions received much less
attention than that over the Indian monsoon regions. As
pointed out by Sikka and Gadgil (1980), there exists a
seesaw characteristic of maximum cloud zones over the
Indian longitudes of 70°~90°E; one of which is near the
equator and the other of which is along 15°N, consistent
with the simulations of Ajayamohan et al. (2014).

Meanwhile, in the aforementioned models (Wang
and Xie 1997, Drbohlav and Wang 2005, 2007), the
nonlinear advection terms in momentum and thermal
equations are replaced by mean-flow advection by
assuming that the BSISO is a relatively small perturba-
tion. Such simplified models ignore the possible inter-
nal mechanisms involving nonlinear advection effects,
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which may be revealed to be important, given that the
BSISO disturbances are comparable to the background
mean monsoon circulation (Lau and Waliser 2011).
Our motivation here stems from these limitations and
the success of a recently developed multicloud param-
eterization technique, mimicking the main cloud types
observed in the tropics and their interactions with
the environment, in reproducing the key observational
features of the tropical modes of variability associ-
ated with organized convection, including northward-
propagating BSISOs, in both simple models (Khouider
and Majda 2006b, 2008b,a; Waite and Khouider 2009)
and GCMs (Khouider et al. 2011; Ajayamohan et al.
2013,2014; Goswami et al. 2017a). We thus use a 3.5-layer
intermediate model, including the barotropic and first-
and second-baroclinic modes in the free troposphere and a
bulk atmospheric boundary layer (ABL) to simulate
BSISO events and illustrate possible underlying mech-
anisms to explain its behavior as observed in nature.
The model, first developed and validated in De La
Chevrotiere and Khouider (2017), is zonally symmetric,
as in Drbohlav and Wang (2007), to focus on the
northward-propagating disturbances. To mimic the
northward migration of the intertropical convergence
zone (ITCZ) during the summer monsoon (Ajayamohan
et al. 2014), a background SST resembling the mean
summer (JJA), observed Indian Ocean SST climatology
is imposed by means of the latent heat flux at the surface
of the computational domain.

The new model successfully simulates both the
climatological-mean monsoon circulation and northward-
moving intraseasonal anomalies. Consistent with ob-
servations, the climatological-mean meridional-vertical
circulation is characterized by a Hadley-like cell ex-
tending over the middle and upper troposphere with
strong upward motion at low latitudes of the NH and
weak downward motion in the Southern Hemisphere
(SH). The northward-moving precipitating events are
initiated near the equator, between 5°S and 5°N, prop-
agate northward at the speed of roughly 1°day ', and
eventually terminate near 20°N. Their vertical structure
is characterized by an overturning circulation in the
middle and upper troposphere. Unlike earlier findings
by Wang and collaborators (e.g., Drbohlav and Wang
2005), the northward propagation of precipitation
anomalies here is due to the propagation of positive
moisture anomalies in the northward direction, resulting
from an asymmetry in the meridional velocity induced
by the beta effect. From a moisture-budget perspective,
the advection term constitutes an intrusion of dry air
into the convection center, while moisture convergence
supplies the precipitation sink, somewhat consistent
with moisture-mode theories (Chikira 2014; Kim et al.
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2014; Wolding and Maloney 2015; Jiang et al. 2018). The
asymmetry in meridional advection means more dry air
is introduced to the southern side of the convection
center and shuts convection there, forcing the whole
system to move northward. The northward-propagating
BSISO anomalies are initiated near the equator, where
competing effects between first-baroclinic divergence
and second-baroclinic convergence, induced by the de-
scending branch of the Hadley cell and in situ congestus
heating, respectively, take place in the lower tropo-
sphere. As the northward-moving precipitating events
diminish at higher latitudes, the downward branch of
this Hadley-type circulation near the equator also di-
minish, resulting in the dominant second-baroclinic
wind convergence near the equator thanks to the pre-
vailing congestus-type convection. This results in sig-
nificant midtroposphere moisture convergence, due to
the second-baroclinic mode, and the intensification of
convection, which then begins to slowly move northward
and accelerates when it reaches higher latitudes where
the beta effect is stronger. The termination often near
20°N and halfway stalling of these precipitating events
occur when the asymmetry in the first-baroclinic me-
ridional winds weakens and when the negative moisture
gradient to the north of the convection center becomes
too strong as the anomaly approaches the imposed warm
pool boundary.

The paper is organized as follows. Section 2 reviews
the model equations and the multicloud parameteriza-
tion as well as the data used for the imposed SST profile.
Section 3 presents the numerical simulation results
where both the mean climatology and the northward-
propagating BSISO anomalies are presented and their
physical features analyzed. A detailed budget of the
moisture equation is given and analyzed in section 4,
where the beta-induced asymmetry is explained in light
of a simplified dry shallow-water wave model. The ini-
tiation, stalling, and termination mechanisms are dis-
cussed in section 5, while the sensitivity of the simulated
northward-propagating BSISOs to the SST distribution
is reported in section 6. A summary discussion is given
in section 7.

2. Data, model, and methodology

a. The zonally symmetric multicloud model with
boundary layer dynamics

The multilayer dynamical core used here is derived
in De La Chevroti¢re and Khouider (2017), based on
the hydrostatic Boussinesq equations on the equato-
rial B plane for the free troposphere with zonal sym-
metry, which are written below in dimensional units of
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tropical synoptic-scale dynamics, where the first-
baroclinic gravity wave speed of ¢ ~ 50ms” ' is the
reference scale for horizontal velocity components,
the equatorial Rossby deformation radius of L, =
V/cIB ~1500km is the horizontal length scale, and the
eddy turn over time T, = \/cB =~ 8.33 his the time scale,
with B the gradient of the Coriolis parameter at the
equator. The temperature fluctuations scale is set to
~15K so that both B and the background potential
temperature stratification d/dz are unity in those new
dimensional units. The height of the troposphere
H7 = 16km is used as a reference vertical coordinate
scale and W = H;/T,~53cms™! is used as a vertical
velocity scale. We have

d d d
—u+v—u+w—u—yv=8”, (1a)
ot ay 0z
d ) ) d
v v—v+w—v+yu=——p+8”, (1b)
ot ay 0z ay
a0 a0 a6
v two—tw=H+5, (1c)
ot ay 0z
d
P_p, and (1d)
Iok4
d d
PPy, (le)
ay 9z

where §" and S” represent momentum turbulent drag,
and H? and S’ stand for diabatic heating and radiative
cooling, respectively. The zonal derivative d/dx is not
included in the equations for the zonal symmetric
condition.

Equations (1a)—(1e) are projected onto the barotropic
and first- and second-baroclinic modes following the
Galerkin expansion:

u ll0 ll1
< )(y,z,t)= < )(y,t)+ ( )(y,t)Cl(Z)
P P 12

u,
+ » (r,1)C,(z), and 2

2

6 0 0,
<w>(y,z,z)= (W )(y,r)+ (W )(y,ns](z)

20,
+ ( )(y,t)SZ(z), (3)
w,

where Cj(z) = v2cos(jz) and S;(z) = V2sin(jz) are the
vertical structure functions of the first-baroclinic (j = 1)
and second-baroclinic (j = 2) modes, respectively. The
resulting three fully coupled shallow-water-like systems
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are strongly coupled with each other through nonlinear
advection terms.

Equations (1) are supplemented with the multicloud
parameterization diagnostic and prognostic equations,
bulk ABL dynamics, and moist thermodynamics equa-
tions, obtained by averaging the primitive equations
over the thin ABL constant height and an equation for
the vertically averaged moisture (Waite and Khouider
2009). To close the bulk ABL dynamic equations, con-
tinuity of pressure and vertical velocity, at the ABL top
interface, is assumed. This, in particular, provides dy-
namical coupling between the ABL dynamics and the
free-tropospheric barotropic flow (Waite and Khouider
2009; De La Chevrotiere and Khouider 2017).

For the sake of streamlining, the dynamical model
equations are listed in Table 1, where the barotropic
and first- and second-baroclinic variables are indexed
by 0, 1, and 2, respectively, while the ABL variables
are indexed by the letter b. Notice the presence of
cross-indexed terms in the free-tropospheric equa-
tions. In addition to continuity of pressure and vertical
velocity, the ABL and free-tropospheric dynamics
are coupled through the entrainment and detrainment
turbulent mixing terms because of shallow cumulus
activity and downdrafts, which appear on the right
of the ABL equations in Table 1, involving variables
such as E, E,, Au, and M,;. As can be seen from
Table 2, similar terms appear as momentum damping
in the free troposphere (closure equations of S, and S,)
and as a source of midtropospheric moisture. Table 2
lists all the closure equations of the multicloud model
with ABL dynamics (Waite and Khouider 2009).
Worth noting, the diabatic heating terms on the right
of the 6; and 6, equations involve convective heating
due to congestus, deep, and stratiform heating (H.,,
H,, and H,, respectively) corresponding to the main
three cloud types that characterize organized tropical
convective systems (Johnson et al. 1999; Khouider and
Majda 2006b) and radiative cooling terms consisting
of background climatological values Qg;, j=1, 2 and
Newtonian cooling terms.

The values of the parameters and model constants are
listed in Table 3. More details on this multicloud model
with ABL dynamics are found in Waite and Khouider
(2009) and De La Chevrotiere and Khouider (2017).

To handle this highly nonlinear, nonconservative,
and nonhyperbolic system, without adding the artificial
hyperviscosity that is typically implemented in geo-
physical fluid dynamics simulations to stabilize the nu-
merical scheme, the equations in Table 1 are solved
numerically using an operator splitting method where
the dynamical equations are divided into a conserved
system, a hyperbolic system, and a nilpotent system of
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TABLE 1. Governing equations for all physical variables in the ABL, barotropic, and first- and second-baroclinic modes in the free
troposphere. The notation Dy/Dt = 9/dt + vyd/dy stands for the advection by barotropic meridional velocity and D,/Dt = d/dt + v,d/dy
stands for the advection by the ABL meridional velocity. The momentum and potential temperature differences between two heights are
denoted by the notations Ay = ¢, — ¢, A = ¢, — @, and A,, 0 = ¢, — ¢,,, Where s, b, and m represent the surface, ABL, and middle
troposphere, respectively. The parameter 6 is the ratio between the ABL and free-tropospheric heights.

Variable Governing equation
Douy | d(mvr) | d(uavy) v
U oo , o@avr) | Ovy) 5 L NIV _ cu
Dt ay ay \/_(ul ) dy Yo = So
Dovy | d(viv1) | (vov2) vy 9Po
——t——+ —— V2 tv)—+ =——+S;
Vo D1 ay ay f(vl v) ay Yo ay 0
D J 2 d J J 1 9 1 8 J
" i o V20w o e Loy (L8 Y s
Dt ay 2 ay ady dy 2 " ay 2 3 ady
D 2 6 d 1 1 9
vy ouL +v1%+£ v1@+v2@+2vzdﬂ+7v1@ —|zu +§v2 ﬂ-f-yl,q:@-FS’{
Dt ay 2 ay ady dy 2 9y 2 3 ay ay
D001 0v1 \/§ 802 391 avl 1 8112 1 8 avo avo 1
0 ——t— (22— v,—t40——=0— | + |50, — 6, | —+V2—=H; — ——0
! Dt ay 2 Ulay Uzay 28y 218y 27t 372 ay f&y a~ Qri D !
D(]M2 8u0 \/_2‘ 8u1 8v1 2 1 (”'U() 1
t—tv——u— | + (Su— sty | — —y», =
up Dt (%3 ay ) V1 ay uy ay 3 uy 2142 3y yu, 82
DOU2 BU(] 2 1 (’)Uo 392
+uyp—+ (v —zv | —+ =—+S8,
2 Dr ay (3 v dy iz ay 2
D(]ez \/Z 891 8U1 1 a'Uz 1 4 av(] \/E 6v0 1 1
[ +—(vy——0— | ———+=(z61+60, )| —+——==|H.— Hy— -—0
2 Dt T \Uay 9%y ) Taay T2 30 )5 Ty Gy T e T Hem Qram o
D J ... - ~ ~ ~ 3L
q D_th + @[(alvl + av)q + Qv + Qv — Qo] — (k — 1)qa—; =-P+81
D6 1
Ocb ;’) = —EAB, — MyAyB, +—AB, — Oy
t Te
D6 1
0, l’; b= —EAO — MyA,0+—A0 — Oy
t Te
D
up lb)l:b —yv, = —E,Au— CyUu,
Dy, pp
+yup = ———— E,Av— CU
Up Di yuyp ay v aUvp
I . .0 J
— Continuity of vertical velocity: T _ s
ay ay

Continuity of total pressure: py = p, + sgoh + \/5(01 +6,)

equations, which are then discretized with appropriate
methods. The details are found in De La Chevroticre
and Khouider (2017) where the numerical method was
developed and validated; the same technique has been
used in Khouider and Majda (2005) and Stechmann
et al. (2008) for similar nonlinear multimode systems.
The equations are solved on a meridional domain
extending from 40°S to 40°N using no flow boundary
conditions. We used a spatial resolution Ay =36km
and a time step Ar=180s to better resolve the fast
convective processes.

b. Observed SST profile and the imposed surface
latent heat flux

To provide a constant surface latent heat flux for
the simple (3.5 layer) zonally symmetric monsoon
model used here, we mimic the observed SST over the
Indian Ocean during boreal summer. More precisely,
the discrepancy between the boundary layer saturation
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equivalent potential temperature G:b and the back-
ground boundary layer equivalent potential tempera-
ture 6,5, A0, = ij —8,, in the model, determines the
boundary layer evaporative heating in the form of
(1/73)(0:) — 6.5), and it is thus set to match the observed
SST profile. Its strength is set based on the tropical
Jordan sounding (Gill 1982) so that its meridional av-
erage is close to 10 K, corresponding to the value used to
set a radiative—convective equilibrium (RCE) for linear
wave analysis of the multicloud model (Khouider and
Majda 2006b; Waite and Khouider 2009). We used 35-yr
(December 1981-December 2016) monthly means of
SST data from NOAA Optimum Interpolation SST,
version 2 (OISSTv2), data product (Reynolds et al.
2002), provided by the NOAA/OAR/ESRL/Physical
Sciences Division (PSD), Boulder, Colorado (http://
www.esrl.noaa.gov/psd). The SST value over land is
obtained by a Cressman interpolation. To investigate
SST over the Indian Ocean region, all SST values are
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TABLE 2. Multicloud and ABL models with closure equations for all forcing terms appearing in the governing equations in Table 1. The
primes stand for deviations from the RCE solution. The expression with the superscript plus sign has the same value as that inside the
fencing if the latter has positive value and vanishes if its value is negative or zero.

Forcing term

Closure equation

Momentum turbulent drag for barotropic mode
Momentum turbulent drag for baroclinic modes
Velocity jump at the top of the ABL

Congestus heating

Deep convective heating

Stratiform heating

Bulk energy available for congestus convection

Bulk energy available for deep convection

Moisture switch function

Precipitation rate
Moisture source
Equivalent potential temperature at the top of the ABL

Equivalent potential temperature at the middle troposphere
Total downdraft mass flux
Convective updraft mass flux

Mass flux velocity from large-scale and convective downdrafts

Moist thermodynamic turbulent entrainment velocity at top of ABL

Momentum turbulent entrainment velocity at top of ABL

St =8E,Au
S]'-‘ = \/iaAtquu/-, j=1,2
T ™R

Au=wu, —ug— \/i(ul +wu)

oH, 1
9 = (acAQc - Hc)
t Te
Hy=(1-M0y
oH, 1
HZS = T_x(aSHd - H:)
_ 1 +
0= {0+ 110, - o} + o}
_ 1 *
Qu= {Q + ; [a16,), + a2q' — ao(8] + 729/2)]}
conv
1, for A,0.=6"
A= 0, for A,0,=6"
linear and continuous, for 6~ <A,60, <6
2V2
7) = in
T

ST =8EA0, + (SMd + ?) A,
y
0 = Kq

2v2
Oem =q+ —\/v (0] + a202)
aa

) "
My = {DC + J}
ay

Mu = LDL

m

Dc =my |:1 +%(Hs - Hc):|

v\ "
E= <Mu—Md+,_b>
ay

averaged over the longitude range of 60°-90°E at dif-
ferent seasons. The resulting profiles are plotted in
Fig. 1a. Figure 1b shows the imposed surface latent flux
profile, mimicking the JJA-observed profile. The hori-
zontal black line marks the benchmark RCE value. The
explicit expression of the imposed SST distribution (K)
reads as follows:

8e w0 ) 48 it y=y,
Asee: 16 lf y1<y5)’2, (4)

e w0 18 it y=y,

where ay = 2.0 is the coefficient controlling the meridi-
onal gradient of SST and y; = —0.37 (5°S) and y, = 1.48
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(20°N) denote, respectively, the southern and northern
ends of the warm pool. Note that despite the idealized
mathematical formula, the resulting SST gradient at
the northern and southern edges remains roughly
the same as in the observed profile shown in Fig. 1la.
As reported in section 6, the results presented here are
not sensitive to mild variations in the SST gradient
parameters.

3. Northward-propagating intraseasonal signals
and monsoon-like climatology

As summarized in Table 3, the multicloud parame-
terization employs a large set of parameters. Compared
to the standard values established in Khouider and
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TABLE 3. Constants and parameters in the multicloud and ABL models.

Parameter Value Description
Hr 16 km Height of the free troposphere
hy, 500 m ABL depth
6 0.03125 Ratio of ABL depth to height of the troposphere
K 1.25 Ratio of moisture at the top of ABL to that in the free troposphere
0 1.11 K day ™! Heating potential at RCE
Or1 1K day ™! Longwave first-baroclinic radiative cooling rate
Or2 —0.226 K day ™! Longwave second-baroclinic radiative cooling rate
Orp 5.11K day ™! ABL radiative cooling rate
my 512X 10 ms™! Downdraft velocity reference scale
a., o 0.22,0.25 Congestus, stratiform adjustment coefficient
ap 3 Contribution of 6, to deep convective heating anomalies
a 0.45 Contribution of 6., to deep convective heating anomalies
a 0.55 Contribution of g to deep convective heating anomalies
b 0.1 Relative contribution of 6, to deep convective heating anomalies
ag 1.7 Contribution of 6; to shallow heating anomalies
Y, 2 Relative contribution of 6, to shallow heating anomalies
a; 0.1 Relative contribution of 6, to 6,,,
o 0.25 Contribution of convective downdrafts to M,
Te, Ty 1,3h Congestus, stratiform adjustment time scales
Teonv 2h Convective time scale
0, 0" 10,20K Moisture switch threshold values
TD 50 days Newtonian cooling time scale
TR 75 days Rayleigh drag time scale
Tr 8h Momentum entrainment time scale
Te 7.08 h Surface evaporation time scale
U 2ms ! Strength of turbulent velocity
Cy 0.001 Surface drag coefficient
an, 0.2 Ratio of D, to M,,
a 1 First-baroclinic coefficient of nonlinear moisture flux anomaly
a; 0.1 Second-baroclinic coefficient of nonlinear moisture flux anomaly
0 1.674 (nondimensional) Barotropic mode coefficient of background moisture convergence
Ql 0.558 (nondimensional) First-baroclinic coefficient of background moisture convergence
0, 0.212 (nondimensional) Second-baroclinic coefficient of background moisture convergence

Majda (2006b) and Waite and Khouider (2009), only
two particular parameters that would largely influ-
ence the magnitude and scale selection of precipita-
tion have been tuned here to reach a realistic-looking
climatological-mean circulation with significant in-
traseasonal variability, namely, the congestus adjust-
ment coefficient, which is set to a, = 0.22 (the default
is o, = 0.25), and the ratio of moisture at the top of the
ABL and the midtropospheric moisture, which is set
to k = 1.25 (the default is k = 2). Starting from a state
of rest initial conditions, the equations are integrated
for ~1019 days (to time ¢ = 3000 in nondimensional
units). The solution reaches a statistical equilibrium
state within the first 50 days. Because of the compa-
rable magnitude between BSISO and monsoon
background circulation (Lau and Waliser 2011), linear
analysis by only focusing on the linear terms that de-
scribe interactions between mean and anomalous
fields should not be used here, as the nonlinear ad-
vection terms involving only anomalous fields are as
large as the linear terms. Instead, nonlinear analysis
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of the model results based on the total field is un-
dertaken here, where the monsoon background cir-
culation can still be calculated by taking long-time
averaging, and BSISO anomaly fields are simply the
residue.

a. Northward propagation

In Fig. 2, we show the Hovmoller diagrams (latitude—
time contours) of precipitation during both the first
50 days’ transient period and during the statistical
equilibrium period of 910-985 days. As we can see,
after a transient period of 20 days or so, the dominant
precipitation signals get organized into propagating
streaks that start near the equator and move northward
and die right before they reach 20° latitude, coinciding
with the point where the imposed surface latent heat
flux in Fig. 1 plunges down. The precipitation streaks
repeat roughly every 20 days, about half of the ob-
served BSISO period (Lau and Waliser 2011), corre-
sponding to an average propagation speed of 1°day
(or 1.29ms™ ).
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FIG. 1. Meridional profiles of SST over the Indian Ocean monsoon region. (a) Climatological mean of seasonal-mean of observed SST
(°C) averaged over the period of July 1981-June 2016 and the longitude range of 60°-90°E, based on the NOAA OISSTv2 data product.
The four curves in different colors correspond to different seasons. (b) The prescribed A6, (K; red) and its mean value (black). The dashed

lines in both panels show the equator.

A closer look reveals that the propagation is actu-
ally not constant but undergoes a regime change,
which goes through two main phases. The precipita-
tion signal begins moving at low latitudes below 10° at
roughly 0.53°day ' and then suddenly accelerates, and
its speed becomes 1.12°day ! as indicated by the
dashed lines in Fig. 2a. While such regime change is not
justified by the flat A6, profile in Fig. 1, and perhaps
not yet elucidated in observations, it is important for
understanding the northward-propagation mechanism.
This is one of the main goals here, as it is the focus of
section 4.

Figure 2c displays the power spectrum of precipitation
in the frequency (meridional) wavenumber domain.
There is a clear dominant spectral peak at the 20-day
period corresponding to the BSISO-like signals in
Fig. 2a, but there are also weaker signals at discrete
frequencies, which are signatures of a direct cascade
of energy toward smaller scales because of quadratic
nonlinear interactions between the various modes of
the model. The dominant signal of a 20-day period in-
teracts with itself to produce a 10-days-period signal,
which in turn interacts with the 20-day period signal to
produce a 1/(1/10 + 1/20) = 6.667-day signal (the third
horizontal strike from the bottom), while the interaction
of the 10-day signal with itself produces a 5-day signal,
and so on.

We now average in time the numerical solution over
the last 500 days of simulation, between 519 and
1019 days, to obtain a climatological background. This
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background is then removed from the original time-
dependent solution to reveal the fluctuations. Figure 3
shows Hovmoller diagrams for the fluctuations of all the
prognostic model variables listed in Table 1 as well as
the three heating rates H., Hy, H, corresponding to
congestus, deep, and stratiform cloud types, with the
precipitation contours (in black) overlaid on top of
each panel. The name of the variables are indicated on
top of each panel. The BSISO-like signal is evident in
all zonal velocity fields, including the ABL, barotropic,
and first- and second-baroclinic meridional velocity
anomalies. However, the barotropic meridional ve-
locity is very weak, while v, is dominated by high-
frequency signals moving in the opposite direction to
the main BSISO signal.

The BSISO signal is strongly dominant in the
moisture g, deep convective heating H,;, and strati-
form heating H, panels, which are perfectly in phase
with precipitation. Because of the slow propagation
speed, the imposed 3-h lag between stratiform and
deep convection becomes insignificant. Congestus
heating presents a negative anomaly along the pre-
cipitation path as expected from its design to be dis-
favored to the advantage of deep convection when the
atmosphere is moist. Congestus heating is active
during the suppressed phase of the BSISO signal and
appears to be carried by the high-frequency/fast-
moving waves seen in the v, and 6, panels, which are
also dominant in the 6., and 6, anomalies. In essence,
the 6., fluctuations trigger the streaks in congestus
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heating when the atmosphere is dry, which in turn
drive 6, and, consequently, second-baroclinic mois-
ture convergence anomalies. However, because the
fast waves seem to also weakly precipitate (as seen in
the H, panel), this second-baroclinic convergence is
not a significant driver of moistening during the ma-
ture phase of the BSISO wave, which is dominated by
large-scale first-baroclinic convergence consistent with
observations (Hohenegger and Stevens 2013). None-
theless, as we will see below, congestus preconditioning
plays a central role during the initiation phase of
the BSISO signals near the equator. In Fig. 3, there
is a clear large-scale signature of 6,,, which leads
the BSISO precipitation, and evidence of ABL
preconditioning prior to deep convection, consistent
with observations (e.g., Bellenger et al. 2015). In the
equatorial region, this preconditioning occurs several
days prior to the initiation of the BSISO event, for in-
stance, day 935 in Fig. 3i.
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F1G. 2. Northward propagation of precipitation. The Hovmoller
diagram of precipitation during (a) the statistical equilibrium period
(days 910-985) and (b) the first 50-day transient period. The
dashed lines indicate the propagation speeds of the northward-
moving precipitation as it transitions between the low-latitude and
high-latitude regimes. (c) The spectral diagram for precipitation
variability between days 509 and 1019. The dimensional unit of
precipitation is K day .

A noticeable feature in the streaks of the zonal wind
component is the positive barotropic shear vorticity,
which can be surmised from the westerly wind lagging
south of the easterlies, though this cyclonic vorticity gets
compensated by contributions from the first- and
second-baroclinic vorticities. The former is negative in
the upper troposphere, while the latter is negative in the
lower and upper troposphere according to their re-
spective cos(z) and cos(2z) profiles. The presence of the
cyclonic barotropic vorticity is consistent with the sim-
ulation of Drbohlav and Wang (2005); arguably, in their
case, the positive vorticity does not get compensated
with the second-baroclinic mode, since their model does
not have one. Drbohlav and Wang (2005) argue that this
positive vorticity constitutes the main mechanism for
northward propagation by inducing barotropic conver-
gence of moisture within the ABL; however, as we can
see from Fig. 3, the large-scale signature is very weak in
both v, and vy, so, clearly, this is not the mechanism at
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FIG. 3. Hovméller diagrams for all flow field anomalies (deviation from the climatological mean). (a)—(d) Zonal velocity (ms™'),
(e)—(h) meridional velocity (ms™'), and (i)~(1) potential temperature (K) for the (left to right) ABL, barotropic, and first- and second-
baroclinic modes. (m)—(p) Moisture (K) and congestus, deep, and stratiform heating (K day '), respectively. Each row of panels shares the
same colorbar at the right-hand side except for (m) and (n), which have their own colorbars at the bottom. The black dots show the latitude

of the maximum precipitation anomalies at each time step.

work in the present model. The main mechanisms will be
discussed in section 4, as already anticipated.

b. Circulation patterns and dynamical evolution of
the BSISO signals

We now turn into the dynamical structure of the
BSISO-like signal. Compared with the equilibrium stage
where the background circulation may be suspected to
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maintain northward propagation, the dynamical evo-
lution of the northward-moving event at the early
stage is informative to illustrate key mechanisms for
the northward propagation of each single event before
the background circulation is fully established. We
begin by plotting in Fig. 4 the structure of the total
solution during the early stage of the simulation, fo-
cusing on the first event that propagates all the way
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FIG. 4. Meridional circulation at the early stage of the simulation (day 33.3) in the latitude-height diagram, for (a) zonal velocity,
(b) meridional velocity, (c) potential temperature, (d) vertical velocity, (e) total heating (color contours), and (f) pressure. The arrows in
(a) and (c) show meridional circulation (v, w). In (e), dimensionless value of moisture (solid blue curve), boundary layer equivalent
potential temperature (purple), and precipitation (dashed blue curve) are shown by the right axis. The thick black line indicates the
interface between free troposphere and ABL. The dimensional units are shown in the titles of each panel.

northward, seen roughly between 20 and 40 days in
Fig. 2b. We note that the total dynamical fields have
been recovered according to the expansions in Egs.
(2) and (3), and the total heating is accordingly de-
fined as H = H,v2sin(z) + (H. — H,)v/2sin(2z). The
free-tropospheric profiles are augmented below by
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their ABL counterparts. Notice the black horizontal
line on five of the panels, which marks the ABL top
interface and the continuity of the fluid mechanics
across this interface.

As we can see from Fig. 4, the northward-propagating
BSISO waves have the following characteristics:
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1) Positive moisture anomalies are in phase with pre-
cipitation and total heating (Fig. 4e).

2) The diabatic heating is top-heavy and slightly
skewed southward, a signature of stratiform heating
trailing deep convection (Fig. 4¢), as in equatorial
tropical convective systems (Kiladis et al. 2009;
Khouider 2018).

3) A 6., anomaly, which is slightly leading the convec-
tion center, though there is a stronger 6., peak south
of the main signal, between 5° and 6°, which is
accompanied by a much weaker precipitation event
(Fig. 4e).

4) Upper-tropospheric anticyclonic shear vorticity
leads the upward motion (Fig. 4a).

5) A backward-tilted meridional velocity profile result-
ing in lower-tropospheric convergence and upper-
tropospheric divergence, which is highly asymmetric
with much stronger winds south of the convection
center (Fig. 4b).

6) The vertical velocity is in phase with the precipitation
maximum and presents a front-to-rear tilt consistent
with the meridional velocity profile (Fig. 4d).

7) Low pressure at low levels (Fig. 4f) and positive
temperature anomalies below negative temperature
anomalies (Fig. 4c) lead the wave.

In Fig. 5, we plot the climatological mean flow fields in
the latitude-height diagram based on the last 500-day
model output. As shown in Figs. 5a, 5b, and 5d, there
is a counterclockwise circulation cell in the middle to
upper troposphere with strong upward motion between
the equator and 10°N, followed by a weak downward
motion in the Southern Hemisphere. This circulation
cell is reminiscent of the local Hadley circulation,
which characterizes the Indian summer monsoon.
Vertical shear of background zonal winds is mostly sig-
nificant in the NH between 10° and 20°N. The total
heating in Fig. Se is top-heavy, somewhat more than the
propagating event in Fig. 4, indicating the significant
contribution from stratiform heating to the mean. The
potential temperature mean anomaly is warm in the
lower troposphere and cold in the upper troposphere,
especially between latitudes 20°S and 30°N, consistent
with the individual event structure in Fig. 4. A region of
low-level low pressure at high latitudes of the Northern
Hemisphere marks a monsoon-like trough climatology.
The mean free-tropospheric water vapor is character-
ized by two strong jumps, one at 20°S and one at 20°N,
and a progressive northward sloping in between to
reach its maximum near 20°N. Unlike the individual
event, the mean moisture maximum is not collocated
with the mean precipitation maximum. The accumula-
tion of moisture at northern latitudes can be attributed
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to the strong northward mean meridional velocity dom-
inating the lower troposphere between roughly 10°S
and 10°N. For the sake of simplicity, the mean moisture
stratification coefficients (Q,, Q;, Q,) in the moisture
equation (Table 1, tenth row) are set to be constant,
independent of the latitude. Compared with these,
mean moisture stratification, the climatological-mean
meridional profile of vertically integrated moisture
(deviation from the mean moisture stratification) as
shown in Fig. Se, varies dramatically, reflecting the sig-
nificant impact of SST on the total background moisture.
However, since only the first-baroclinic mode seems
to play a major role in the northward-propagation
mechanism, the aforementioned simplification is not
relevant since these drastic changes in the mean are well
represented. The mean zonal velocity is mainly baro-
tropic with a baroclinic signature and a double reversal
from westerlies to easterlies to westerlies, in the
Northern Hemisphere, consistent with the southerly
wind shear prevailing over the summer Indian monsoon
trough.

A composite of the anomalous flow fields, with respect
to the mean circulation shown in Fig. 5, is presented in
Fig. 6. To obtain the composite solution, we averaged
the flow anomalies along the curve in the space-time
domain following the precipitation maximum, between
days 935 and 955, that is, focusing on the corresponding
propagating event in Fig. 2a. Such a 20-day average ig-
nores some phase changes for each single field during
this period (e.g., relative strength of easterlies and
westerlies of v in Fig. 3g), but highlights the important
phase relation among different fields. As we can see, this
anomalous wave disturbance has many common fea-
tures with the total solution in Fig. 3, but it has also a
few major differences. In particular, the maximum pre-
cipitation anomalies in Fig. 6e are about 2 times stronger
than those of the climatological-mean precipitation in
Fig. Se, consistent with the dominant magnitude of
intraseasonal precipitation anomalies (see Fig. 2.3a in
Lau and Waliser 2011) and the climatological-mean
precipitation (see Fig. 2.1d in Lau and Waliser 2011) in
observation. In contrast, the meridional velocity anom-
alies in Fig. 6b have a similar maximum magnitude as the
climatological mean in Fig. 5b, resembling the realistic
strength of anomalous meridional winds (see Figs. 2.5a,b
in Lau and Waliser 2011) and mean meridional winds
(see Fig. 2c in Wang and Fan 1999) in observation.
Among the common features, we can enumerate the
correlation of precipitation with anomalous moisture
perturbation and 6., anomalies (although weak; note
the 0.1-K units). The skewed 6, profile is a consequence
of ABL drying due to stratiform-induced downdrafts
in the wake of the wave. We also have backward-tilted
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FIG. 5. As in Fig. 4, but for climatological-mean circulation averaged over the period (days 509-1019).

vertical velocity fields with convergence below and di-
vergence aloft and upward motion in phase with the
convection. However, unlike the total wave solution in
Fig. 2, there is a significant positive shear vorticity
(w = —du/dy) in the middle troposphere, though it is far
from being simply barotropic.

There is a significant capping by negative vorticity
near the top of the domain. The meridional wind ap-
pears to be less asymmetric and even somewhat stron-
ger in the northern half of the wave. The potential
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temperature plot features anomalously warm air topped
by cold air north of the convection center, whereas warm
temperature sits on top of cold temperature within
the convection center. This feature is consistent with
equatorial convectively coupled waves and the MJO
(Kiladis et al. 2009; Khouider 2018). Moreover, from
Fig. 6f, we have a positive pressure perturbation below a
negative one ahead of the wave followed by low-level
low pressure and upper-level high pressure in hydro-
static balance with the potential temperature in Fig. 6c.
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FIG. 6. Asin Fig. 4, but for vertical structure of composite flow field anomalies (deviation from the climatological mean) correlated with
the northward-propagating precipitation between days 935 and 955 in the latitude-height diagram. The center latitude (0°) corresponds to

the latitude where the maximum precipitation is located.

This indicates, in particular, that the wave is mainly
baroclinic in nature and the barotropicity is all carried
by the mean flow. So the buildup of the positive baro-
tropic vorticity in front of the wave (if there is one) cannot
be the driver of the northward propagation in the current
model as reported in aforementioned earlier studies.
There is no doubt that the environment plays a role
in the wave motion; if the wave could propel itself, it
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cannot be through the buildup of positive barotropic
vorticity. A more appropriate mechanism will be dis-
cussed below after we present a detailed budget analysis
for the moisture and meridional momentum equations.
Contrary to the mean driven-wave fluctuation point of
view, our analysis below is based on that the full non-
linear wave solution and the physics of the wave fluc-
tuation (Fig. 5) alone cannot lead to the same conclusive
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arguments. Specifically, the maximum precipitation
anomalies in Fig. 6e are about 2 times more than
those in the climatological mean in Fig. Se. It is those
northward-propagating events with strong anoma-
lous fields that further strengthen the mean circula-
tion. Of course, this mean circulation could also
influence each single northward-propagating event in
return. This two-way feedback between mean circula-
tion and waves plays a central role in the mechanisms
proposed here for BSISO initiation, propagation, and
termination.

4. Propagating mechanism of northward-moving
precipitating events

a. Moisture-budget analysis

The governing equation for vertically integrated
moisture in the free troposphere is given in the tenth
row of Table 1. Following Khouider and Majda (2006a),
the tropospheric moisture equation for ¢ is derived from
the bulk water vapor budget equation by assuming a
background moisture profile that decays exponentially
in height and consistently projecting all terms into the
first- and second-baroclinic modes. Particularly, in terms
of the first- and second-baroclinic modes, the vertical
velocity is given by the meridional gradient of meridio-
nal velocity through the continuity equation in Eq. (1e),
wj = —(1/j)(dv;/dy), j=1, 2. As shown by Fig. 3m, the
northward propagation of precipitation anomalies is
closely tied to the movement of moisture anomalies.
Thus, moisture tendency terms could illustrate key
factors that drive the northward propagation of the
whole system, reminiscent of the moisture-mode theory
(Chikira 2014; Kim et al. 2014; Wolding and Maloney
2015; Jiang et al. 2018).

In Fig. 7, we plot the profiles of all the tendency terms
for the free-tropospheric moisture for two different
events, one corresponding to an early stage of the
BSISO event when it is still near the equator, below
10°N (slow propagation regime), and the other at higher
latitudes, above 10°N, when the BSISO propagation
speed gets accelerated (fast propagation regime). We
note that the nonlinear moisture flux terms, corre-
sponding to the barotropic and first-baroclinic modes,
have been divided into convergence, qdv;, and advec-
tion, v;dq, j=0, 1, terms. Before digging into differ-
ences between these two cases, we focus on some of the
main common features. In both cases, the total time
tendency (thick black curve) of moisture dg/dt is char-
acterized by positive anomalies to the north and nega-
tive tendency to the south of the precipitation maximum
(thick red curve), which is consistent with the northward
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propagation of the wave disturbance. The main mois-
ture source comes from the terms —gd(@;v;)/dy and
—3(Q,v1)/ dy corresponding to the first-baroclinic con-
vergence of moisture anomalies and moisture back-
ground, respectively. The combination of these two
terms by themselves balance the sink of moisture due to
precipitation and the second-baroclinic divergence of
background moisture, —3(Q,v,)/dy, as they seem to be
perfectly in phase with each other. We notice that the
barotropic convergence (thin pink line) is practically
zero, and the second-baroclinic convergence is, inter-
estingly, a moisture sink. The latter is due to the prev-
alence of stratiform heating, which induces low-level
divergence in the second-baroclinic mode. The meridi-
onal profiles of all moisture convergence terms are
perfectly symmetric about the maximum precipitation.
Thus, moisture convergence by either barotropic or
baroclinic modes cannot be the reason for the northward
propagation of the moisture disturbance and ultimately
the convectively coupled wave.

In addition to the second-baroclinic divergence and
precipitation, the major moisture sinks include meridi-
onal advection, —v,3d(&;¢)/dy. Among these three pro-
cesses, only the first-baroclinic meridional advection
term shows substantial meridional asymmetry to be
able to induce the northward propagation of moisture
anomalies. It is the moisture source S? (thin orange
curves) due to turbulent mixing and evaporation that
tends to moisten the neighboring area both to the north
and south of the precipitation maximum, but the first-
baroclinic meridional advection term substantially
consumes moisture to the south and has negligible
magnitude to the north. In detail, the moisture source
S$7 in Table 2 includes two parts, one of which comes
from boundary layer evaporation due to turbulent
mixing and the other from free-tropospheric rain
evaporation due to downdrafts. This moisture source
closure does not directly involve surface winds, unlike
the wind-induced surface heat exchange (WISHE)
mechanism (Emanuel 1987). WISHE theory for the
MIJO requires stronger surface evaporation on the
eastern side of the disturbances, whereas the moisture
source in Fig. 7 is symmetric about the convection
center. It is the first-baroclinic advection other than the
moisture source that breaks the meridional asymmetry
and promotes the northward propagation. Thus, we
argue that the latter is the main physical mechanism
that induces northward propagation of the BSISO
signals in the present model simulation, mainly through
the intrusion of relatively dry air from the southern
flank of the convection center, forcing the whole sys-
tem to move northward where the environment is less
hostile for new convection. We note that the curves
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FIG. 7. Moisture-budget analysis of a composite event for all terms appearing in the free-tropospheric moisture equation based on 24
northward-propagating events during the second 500-day period. The cases when the maximum precipitation is located at (a) 7.9° and
(b) 14.25°N. The curves in different colors correspond to different terms as shown in the legend. Only the latitude range in the neigh-
borhood of the maximum precipitation is shown here. All dominant terms are shown in thick curves. The dashed lines indicate the latitude

with the maximum precipitation.

in Fig. 7 correspond to the total budget terms and the fluctuation composite in Fig. 6. Comparing Figs. 7a
not anomalies, and that the advection asymmetry is and 7b, we can see that the main difference is in the
consistent with the asymmetry of the meridional ve- magnitude of the first-baroclinic meridional advection
locity seen in Fig. 4, while asymmetry is nonexistent in asymmetry. The latter is much more significant in
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FIG. 8. Meridional profiles of column-integrated moisture gradient, meridional velocity, vorticity, and divergence. (a),(b) Moisture
gradient in blue curves and first-baroclinic meridional velocity in red curves. The solid curves are for total values, and the dashed curves
are for climatological mean. The solid black line shows zero magnitude. (c),(d) Barotropic and first- and second-baroclinic vorticity
anomalies in black curves and divergence anomalies in pink curves. Shown are the cases when the maximum precipitation is located at

(a),(c) 7.9° and (b),(d) 14.25°N.

Fig. 7b, consistent with the fact that the wave moves
faster north of 10°N.

To dig a bit deeper into this issue, we plot in Figs. 8a
and 8b the meridional profiles of total moisture gradi-
ent and total first-baroclinic meridional velocity (solid
lines) and their respective climatological means (dashed
lines) for the cases when the BSISO wave is, respec-
tively, below 10°N and when it moves beyond this lati-
tude. In the low-latitude case in Fig. 8a, the meridional
profile of total moisture is mostly symmetric about the
precipitation center, while that of meridional velocity is
asymmetric with strong southerlies to the south and
weak northerlies to the north. The climatological-mean
moisture gradient in Fig. 8a is relatively much weaker.
Although the v; velocity anomalies in the low-latitude
case are actually dominated by northerlies to the north,
the mean v; velocity is significant and overall positive,
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carrying the asymmetry in the total meridional wind
around the precipitation maximum, necessary for the
northward propagation. In this sense, the background
flows play a major role in meridional moisture transport
at the early stage of northward-propagating events. As
already anticipated, such strong southerlies south of the
precipitation maximum bring dry air into the convection
core and force the convection to move to the north. For
the high-latitude case in Fig. 8b, on the other hand, the
vy asymmetry is much stronger, while the meridional
gradient of moisture also shows some asymmetry. The
asymmetry in the moisture gradient is attributed to
the persistence of a background moisture gradient in the
mean climatology at those latitudes, consistent with the
mean moisture profile in Fig. 5; however, the mean v;
velocity is weak and the asymmetry of the total v; field is
mainly attributed to the asymmetry of the v; anomaly
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cipitation. (a) Magnitude when the maximum precipitation reaches each latitude after equal time intervals. (b) Cross correlation between
vy and s. (c) The scatterplot for all sample snapshots during 24 northward-propagating events. Here, v, is averaged over a 4.64° latitude

range centered about the maximum precipitation.

field. Also, as shown in Figs. 8a and 8b, both the first-
baroclinic meridional velocity v; and the moisture
gradient dq/dy have anomalous fields of comparable
magnitude as their climatological-mean fields, indicat-
ing the substantial contribution from the nonlinear
term involving those anomalous fields, —v}d(a&1q’)/dy, to
the total first-baroclinic meridional moisture advection,
—v19(@1q)/dy. This is a key feature captured by this
nonlinear model but would not be captured by the lin-
earized models used in previous studies.

Previous studies (Jiang et al. 2004; Drbohlav and
Wang 2005, 2007) had emphasized the role of positive
barotropic vorticity anomalies in inducing barotropic
convergence, which translates into ABL moisture con-
vergence, north of the convection center and eventually
lead to the northward propagation of precipitation. To
check this hypothesis more closely, we plot in Figs. 8c
and 8d the meridional profiles of vorticity and diver-
gence anomalies. It is particularly interesting to note
that the barotropic vorticity anomaly, — 4,1, does have
about a 0.7° northward lead in Fig. 8c but it is mainly
in phase with the precipitation maximum in Fig. 8d.
If at times barotropic cyclonic vorticity may appear
to lead the northward-moving BSISO signals, this fea-
ture is not as universal as the asymmetry in the ad-
vecting v; wind reported above. More importantly, the
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barotropic wind divergence is close to zero; thus, the
ABL convergence mechanism is not present here.

To further show evidence of the relevance of the
asymmetry in the first-baroclinic velocity for the north-
ward propagation of the BSISO events, we introduce
the average first-baroclinic meridional velocity in the
vicinity of the precipitation maximum corresponding
to the northward-propagating BSISO events, as

1_}1());) =

1 yr+y0/2
| wonay. 5)
Yo dy,—y 2

where y, is the point of maximum precipitation and
yo =4.65° is a fixed averaging range, covering a neigh-
boring latitude range around the maximum precipita-
tion of 14 discrete grid points.

In Figs. 9a-9c, we plot the aggregated time mean
corresponding to all BSISO events that occurred dur-
ing the last 500 days of the simulation, roughly 25
events, as a function of latitude, that is, y, with the mean
propagation speed of the BSISO at the corresponding
location, the time-lag correlation of ¥;(y;) and the
BSISO propagation speed s(y;) and a scatterplot of
vy (y,) with respect to s(y,). While there is some scatter-
ing, it is clear from these figures that these two vari-
ables are well correlated, and the regime change of the
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northward-propagation speed as the BSISO passes be-
yond some latitude point near 10°N is reflected in the
inflection point (a point of minimum speed) seen near 8°,
above which both v; and s accelerate to reach its maxi-
mum near 14°. We note that 7, plunges down first, before
the BSISO event terminates at roughly 17°. The latter is
somewhat reflected in the lag-correlation plot in Fig. 9b
which is, although maximized at 7= 0, highly skewed
toward negative lag values hinting to the causal effect of
v ons.

To understand the origin of this asymmetry in meridi-
onal wind, we turn to the analysis of the meridional mo-
mentum equations. Namely, we will investigate which
physical parameter is at the origin of the asymmetry in the
first-baroclinic velocity component. According to our
experimental setting, including the SST profile in Fig. 1,
which is totally flat between latitudes 10°S and 20°N,
containing the region where the BSISO event evolves, the
only physical parameter susceptible to induce an asym-
metry in v; is the beta effect. Next, we demonstrate that
this is indeed the case in the context of a simple linear
dynamical model with an imposed heat source.

b. Role of beta effect in inducing northward
propagation

We consider the linear first-baroclinic shallow-water
equations with an imposed heat source mimicking the
convective heating emanating from the BSISO events,
which are otherwise completely decoupled from all the
other vertical modes, including the ABL. We have

u, —yv=—au,
vr+yu=6y—av,

6,~v,= 0() ~af, (©)

where u, v, and 6 are the zonal velocity, meridional
velocity, and potential temperature. Here, Q(y) is the
imposed heat source having the shape of a Gaussian:
oWy = qoe‘[(V‘VO)/L«"]Z, where qq is the strength of the
heating, y, its center, and L, its decaying scale, and
a=0.02day " is a small damping coefficient taken to
be the same for all three equations; it represents the
Newtonian cooling and Rayleigh drag inverse time
scale in Table 3, which are taken to be equal here for
the sake of convenience. We set yo = 10°and L, = 0.13°,
leading to an effective exponential decay in the heat
source of about 2°, while gg = 20Kda\y71 consistent
with the results in Figs. 2, 4, and 6e. Eliminating u and
0 from Eq. (6) leads to the following wave-like equa-
tion for v:

- 2, 2
an+2a6[v—8yyv—(y +a )v+6yQ. (7)

Brought to you by UNIVERSITY OF VICTORIA | Unauthenticated | Downloaded 03/24/21 09:40 PM UTC

YANG ET AL.

657

This equation is then solved numerically with
centered differences, using homogeneous Dirichlet
boundary conditions (v = 0). In Fig. 10, we plot the so-
lution at 50 and 100 days of integration on top of its
counterpart when the Coriolis parameter is set to zero;
that is, the term y?v on the right-hand side is dropped.
As we can see, the main difference between the two
solutions is that the former is asymmetric about the
heating center, while the latter is perfectly symmetric.
The explanation for this behavior is embarrassingly
simple. The Coriolis term —y?v acts as an extra damping
term for gravity waves, whose magnitude in dimen-
sionless units is much larger than that of —a?v. For
the specific latitude 10°, the dimensionless value of the
latitude y under the length scaling, 1500km, is 0.741.
Even if we consider a relatively strong Rayleigh drag
scale of 1-10 days (Romps 2014), the dimensionless
value of the parameter « under the time scaling, 8.3 h,
would be only 0.346-0.035. Correspondingly, the ratio
between the Coriolis term —y?v and the drag term —a?v
would be on the order of 4.6-448.2, reflecting the dom-
inant role of the Coriolis term. In the steady state when
the solutions reach equilibrium, this damping term
—(y* + a?)v arising from the Coriolis force and Rayleigh
drag is directly balanced by the second derivative of
meridional velocity, d,,v, and the gradient of the heat
source, d,Q. A shorter (longer) drag time scale results
in a larger (smaller) value of «, which reduces (in-
creases) the magnitude of v. However, the significant
meridional asymmetry would not be changed, as long
as the Coriolis term dominates the drag term. Notice
the wavy character of the 50-day solutions. Since y is
larger to the north, there is more damping there.

It is worthwhile noting that the solution in Fig. 10
is quantitatively sensitive to the domain size at the lo-
cation of yy and more importantly to the damping rate,
but it remains qualitatively robust, as long as the two
boundaries are kept at an equal distance from the heat
source. Because of the complex nonlinearity in the
multicloud model, as seen in Table 1, it will be hard to
draw more analogies with the northward propagation
of the BSISO signals presented here, besides the fact
that the asymmetry in v; originates from the asymmetry
in the damping effect. Obviously, in a full 2D model,
the Coriolis effect will simply transfer energy from the
meridional velocity into the zonal-propagating waves
instead of dissipating it, but the end result will most
likely be similar, as more energy will be drawn out of
v at higher latitudes, that is, north of the convection
center, because Poincaré waves with the same wave-
number would have higher frequencies at larger f(=8y)
parameter values. This simple shallow-water model in
Eq. (6) captures the linear governing equations for the
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FI1G. 10. Solution of the wave equation in Eq. (7) at 50 (thin), 100 days (solid), and without the
Coriolis gradient parameter (dots). The dashed line in the background is the imposed steady-

heating profile throughout the simulation.

first-baroclinic mode in equatorially trapped dynamics
on the B plane. If the Coriolis force is ignored, the re-
duced governing equation for v in Eq. (7) does allow
northward- or southward-propagating gravity waves
as the intrinsic meridionally propagating modes. As
shown by Eq. (6), the overall effect of the Coriolis force
lies in kinetic energy transfer between the zonal and
meridional winds. On the $ plane, this energy exchange
is disproportional between lower and higher latitudes.
Thus, the coherent structures associated with meridio-
nally propagating modes will be destroyed, resulting
in limited propagation distance off the equator (Majda
et al. 2015). Besides, zonally propagating Rossby waves
that rely on the meridional gradient of the Coriolis force
are excluded here because of the zonally symmetric
geometry.

¢. Cause and effect of northward propagation

We now summarize the main physical processes lead-
ing to northward propagating of the BSISO anomalies.
1) Northward propagation is due to the northward
movement of moisture anomalies due to the interplay
between the symmetric convergence of moisture, which
itself results from the induced convective heating, and
the asymmetric moisture advection. 2) The asymmetric
meridional advection by the first-baroclinic meridional
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velocity induces dry-air intrusions to the south of
moisture anomalies, which make the southern flank of
the anomaly unfavorable to new convection, and hence
convection is shifted northward. 3) The asymmetric
meridional advection is mainly contributed by the
asymmetric first-baroclinic meridional velocity vy, es-
pecially at low latitudes. 4) The asymmetry in v, results
from the beta effect as gravity waves are damped at a
higher rate north of the disturbance; this may seem
an artifact of the zonally symmetric setting as illus-
trated above. In a more realistic three-dimensional set-
ting, Poincaré waves at higher latitudes have higher
frequencies, especially those with small zonal wave-
numbers. As such, energy will be transferred more
quickly to smaller scales and thus dissipated at a higher
rate north of the precipitation maximum.

5. Initiation and termination of BSISO events

Another issue of great interest is the initiation of the
BSISO events in the vicinity of the equator. As shown
in Fig. 3, positive precipitation anomalies are gener-
ally triggered at low latitudes of the Northern Hemi-
sphere as the preceding northward-propagating BSISO
terminates at high latitudes. Through moisture-budget
analysis, once again, we would like to figure out the
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dominant effects that cause the triggering and intensi-
fication of convection during the BSISO initiation.

Figure 11a shows the moisture-budget analysis where
all terms appearing in the free-tropospheric moisture
equation are plotted separately as functions of time. To
obtain smooth signals, we have taken averaging about
the latitude range between 5°S and 5°N. We focus on the
period —15 and +6 days, relative to the maximum pre-
cipitation. As shown by the thick black line, the time
tendency of moisture dq/dt reaches its maximum value
one day before the maximum precipitation and has
negative values after the maximum precipitation. From
Fig. 11a, we can see that the main dominant terms
(excluding S9, which is all the way constant) are the
first-baroclinic moisture convergence, associated with
both moisture anomalies [—qgd(ayv;)/dy] and back-
ground moisture [—a(Q,v;)/dy] terms, the second-
baroclinic moisture convergence [—a(Q,v,)/dy], and
precipitation P, as well as the term S$7, which provides a
constant source of moisture. In terms of their phase
relation, all these dominant terms are more or less in
phase with the maximum precipitation, but the second-
baroclinic convergence (thin magenta line), which peaks
some 5 days ahead of the precipitation maximum. While
it does not seem to induce a positive moisture tendency
at this early stage, it does compensate, together with
8§49, for the moisture sink due to the first-baroclinic
moisture divergence and precipitation.

In Fig. 11b, we make similar plots for the deep,
congestus, and stratiform heating rates, Hy, H., H;, as
well as the moisture and different components of po-
tential temperature anomalies. Deep heating H, is
mostly in phase with moisture ¢, although the maxi-
mum moisture does lag the maximum deep heating
slightly. Also stratiform heating H; reaches its maxi-
mum strength at almost the same time as deep heating,
which is consistent with the fact that the stratiform
heating lags deep heating through a relaxation time
scale of only 3h. We note that congestus heating H. is
generally suppressed and nearly vanishes during the
deep heating period but is active, reaching up to
0.25K day ', the rest of the time when deep convection
is suppressed. As for potential temperature anomalies,
negative boundary layer equivalent potential temper-
ature anomalies 6,, are induced during precipitation,
while the boundary layer potential temperature 6,
has warm anomalies. These thermodynamic anomalies
are induced by the downdrafts that tend to dry and
warm the ABL. Furthermore, both the first- and second-
baroclinic potential temperature anomalies (61, 6,) lead
the maximum precipitation. However, positive first-
baroclinic potential temperature anomalies 0; lead the
first increase in precipitation, before day —5. This is
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essentially a stabilizing mechanism, and thus tempera-
ture anomalies cannot be attributed the role of initiating
the BSISO events.

The negative first-baroclinic potential temperature
anomalies are induced by dry-wave dynamics, while the
deep convective heating is merely compensated by
convergence as can be surmised from Fig. 11c, which
shows meridional profiles of vorticity and divergence
fields in the barotropic and first- and second-baroclinic
modes. It is interesting to notice that there are posi-
tive barotropic vorticity anomalies (—du/dy) two days
before the maximum precipitation, although the
barotropic divergence field (dvy/dy) shows negligible
magnitude. As for the baroclinic mode, there are nega-
tive first-baroclinic vorticity anomalies preceding the
maximum precipitation. More importantly, second-
baroclinic convergence with comparable first-baroclinic
divergence precedes the intensified precipitation. The
second-baroclinic convergence is maintained by the
background congestus heating.

Figures 12a and 12b show a life cycle of one BSISO
event starting from its initiation as a big blob of con-
vection near the equator and propagates as such until
it reaches relatively high latitudes. We note in partic-
ular that during the initiation phase (Fig. 12a), when
the dominant event is still at the equator, there is a
secondary peak in precipitation at roughly 17°N. The
latter is a signature of the termination phase of the
preceding BSISO event. Moreover, we note that as
the main event propagates northward, it starts inducing
subsidence near and south of the equator, suppressing
the intensification of convection there. However, as
this event moves far enough from the equator, equa-
torial convection starts to intensify (Fig. 12f) before
it becomes again dominant (Fig. 12a) and the cycle
is closed.

Before we address the issue of termination of the
BSISO events, we summarize here the processes leading
to the initiation of BSISO convection near the equator.
1) During the suppressed phase, the first-baroclinic
divergence and second-baroclinic convergence cancel
each other, resulting in a vanishing moisture conver-
gence. 2) The first-baroclinic divergence near the
equator is maintained by the intensification of the local
Hadley circulation due to the northward-moving pre-
cipitating event when it moves to higher latitudes.
3) Once the propagating event moves to higher latitudes
and terminates, the first-baroclinic divergence near
the equator weakens and the second-baroclinic con-
vergence, which is maintained by the background
congestus heating, becomes dominant, resulting in
moisture convergence, and precipitation intensifies at
the equator, via a positive feedback loop.
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the initiation of BSISO events near the equator. All variables have been averaged between 5°S and 5°N, and the resulting time series have
been processed by a low-pass filter (removing high-frequency signals in Fourier space and retaining only low-frequency signals), and all
signals with periods less than 1 day are filtered out.
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F1G. 12. Meridional circulation at six different phases in the latitude—height diagram. These six panels are from different phases of
the composite life cycle of northward-propagating events with a 3.5-day time interval. Meridional and vertical velocities are shown by
arrows, and vertical velocity is also shown by color. The green curve in each panel shows the meridional profile of deep heating with
its magnitude indicated by the right axis. The dimensional units of vertical velocity and deep heating are 10" >ms™ "' and K day ™,

respectively.

Figures 13a and 13b show the moisture-budget
analysis, all terms appearing in the free-tropospheric
moisture equation, at two successive instances during
the BSISO life cycle, a few days before its termination.
Not surprisingly, the plots in Fig. 13a are very similar
to those in Fig. 7b; though redundant, they are kept here
to ease the comparison between the mature phase of
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the BSISO event, represented by Figs. 7b and 13a, and
the time when the BSISO event moves to higher lati-
tudes and weakens, represented by Fig. 13b, before it
terminates. Notice the weakening of the moisture total
tendency north of the convection center and the ap-
parent negative tendency in the vicinity of the pre-
cipitation maximum, marked by the vertical dotted line,



662

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 76

(@)

(K/day)

{b)

A(Gavaq)
T Oy
_H@w)
dy
Qo)
oy

3(@111‘[:)

13 135 14 145 15 155 16 165 17 175
Latitude (degree)

15 155 16 165 17 175 18 185 19
Latitude (degree)

FIG. 13. (a),(b) As in Fig. 7, but for cases when maximum precipitation is located at (a) 15.25° and (b) 16.9°N. (c),(d) The respective
equivalents of Figs. 8a and 8b.

in Fig. 13b. Besides this observation, the striking dif-
ference between the two panels in Fig. 13 resides in the
significant reduction in the (asymmetric) advection of
dry air toward the center and, more importantly, in the
relatively strong first-baroclinic divergence north of
the convection center seen in Fig. 13b. Moreover, all
the tendency signals are much weaker at that time
(notice the change in scale between Figs. 13a and 13b).
The weakening of moisture convergence is probably
caused by a weakening of precipitation as the mean
moisture gradient starts to decay toward the negatives,
as seen in Fig. 13d in comparison with Fig. 13c. As
such, the total moisture tendency is much weaker in
front of the wave when the BSISO event moves to high
latitudes and approaches the edge of the warm SST
background, which plunges down at exactly 20°N. As
also seen in Fig. 13d, the asymmetry argument in v,
is still valid; however, the weakening of the wave as a
whole makes the average v; in Eq. (5), if it were com-
puted, much weaker, which translates into the stalling of
the BSISO event and consequently causing its demise
through further weakening via moisture depletion by
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precipitation. This, in part, explains why the BSISO
events do not quite reach the 20°N SST barrier before
weakening and terminating.

6. Sensitivity to SST distributions

To investigate the sensitivity of the simulated
northward-propagating BSISOs to the SST distribu-
tion, we undertake four sensitivity tests (cases 1-4)
under the same model setup as before, changing only
the prescribed SST distribution. Specifically, case 1
considers a broader warm pool scenario with y, — y;
increased by 15% in Eq. (4), while case 2 considers
a narrower warm pool decreased by 15%. Case 3
considers a northward-shifted warm pool scenario by
adding 2° to both y; and y,, while case 4 considers an
opposite scenario by shifting the warm pool 2° south-
ward. These four SST distributions are shown in
Figs. 14a and 14d, respectively.

As shown by Fig. 14b, the maximum precipitation
intensity in case 1 gets weakened to 4K day '. Mean-
while, northward-moving precipitating events are
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F1G. 14. Hovmoller diagrams for precipitation in sensitivity tests with different SST distributions. (a) SST distributions with the broader
warm pool (case 1), narrower warm pool (case 2), and the original one from Fig. 1b. (b),(c) The Hovmoller diagrams of precipitation for
cases 1 and 2, respectively. (d)-(f) As in (a)—(c), respectively, but for the northward-shifted warm pool (case 3) and southward-shifted
warm pool (case 4). The colored dashed lines indicate the warm pool center for the corresponding case, and the black dashed line indicates
the equator. The dimensional units of SST and precipitation are K and K day ™, respectively.

confined between the equator and 10°N. In contrast, pools in Fig. 14d, these events prevail farther north in
case 2 in Fig. 14c features northward-moving pre- Fig. 14e than those in Fig. 14f. When compared with case
cipitating events that are akin to those in Fig. 2a. These 3, the SST distribution in case 1 differs mainly by its
events are also present in both case 3 and case 4. Con- broader warm pool in the SH. It is found (not shown)
sistent with the northward- and southward-shifted warm that the climatological-mean circulation in case 1 is
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weaker than that in case 3, highlighting its crucial role
in promoting northward propagation of precipitation
anomalies.

Moreover, sensitivity tests (not shown) regarding the
SST meridional gradient at the edge of the warm pool,
including both higher- and lower-SST meridional gra-
dients than the observed one in Fig. la, show the
prevalence of northward-moving precipitating events.
Notably, the observed SST in SON in Fig. 1la is very
similar to that in the JJA. An extra experiment (not
shown) with the prescribed SST for the SON season
still features persistent northward-moving precipitat-
ing events, confirming the robustness of the physical
mechanism.

7. Concluding discussion

Here, we use a nonlinear free-tropospheric model
coupled to the multicloud parameterization with ABL
dynamics of Waite and Khouider (2009) to simulate the
northward-moving BSISO events in order to gain basic
understanding about the underlying basic physical
mechanisms. The model is based on the zonally sym-
metric primitive equations, Galerkin projected onto the
first three modes of vertical structure: the barotropic
mode and the first two baroclinic modes, dynamically
and thermodynamically coupled to a bulk (vertically
averaged) ABL dynamics. The numerical procedure
followed here and its validation as well as it suitability
for simulating the monsoon flow are found in De La
Chevrotiere and Khouider (2017). Zonally symmetric
models have been used in the past to study, as in our
case, the northward propagation of monsoon precipita-
tion (Drbohlav and Wang 2005) and for the effect of
the ABL dynamics on the Hadley cell (Pauluis 2004).
Because of its resemblance to the Asian monsoon, the
model and results presented here could be applied to the
North American monsoon as well (Jiang and Waliser
2009; Jiang and Lau 2008).

The model is forced with an imposed surface latent
heat flux based on the observed SST profile over the
Indian Ocean summer (JJA) climatology and integrated
for roughly 1000 days. Northward-propagating BSISO
events, regularly succeeding each other at a period
of roughly 20 days and moving at roughly 1°day ", start
to appear after a transient period of nearly the same
length. The simulated period (about 20 days) is
relatively short compared with the observation (about
40 days). Sensitivity experiments regarding the congestus
adjustment coefficient «, and the ratio of moisture at
top of the ABL and the midtropospheric moisture k show
that both parameters would largely influence the
scale selection of the northward-propagating events,
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highlighting the preconditioning moistening effects of
congestus convection and moist boundary layer. A fur-
ther careful calibration about these two parameters
may help to improve the period.

Despite the short 20-day period and the 1°day—
propagation speed, the BSISO events have many re-
alistic features, including moisture convergence in
phase with the precipitation maximum; a top-heavy
heating slightly tilted southward as a result of strati-
form heating, which slightly lags deep convection;
ABL moisture slightly leading; upper-level shear vor-
ticity leading the wave; a backward-tilted meridional
velocity with convergence below divergence aloft,
more or less in phase with precipitation, resulting in a
tilted upward motion in phase with precipitation; and
finally low pressure at low level coinciding with the
precipitation center. While these circulation features
are more or less in agreement with equatorial-wave
dynamics, where the tilted structure is believed to lead
to wave propagation, a thorough moisture-budget anal-
ysis revealed that the main mechanism responsible for
the northward propagation is due to the intrusion of dry
air from the southern flank of the wave, induced by an
asymmetry in the first-baroclinic meridional velocity.
Although dry air is advected from both ends of the
convection center, the asymmetry in v; is such that
more dry air is pumped from the southern side, making
the northern side more favorable to new convection,
and thus making the whole disturbance move to the
north. We also found that precipitation itself is nearly
balanced by moisture convergence, so moisture advec-
tion is the sole mechanism responsible for the wave prop-
agation, as we found that the v; asymmetry is statistically
correlated with the BSISO propagation speed.

To understand the cause of the asymmetry in the
v; velocity, we introduced a toy model reduced to the
zonally symmetric first-baroclinic mode with an im-
posed heating. As demonstrated in Fig. 10, the beta ef-
fect alone explains this asymmetry by acting as an
asymmetric damping diminishing the strength of the
flow response north of the heat source. While the beta
damping itself is obviously an artifact of the zonal
symmetry, in a fully three-dimensional model this can
be contrasted by the fact that zonally propagating
Poincaré waves north of the heat source have higher
frequencies than those south of the heat source because
of the larger f parameter there, thus becoming more
effective in transferring energy down to (turbulent)
dissipation scales.

Jiang et al. (2004) have proposed the generation of
barotropic shear vorticity due to the interactions be-
tween the free-tropospheric baroclinic and barotropic
modes and the mean flow as the main mechanism for

1
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northward propagation by inducing ABL convergence
indirectly through the production of upper-level di-
vergence. In this paper, although both the vertical shear
of the mean flow (see Fig. 5) and the northward-
displaced barotropic vorticity (see Fig. 8c) are (some-
times) captured, the induced barotropic vorticity does
not cause barotropic divergence in the free troposphere
or moisture convergence in the ABL.

Jiang et al. (2004) have also emphasized the role of
moisture—convection feedback induced via two distinct
processes. One of them is moisture advection by the
mean southerly in the ABL, which is not significant
here, as the intraseasonal variability is quite weak in the
ABL (see Fig. 4). The other one is moisture advection
due to the mean meridional specific humidity gradient,
thus implying dry air intrusion from the south just like
in our case. Although the mean moisture gradient does
exhibit a northward increasing gradient, as shown in
Fig. 8b, the major source of asymmetry comes from
the asymmetry in the first-baroclinic meridional wind
rather than the moisture gradient. In fact, our initial
setup is a radiative—convective equilibrium with a uni-
form moisture background. So the moisture background
seen in Fig. Se is a result of the wave activity and not
its cause. As we can see from Fig. 2b, convective events
begin to propagate away from the equator as soon as
they form at day 0. All the background seems to imply is
the inhibition of new convection south of the equator.
This is further evidence that the beta-induced asym-
metry plays the key role in the northward propagation
of BSISO events.

More recent studies by Adames et al. (2016) and Jiang
et al. (2018) based on reanalysis data suggested that
horizontal advection of the mean moisture by anoma-
lous winds is largely responsible for the northward
propagation of the BSISO based on the fact that zonal
advection was found to dominate the moisture tendency
budget. These observational results are consistent with
the work of Biello and Majda (2010), who showed
through asymptotic analysis that zonal advection of
moisture is an order of magnitude larger that its me-
ridional counterpart in the local Hadley-like setting of
tropical dynamics.

Because of the limitation of zonal symmetric as-
sumption, it is impossible to discuss effects of the zonal
moisture advection in this model, and thus the moisture-
budget results are not consistent with observations
because of the lack of zonal dependence. However, it
is worth mentioning that the maximum value of mois-
ture anomalies associated with northward-propagating
events (about 2K) in Fig. 6e is much weaker than that
of the climatological-mean moisture (about 6.5K) in
Fig. Se. Surprisingly, the corresponding mean moisture
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gradient is much weaker than the anomalous moisture
gradient, as shown in Figs. 8a and 8b. The essential
reason for such a weak mean moisture gradient is due to
the local maxima and minima of climatological-mean
moisture near the latitude 8° and 13°N, respectively.
That said, the results obtained here clearly suggest that
while the meridional advection of moisture might be
relatively weaker than its horizontal counterpart (in the
3D setting), it plays a primary role in the northward
propagation of BSISO, besides the dominant contribu-
tion by the zonal moisture advection as concluded in
Jiang et al. (2018).

As mentioned in section 6, the sensitivity experiment
with the slightly varied SST in SON still features per-
sistent northward propagation, indicating the robust-
ness of the model. However, this result is at odds with
the observation that the northward-propagating ISO
signals are mainly observed during boreal summer
(JJA) but are suppressed during boreal autumn (SON;
Lau and Waliser 2011). The essential reason why the
model fails to capture the suppressed ISOs during
SON may be related to the lack of three-dimensional
geometry. Based on a coarse-resolution aquaplanet
GCM, Ajayamohan et al. (2014) showed a realistic
monsoon ISO with a meridionally tilted monsoon di-
pole and the meridional seesaw of convection over the
Indian sector, followed by northward and then MJO-
like eastward propagation over the Southeast Asian
sector. In contrast, this model cannot represent the
meridionally tilted dipole in zonally symmetric ge-
ometry but does capture key features of the northward-
propagating ISOs. Presumably, it is the gradually
prevailing eastward-propagating MJOs during SON
that dominate the intraseasonal variability and result in
the suppressed northward-propagating ISOs. Besides,
even in the two-dimensional geometry, the seasonal
cycle of background moisture stratification may sup-
press the northward-propagating ISOs during SON,
whereas the associated parameters 0,, 0,, O, in the
model are artificially kept the same in those sensitivity
experiments.

We also looked at the mechanisms of initiation near
the equator and terminations near 20°N of BSISOs.
Our investigation reveals that initiation of new BSISO
events is mainly triggered by the second-baroclinic
moisture convergence induced by an omnipresent con-
gestus heating background, in the equatorial region,
which fades only during and within the active phase
of the BSISO events. While this second-baroclinic con-
vergence is overcompensated by the first-baroclinic
divergence associated with the preexisting actively
propagating BSISO event north of the equator, through
the intensification of the local Hadley circulation, it
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becomes dominant and leads to an intensification of
equatorial convection as soon as the preceding BSISO
event reaches a high-enough latitude and terminates.
This is somewhat consistent with the Hadley cell-
wave interaction mechanism suggested by Wang and
Xie (1997).

As for the termination, we found that it starts by a
weakening of the wave as it approaches the edge of the
imposed warm SST profile leading to a weakening of
the first-baroclinic meridional velocity and its asymme-
try measure, thus nearly stalling the wave and making
it vulnerable to precipitation-induced drying and fur-
ther weakening.

The BSISO events as seen in Fig. 2 are indeed too
regular. As an easy way to break this regularity and
simulate BSISO events with some intermittency be-
havior as in nature, one could use the stochastic version
of the multicloud parameterization (Khouider et al.
2010; Frenkel et al. 2012), which is based on a birth—
death lattice model and has been implemented suc-
cessfully in general circulation models (e.g., Deng et al.
2015; Goswami et al. 2017b). In fact, De La Chevroti¢re
and Khouider (2017) have already implemented this
stochastic parameterization scheme in this zonally
symmetric model; however, our first tests with this
model were unsuccessful in producing cleanly visible
northward-propagating BSISO, although as shown in
De La Chevrotiere and Khouider (2017) such signals
are there, but the noisiness of the simulation made it
hard to analyze. With the understanding gained here, we
conjecture that the inconclusive results are because
strong stochastic fluctuations may have prevented the
asymmetry in v to persist at the BSISO scale. This can
be easily verified by tuning down the stochastic noise
by increasing the number of lattice sites, for example.
Moreover, an important future research direction is
to test these conclusions in a full 3D setting by either
running the same model where the zonal symmetry is
relaxed or using cloud-permitting simulations. Last,
although the simulated northward-propagating BSISO
here is independent of SST variability, a general
framework coupling with active SST dynamics may
provide new insights on its northward propagation over
the Indian Ocean. It should be also interesting to con-
duct sensitivity experiments with meridionally vary-
ing mean moisture stratification coefficients (Q,, O,,
and Q,) and investigate whether the model solution
and quantitative aspects of the northward propagation
would change.
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