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ABSTRACT

Thirty strong Madden-Julian Oscillation (MJO) events imdad winter 1982—2001 are selected to investigate thedrigg
ing processes of MJO convection over the western equatadan Ocean (10). These MJO events are classified into three
types, according to their dynamic and thermodynamic pezgsignaldn situ. In Type |, a remarkable increase in low-level
moisture occurs, on average, 7 days prior to the convectibiation. This low-level moistening is mainly due to the-ad
vection of the background mean moisture by easterly windreaties over the equatorial 10. In Type I, lower-tropospber
ascending motion anomalies develop, on average, 4 daystpttioe initiation. The cause of this ascending motion argma
is attributed to the anomalous warm advection, set up by pregped MJO phase in the equatorial 10. In Type Ill, there are
no clear dynamic and thermodynamic precursor sigmasstu. The convection might be triggered by energy accumulation
in the upper layer associated with Rossby wave activity 8woaginated from the midlatitudes.
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1. Introduction tropical process includes the discharge-recharge of local
. I . . moisture (Bladé and Hartmann, 1993; Kemball-Cook and
Madden—Julian Oscillation (MJO) is a dominant atmg, eare, 2001), radiation—convection feedback (Hu and Ran-

spheric low-frequency mode in the tropics. With a typmaHa”’ 1994), circumnavigation of convective coupled Kelvi

planetary zonal scale and a 20-90-day period, MJO conViives that travel around the global equatorial regions (Lau

tive anomalies are often triggered in the western equatoréand Peng, 1987; Hendon, 1988; Wang and Li, 1994), down-

Indian Ocean (WEIO), and then propagate eastward anS eam forcing of Rossby waves associated with preceding

the equator to near the dateline (Lau and Chan, 1985; Knut-

: R ppressed phases of MJO in the eastern equatorial Indian
son and. Weickmann, 1987.’ Ru! gnd Wang, 1990). The Iv'gécean (EEIO) (Matthews, 2000; Seo and Kim, 2003; Jiang
is a major source of predictability for extended-range (1

30-day) weather prediction. However, many operational cear11nd Li, 2005; Zhao et al., 2013), and delayed sea surface tem-

- ) erature feedback (Li et al., 2008).
ters around the world suffer from prediction barrier prob- . : .
. . The extratropical process is also an important mecha-
lems at this range. Currently, as many operational forecast L : S
- . nism for MJO initiation. The forcing from midlatitude per-
centers participate in subseasonal-to-seasonal forés2S) .

. : . turbations propagates southward and equatorward (Hsu et
projects, a key issue that these centers face is whethet or o ] , ) .
their operational models are able to successfully simalate 2 1990; Blade and Hartmann, 1993; Matthews and Ki-

b y ladis, 1999; Pan and Li, 2008; Ray et al., 2009). For exam-

predict MJO initiation and subsequent evolution. Therefor . X
further exploration and understanding of MJO initiatiordanple’ Kiladis and Weickmann (1992) suggested that Rossby

R wave trains might propagate into the tropics from extratrop
propagation issues are urgently needed. ical regions to trigger MJO convection. Matthews (2008)
Previous studies suggest that MJO convection can Ga' reg 99 '

triaaered by a tropical and an extratropical process Tﬁeeported observations of enhanced Rossby wave activity be-
99 y P P P " tween 10N and 30N, which led the convection onset of suc-

cessive MJO events over the African and Indian Ocean (10)
* Corresponding author: Tim LI regions. In addition, a case study by Ray et al. (2009) showed
Email: timli@hawaii.edu that equatorward momentum transport from the midlatitudes
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might contribute to the generation of a low-level westerlgrease and anomalous ascending motion generation before
that leads to MJO initiation. Wang et al. (2012) showelMlJO convection onset. They are derived from the temper-
that subtropical cold surges could cause MJO convectiature and specific humidity tendency equations (Yanai et al.

initiation. 1973) by applying a 20-90-day band-pass Lanczos filter:
Many previous studies of MJO initiation were based on oa\/ PN Q)

case studies or idealized numerical modeling. Recentbthg_q) = (=V-0g) - (w_q) — (_2) , (1)

etal. (2013) showed, from a composite analysis of 20 years ot op L

observational data, that both the tropical lower-tropesjgh [ JT ’_ , RT oTYy’ ,
moisture accumulation in the western 10 and midlatitude gt / — (=V-OT) + w@—wa—p +(Qu/co)", (2)

wave processes are important. Ling et al. (2013) ngges\gvelgerecp represents the specific heat at constant presBure,
that large-scale signals such as low-level easterly ariemal

: . the gas constant) the horizontal gradient operatdrthe la-
surface pressure anomalies, and negative temperatureaan

m S
lies from the middle to upper layers over the IO may distigs-erggﬁ:;ﬁ?%?td\e/ntshaetlmir;gr’lfa?\r/?j;;e]\-/éigpe{ﬁéu\::?_
guish between MJO and non-MJO events prior to their initi:ﬁlO y: Y W

? ) cal p-velocity, Q; diabatic heating, an@, the atmospheric
tion. Straub (2012) found that 850 hPa easterly anomalies e parent moisture sink (Zhao et al., 2013). In additior, ( )

by about 10 days before the convection onset of the prim%&notes the 20-90-day intraseasonal component

MJO. . i
By examining individual cases of the same 20-year pe- Before conducting the moisture and heat budget analy-

riod as in Zhao et al. (2013), we noticed that individual MJ es, variables including, w,q andT are decomposed into

events experienced different precursor signals and tties-di (Sr?; i?cr?si(;?:'ggtu?bigfeg_ h;?]h;r?tizzez;%rr?:l ?gga%%r_lent
ent initiation processes. This motivated us to investigate ynop '

vidual MJO events, in order to understand what the differefrlll%ered) component (MJO); and a 90-day low-pass filtered
component (LFBS, low-frequency background state) (Hsu

predecessors are and what their corresponding triggering p nd Li, 2012). For example, the variab¥e which is used
cesses involve. Accordingly, the present study inves!@af ’ v ’ T ’be decomposed into
specific MJO initiation precursors and processes by examin- CPresenv., @, gort, may P
ing each individual MJO event through diagnosis of a reanal- X=X+X+X*, 3)
ysis dataset. The aim is then to try to elicit information loa t
commonalities and differences of theses samples, ultlynat
to reveal whether or not the extratropical forcing is indepe
dent of the tropical forcing. The outline of the paper is a3 phase-independent wave activity flux

follows: Section 2 introduces the datasets and methods used_l_O show the extratropical forcing effect on the MJO ini-
in the study. Section 3 presents the MJO initiation precrusrs%ati P 9

and their respective triggering processes. A conclusiah aff o & wave activity flux is examined (Takaya and Naka-
di . pect Tggering p ' mura, 2001; Zhao et al., 2013):
iscussion are given in section 4.

_ L (U( i ) V(W w’%)) 4
207 \ U(Wsey — ') + V(U — @' yy) )

where a bar and a prime represent the LFBS and the intrasea-

2.1. Data sonal anomalyV is the horizontal wave activity fluxy and

This study is based on ERA-40 reanalysis datasets (ly %Le Z(:nal a?d mt_erldgrrl]al W'Td IV eé%?tg, respectively, gnd
pala et al., 2005) and outgoing longwave radiation (OLF&%) e streamfunction (Zhao etal, )
datasets (Liebmann and Smith, 1996) derived from the Euro-
pean Centre for Medium-Range Weather Forecast(ECMWﬁ) Precursor signals associated with Three
and the National Oceanic and Atmospheric Administration t initiation broc
(NOAA) respectively, both with a 2%spatial resolution. Our ypeini P
analysis focuses on the same 20-yr period (1 January 1982 toThe common features associated with MJO initiation dur-
31 December 2001) northern winter (November—April) seéirg the 20-yr (1982-2001) northern winter period were ex-
son as in Zhao et al. (2013). To examine the precursor S&hined by Zhao et al. (2013). Here, we focus on precursor
signal, we use the Global Ocean Data Assimilation Systesignals associated with individual MJO events. Zhao et al.
(GODAS) pentad outputs of ocean temperature at the fi(2013) employed a regional EOF analysis method, with its
layer (5 m), which has a resolution of X 1° that increases first principal component amplitude more than one standard
to 1/3° in the north—south direction within 1@f the equator deviation as a criterion in selecting relatively strong MJO
(Saha et al., 2006). events. Using this method, a total of 55 cases are selected.
The disadvantage of this method is that it includes locat non
propagating or westward-propagating events. To overcome

The intraseasonal moisture and heat budget below &nés problem, an objective method, carried out in a way sim-
performed to understand the cause of low-level moisture iiftar to that of Rui and Wang (1990), is employed to select

where an overbar, a prime, and an asterisk represent the
EFBS, MJO, and high-frequency component, respectively.

2. Data and methodology

2.2. Moisture and heat budgets diagnosis
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strong, and the most representative, MJO events that fornped those MJO events with common characteristics together
over the WEIO. Firstly, a time—longitude diagram of the 20fer analysis, and thus three types of initiation processes a
90-day filtered OLR anomaly averaged ovef3@nd 10N identified. In the first type, PBL moisture anomalies signifi-
is plotted. Then, MJO events are selected based on the tinsantly lead the convection onset. In the second type, lower-
longitude diagram using the following three criteria: (1) &ropospheric ascending motion anomalies lead the comrecti
contour line of negative OLR anomalies b W m~2 must initiation. In the third type, neither low-level specific hu
appear continuously from the WEIG-60°E) to the western midity nor vertical motion lead the convection, but there is
Maritime Continent £100°E). This constraint ensures con-<clear evidence of midlatitude Rossby wave activity flux con-
tinuous eastward propagation of the MJO over the 0. (2) Thrergence before the convection onset.
maximum strength of the negative OLR anomaly over the In the following, we investigate the common features as-
equatorial 10 exceeds25 W m? (this lower limit is based sociated with each of the three types of initiation processe
on the standard deviation of OLR anomalies over the equacomposite analysis method was applied to each type, with
torial Indian Ocean and is applied to ensure that only stroageference day (day 0) corresponding to the initiation date
MJO cases are selected). (3) At least 50% of the time spslmown in Table 1. Therefore, day O represents the time of
of the MJO event appears during the period from 1 NoverwJO convection initiation in the WEIO.
ber to 30 April of the following year. Using this criterion,
we obtain 30 strong, continuous eastward-propagating M3
events that occurred during 1982—-2001 and initiated ower th Seventeen out of thirty MJO events are identified as pos-
WEIO. Among them, 23 events overlap with those of Zhao séssing the characteristic of robust PBL moisture leading
al. (2013). MJO convection initiation. The left panel of Fig. 1 repre-
The information for all the selected individual MJOsents the composite time evolution of the intraseasonal OLR
eventsis given in Table 1. For each event, the initiatioioreg anomaly and vertical profiles of intraseasonal verticabgel
is determined according to the time—longitude diagram, faty and specific humidity anomalies (Figs. la—c). Prior to
lowing Zhao et al. (2013). Once the initiation region is detethe convection initiation, there are positive OLR and mid-
mined, a box (at least 20« 10°) averaged time series of thetropospheric descending motion anomalies. On average, the
intraseasonal OLR anomaly is plotted, and the initiatiote daPBL significant positive moisture anomalies lead the convec
is then determined based on the OLR transition from posititien initiation by 7 days. The variance of the PBL moisture
to negative values (see Fig. 1a for an example). The vephase leadingis 8.1, which implies a standard deviationSof 2
cal profiles of 20—90-day filtered key atmospheric variablesys. Such a phase leading feature is statistically sigmifjc
such as vertical velocity, specific humidity and tempemtuexceeding the 95% confidence level. The moisture anoma-
are then examined. lies are initially confined to the lower level and then deyelo
Based on the examination of the aforementioned key dyradually upward into the upper troposphere (Fig. 1c). The
namic and thermodynamic signals and their corresponditogv-level moisture increase could cause a convectively un-
triggering processes before the initiation for each evamlt, stable stratification, resulting in the MJO convectioniaait

Type |: PBL moisture-leading

Table 1. Information on the individual MJO events selected for eaget including case number and initiation date (in the fdrofa
year—month—day; for example, 19821214 corresponds to térbieer 1982).

Type | No. Initiation date Type Il No. Initiation date Typd No. Initiation date
1 19821214 1 19851207 1 19841017
2 19850125 2 19881024 2 19910405
3 19850331 3 19881228 3 19920311
4 19860416 4 19911115 4 19941011
5 19861011 5 19951008 5 19970131
6 19870405 6 19970417 6 20001105
7 19871129 7 19991116
8 19871231
9 19880305
10 19891208
11 19911210
12 19930104
13 19950321
14 19950416
15 19970320
16 19990103

[EEY
~

20010115
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Fig. 1. (a, d) Composite evolutions of the intraseasonal OLR angnfla) e) vertical profiles of intraseasonal vertical
velocity, and (c, f) specific humidity for (a—c) Type and (0Fjpe Il averaged over the initiation region for each indi-
vidual event. Error bars represent the standard deviafioheoOLR anomalies. Regions with statistical significance
exceeding the 5% level are stippled.

tion. The onset of the shallow convection may be inferrgdsents the fact that the major contribution arises from the
from the vertical velocity profile from day 2 to day O (Fig. advection of background mean specific humidity by the in-
1b), when anomalous ascending motion occurs primarily fraseasonal flow (termV’ - [0q) (Fig. 3a).

the low level. After the initiation date, the ascending rooti Figure 4 shows the composite of 1000—-700 hPa integrated
anomaly penetrates quickly into the upper troposphere, rémtiraseasonal wind and background moisture fields averaged
resenting the onset of deep convection (Fig. 1b). during the period from day-7 to day 0. Note that maxi-

A key issue for the first type process is what contributesum mean specific humidity appears in the eastern 10 and
to the lower-tropospheric moisture increase before the cdvlaritime Continent, and mean moisture decreases toward the
vection initiation, when the large-scale descending nmotiavest. Moreover, the significant moisture field distributesro
is pronounced. To address this question, a vertically intédre equatorial 10 regions. The intraseasonal flow field durin
grated (1000—700 hPa) moisture budget is diagnosed. Figdey —7 to day 0 is characterized by easterly anomalies at the
2a shows the diagnosis result. The positive specific humiuator and two anticyclonic Rossby gyres off the equator in
ity tendency from day-7 to day O results from the positivethe tropical 0. The wind anomaly distribution is consigten
horizontal specific humidity advection with the positivermi with the Gill pattern (Gill, 1980) and is typically observed
imum standard deviation of the individual term. A furthewhen the suppressed MJO phase is located over the EEIO.
diagnosis of the horizontal specific humidity advection-ref-urther exploration of the intraseasonal OLR field confirms
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0.20 a)q_budget . , . ,T,Yp,e_ intraseasonal OLR anomaly and the time—vertical sectibns o
> 3 anomalous vertical motion and moisture fields. The ascend-
g 0.10 3 3 ing motion anomaly, which is significant at the 95% confi-
2 8(1)8_ _ dence level, occurs initially near the surface and develops
< 0.20 gradually upward. On average, the PBL ascending motion

(9g/dty (-V-Vq) (-wdg/dp) (-QyL)  sum leads the convection onset by 4 days (Figs. 1e and f), and the
b Typel variance for the vertical motion phase-leading in Type Il is
5. 0.40 3 2 1.6. This implies a standard deviation of 1.3 days. Diagnosi
‘s 0.20 3 of the low-level moisture budget during the period from day
§888: 3 —3 to day O shows that the increased moisture is primarily
< _0.40 7 E caused by vertical advection, while the horizontal adweecti
(9g/ot) (-V-Va) (-wdg/op) (-Q,/L)  sum plays a minor role (Fig. 2b). A further analysis shows that th
c) Type Il moistening due to vertical advection is mainly caused by the
, 0404 : : : | 3 advection of mean moisture by anomalous ascending motion
T 0-204 E (figure not shown).
% 0'00'; 3 To understand the cause of the PBL ascending motion
< -0.204 o ; ;
< 940 anomaly, we diagnose the lower-tropospheric heat budget,

(0a/dt) (-V-Va)' (-da/op) (-Qa/L)

Fig. 2. Composites of vertically integrated (1000-700 hPa) in-

sum

following Jiang and Li (2005). Figure 5b represents the com-
posite of 1000-700 hPa integrated intraseasonal heat budge
terms averaged during the period from dag to day 0. Com-

traseasonal moisture budget terms averaged over thetionitia Pared with Fig. 5a, the budget result reveals that the horizo

region of each individual event prior to the initiation tirioe (a)
Type | (on average from day 7 to day 0), (b) Type Il (on av-

tal temperature advection is a major term that is offselgrg
by the adiabatic cooling term, which is associated with ver-

erage from day-3 to day 0) and (c) Type Il (on average from tical motions. In other words, the negative adiabatic megti
day —5 to day 0). Error bars represent the standard deviationrepresenting the cooling of the atmosphere induced by the as

among the sample members.

cending motion anomaly, is compensated by the anomalous
horizontal warm advection. The temperature tendency term

(8) (V-Va), ' ' Type | and the diabatic term are much smaller, and can be, to the
-~ 812g_ 3 first order of approximation, neglected. The result suggest
g 0.103 3 that the PBL ascending motion is caused by the anomalous
S 0.055 e 3 horizontal warm advection. This warm advection effect acts
< ggg EE - 3 in a similar way to the traditional omega equation in a quasi-
T (UVA) (VY (VAR (VVEY (VY)Y (Vg (VEVA) (VEVG) (VEVaH geostrophic framework (Holton, 2004).
(b) (-V-VT) Type ll
0060 pot w0 V' (vector:m/s) q (shaded:g/kg)
%‘8-838‘2 3 20N s
£ 0.020 5 3 ' S r
E E —>r
2 0_000-:-1—-+—i+-4——'—1—v—:. Vol
< E 3 VAV
-0.0204 3 10N Vs
(V-VT) (V-VT) (V-VT*) (V-VT) (V-VT) (V-VT*) (VEVT) (VEVT) (VEVT*)
Fig. 3. Composites of individual components of the vertically 0
integrated (1000-700 hPa) horizontal moisture advectom t
averaged during their respective initiation regions andope
for (a) Type | and (b) Type Il events. Error bars represent the 108
standard deviation among the sample members.
NN
that a maximum positive OLR anomaly center associatec®S T T ‘ \
40E 50E 60E 70E 80E 90E  100E

with the MJO is located over the EEIO during this period
(figure not shown). The intraseasonal flow advects the back- T T [ [ ]
ground high moisture westward, resulting in PBL moisture ™, ;5 4+ 5 6 7 &8 9 10 11 12 13
increases in the WEIO.

3.2. Type Il: PBL ascending-motion-leading Fi_g. 4. Composites of 1000-700 hl_’a inte_gr_ateq intraseasonal
] _wind and background mean specific humidity fields averaged
Seven out of the thirty MJO events happened when Sigyyring the initiation period (day-7 to day 0). The black box
nificant PBL ascending motion anomalies led the convecindicates the average initiation region {83-10N, 50°—7C0°E)
tion initiation, while moisture anomalies did not. The righ for Type | events. Regions with statistical significanceasd:
panel of Fig. 1 shows the composite time evolution of theing the 5% level are stippled.
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YT budget . Typel 3.3. Type llI: Neither PBL moisture-nor ascending-
= 0.201 - motion-leading
£ 0.00 - In contrast to the first two types of initiation processes,
£ -0.20 1 s there are no obvious local dynamic and thermodynamic pre-
T e pee— cursor signals_in Type lll. A total of six e\_/ent_s are idenﬂfie
' for this type. Figure 7 shows the composite time evolution of
b Typel the intraseasonal OLR anomaly, vertical motion, and mois-
= 882 3 E ture profiles for Type Ill. During the period of day5 to day
g 0:00: I T ' 0, descending motions and negative moisture anomalies ap-
£ -0.04 4 - 3 pear over the initiation region in the low level (from 1000 to
-0.08 3 700 hPa). Compared with Type | and Type I, it is apparent
(ATt (V-VT)' (oRT/CpP-0dT/dp)' (-Q/Cp)"  sum that the moisture tendency is positive, and the PBL moisten-
© o Typell ing can be mainly attributed to the apparent moisture source
2 0.40 4 3 term (—Q?/L) (Fig. 2c). The heat budget result shows that
g 8(2)8: 3 the descending-motion-induced adiabatic warming is bffse
£ -0.204 _ by the diabatic heating. The horizontal temperature advec-
-0.404 2 tion, on the other hand, is very small (Fig. 5 c).

(OT/Y" (V-VT) (@RT/CpP-wdT/p)' (-Qi/Cp)’  sum Although no robust tropical precursor signals can be
found (Figs. 7b and c), there are clear midlatitude signals
Fig. 5. Composites of 1000-700 hPa integrated intraseasonaprior to Type Il MJO convection onset. Figure 8 represents
heat budget terms averaged over their respective initiae e composite upper-tropospheric (200 hPa) streamfunctio
gions and periods for (a) Type I, (b) Type Il a_nd_ (c) Type I anomaly pattern prior to the initiation date (averaged from
events. Error bars represent the standard deviation ofatime s day—5 to day 0). It is clear that the streamfunction anoma-
ple members. . y . y . . .
lies display a clear wave train pattern, particularly in the
Southern Hemisphere, with positive anomaly centers locate
To further examine the source of the anomalous horizofr the western South Atlantic and South Africa, and nega-
tal warm advection, each component of the horizontal tedive anomaly centers in the southwestern South Atlantic and
perature advection (Fig. 3b) is calculated. Itis found thet southeast South Atlantic. The 200 hPa wave activity flux field
largest contributor is the advection of LFBS mean tempesxhibits an equatorward wave energy dispersion charaeteri
ature by intraseasonal flow. Figure 6 represents the spafi@! In the midlatitudes, there are pronounced eastwardwav
distribution of vertically integrated intraseasonal wiadd activity fluxes, which turn equatorward and converge ongo th
background temperature fields averaged during the period@pical IO (Fig. 8).
day —4 to day 0. Whereas maximum mean temperature ap-
pears over the EEIO, the MJO flow prior to the initiation is V' (vector:m/s) T (shaded:K)
dominated by anomalous easterlies at the equator and antion -
cyclonic flow to the south of the equator. The anomalous
lower-tropospheric circulation is associated with a peosit
OLR anomaly centered over the tropical central 1O (figure not!ON
shown). The anomalous easterly flow, which is statistically
significant (exceeding the 95% confidence level), adveets th
background high temperature westward, leading to anoma-
lous warm temperature advection, which induces anomalous
ascending motion over the initiation region. 108
Another possible mechanism in generating PBL vertical
motion is through SST forcing, in which warm SST anoma-
lies could cause a PBL convergence via the change of PBkos
temperature and pressure fields (Lindzen and Nigam, 1987). 40k 50E 60E 70E 80E 90E 100E
The examination of the local intraseasonal SSTA field show
that for three (four) out of seven MJO events, there are posi [ 1 [ 07 1T [ [
tive (negative) precursor SSTA signals over the initiatien 282 284 286 288 290 2902 290429062908 291 292
?k:g\? t(gleg L(;::eeg;)tssuf;?;vcr;) C-grr:(ljsl tirglr?«iesdnso?::—'rai\ticcc;rl]?cl)trlc;]nelriz]tgfs Fig. 6. C_omposite patterns of 1000-700 hP_a integrated intrasc_ea-
. . sonal wind and background temperature fields averagedgiurin
the anomaIOl_Js ascendlng motion. In contrast, the apoma_Iou[ﬁe initiation period (day-4 to day 0) for Type Il events. The
warm advection appears in all seven Type Il events, implyingyjack box indicates the average initiation region°Go10N,
that it plays a critical role in triggering anomalous as@egd  5¢°—7¢°E) for Type Il events. Regions with statistical signifi-
motion prior to MJO initiation. cance exceeding the 5% level are stippled.
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(a) OLR W/m? 60N
20
_: 30N
> 10
£
0
o ] 0
c ]
< 10 .
] 7 30S
-20 |||||
Day-15 Day-10 Day-5 Day0 Day5 Day10 Day15 60S

(b) ® /1.e03 pa/s

200
o 250
% 300 Fig. 8. Composite patterns of the 20-90-day filtered stream-
\q')/ 400 function anomaly (contours, ©52), Rossby wave activity flux
5 500 (vectors, M s2), and flux divergence (color shading, 0
n m s~2; only negative values in the tropical 10 are shaded) at 200
8 200 hPa averaged from day5 to day 0 for Type Il events. Arrows
QL_ with absolute values of wave flux component greater than 4

1328 m? s—2 are plotted. Regions with statistical significance exceed-

L L L ing the 5% level are stippled for the streamfunction anomaly
Day-15 Day-10 Day-5 Day0 Day5 Day10 Day15 field.
B [ [ [ [ .
20-10 6 4 -2 0 2 4 6 10 20 this type. The analysis shows that a notable increase of the

g/kg lower-tropospheric specific humidity occurs 7 days before
S— MJO convection onset. The increase of lower-tropospheric
moisture induces a convectively unstable stratificatiead}
ing to the MJO convection onset over the WEIO. The diagno-
sis of the lower-level specific humidity budget shows that th
moistening is induced mainly by the advection of the mean
moisture by the MJO flow. The anomalous wind is a part
of the Rossby wave response to a preceding MJO suppressed
phase with a heating anomaly over the EEIO.
For Type II, MJO initiation is characterized by a phase
Day-15 Day-10 Day-5 Day0 Day5 Dayl0 Dayi5 leading of _Iowe_r—_troposph_erlc ascending mOt.IOI"I. Seven
events are identified for this type. The analysis shows that
BT [ [ [ significant development of the lower-tropospheric asaegdi
05:04-03:02-0.1 0 0102030405 motion occurs 4 days prior to MJO convection onset. The as-
Fig. 7. (a—c) As in Fig. 1a—c but for Type Ill events, calculated C€nding motion anomalies advect atmospheric moisture up-
over their respective initiation regions. Error bars reprgs ~ Ward, promoting latent heat release and triggering MJO con-
the standard deviation of the OLR anomalies among the sampl&ection. A diagnosis of the lower-level heat budget indieat
members. that anomalous warm horizontal advection prior to the con-
vection initiation is a primary factor triggering the asden
ing motion anomaly. Further diagnosis suggests that the
warm advection is mainly due to the advection of the back-
In the present reported study, the early signals and initiground mean temperature by equatorial easterly anomalies i
tion processes relating to each one of a set of individual M¥&sponse to a positive OLR anomaly in the equatorial 1O.
events over the WEIO in winter are investigated through di- For Type lll, no clear precursor moisture and ascending
agnosis of a 20-yr ERA-40 reanalysis dataset. Thirty strongotion signals are founia situ. The forcing arises primarily
continuous eastward-propagating MJO events are selemtedfom midlatitude perturbations. Six events are identifiElde
analysis. These events are classified into three typesdccaomposite analysis shows that there are robust Rossby wave
ing to their precursor local moisture and vertical motiag si train signals in the upper troposphere (with alternateanyicl
nals. and anticyclonic circulation) extending from the midlaties
For Type I, MJO initiation is characterized by a PBLto the tropical IO a few days prior to Type |1l MJO initiation.
moisture-leading process. Seventeen events are ideritfiedThe upper-tropospheric wave activity fluxes point towawd th

Pressure(hPa)

4. Conclusion and discussion
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tropical 1O, with a flux convergence occurring there. The re- 2939, doi: 10.1175/1520-0469(1993)@52922: TIOIAS>2.

sult implies that midlatitude Rossby wave energy accumula- 0.CO;2.

tion may have an effect on the triggering of MJO convectionGill, A. E., 1980: Some simple solutions for heat-inducesptcal
Compared with the composite result of Zhao et al. (2013), ~ circulation. Quart. J. Roy. Meteor. Sqcl06, 447-462, doi:

who showed common precursor features of MJO initiation 10'1002/‘11'49710644905' _

the current analysis suggests three different types of initHendon' H. H., 1988: A simple modef of the 40-50 day oscdfati

. o s e J. Atmos. Scj.45, 569-584, doi: 10.1175/1520-0469(1988)
ation characteristics among individual events within tife 2 045<0569:ASMOTD>2.0.CO:2.

year _penod. Throu.gh.e\{ent—by-evgnt ‘?Xam'”a“on’ we haVﬁolton, J., 2004:An Introduction to Dynamic Meteorologyth
classified the MJO initiation scenarios into three typesldas ed., Academic Press, 535 pp.

on local dynamic and thermodynamic precursor signals. Wgisy, H.-H., B. J. Hoskins, and F.-F. Jin, 1990: The 1985/86 in
believe that such a classification is helpful for operationa  traseasonal oscillation and the role of the extratroplcét-
application to identify and predict individual MJO initiah mos. Scj 47, 823-839, doi: 10.1175/1520-0469(1990)047
events. <0823:TIOATR>2.0.CO;2.

However, it is worth mentioning that such a classificationHsu, P.-C., and T. Li, 2012: Role of the boundary layer mois-
has its limitations. For example, Types | and Il do notexelud ~ turé asymmetry in causing the eastward propagation of the
the midlatitude wave impact. In fact, we note that eight duto ~ Madden-Julian oscillationJ. Climate 25, 4914-4931, doi:
seventeen Type | events and two out of seven Type Il even}_:?u 10.1175/JCLI-D-11-00310.1.

. . . . . . Hu, Q., and D. A. Randall, 1994: Low-frequency oscillations
involve the midlatitude wave energy dispersion effect. sThi radiative-convective systema. Atmos. Sci.51, 1089-1099,

indicates that during the initiation of these MJO eventshbo doi: 10.1175/1520-0469(1994)051089:LFOIRC>2.0.CO;

tropical and extratropical processes might work together. 2
these mixed events, it is important to further reveal tha-rel jiang, X.-A., and T. Li, 2005: Reinitiation of the boreal suer
tive roles of the tropical and extratropical processesubio intraseasonal oscillation in the tropical Indian OcearCli-

idealized numerical experiments that isolate each of the pr mate 18, 3777-3795, doi: 10.1175/JCLI3516.1.

cesses. We intend to carry out this work in the near futuréd<emball-Cook, S. R., and B. C. Weare, 2001: The onset of con-
For Type Ill, on the other hand, the midlatitude wave process vection in the Madden-Julian oscillatioh.Climate 14, 780—
seems to be working alone, since key dynamic and thermody- 793, doi: 10.1175/1520-0442(2001)634780:TOOCIT>2.
namic precursor signals in the tropical region were not ébun 0.CO:2.

Another issue is how the current findings relate to suciladis, G. N., and K. M. Weickmann, 1992: Circulation anema
lies associated with tropical convection during northein-w

cessive and primary events (Matthews, 2008). It is likeft th ter. Mon. Wea. Rey.120, 1000-1923. doi: 10.1175/1520-
Type | events are more like successive cases, since they are 0453(1952)12é190(l):CA’\AWTC>2.0.(’30'2.' '
preceded by low-level easterly anomalies in the equatt®dial «pytson, T. R., and K. M. Weickmann, 1987: 30-60 day atmo-

induced by a preceding suppressed-phase MJO event (Fig. 4, spheric oscillations: Composite life cycles of convectior
also see Zhao et al., 2013). Type Il and lll cases, on the other circulation anomaliesMon. Wea. Rey115, 1407-1436, doi:

hand, are more likely primary events, since they are trigger 10.1175/1520-0493(1987)143407:DAOCLC>2.0.CO;2.
either by extratropical forcing or heating anomalies net reLau, K.-M., and P. H. Chan, 1985: Aspects of the 40-50 day 0s-
lated to preceding MJO events. More in-depth observational Cillation during the northern winter as inferred from ouitup
analyses and numerical modeling studies are needed td revea longwave radiationMon. Wea. Rey.113, 1889-1909, doi:
the origin of the precursor heating and circulation anoesali 10'1175/1520'0493(1985)133889:{°‘OTDOD>2-0-CO?Z- i
associated with Type Il events and specific processes throu§@% K-M-, and L. Peng, 1987: Origin of low-frequency (in-

which midlatitude waves affect tropical convection traseasonal) oscillations in the tropical atmospheret Par
P ’ Basic theoryJ. Atmos. Scj44, 950-972, doi: 10.1175/1520-

) 0469(1987)0440950:00LF012.0.CO;2.
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