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Abstract The modulation of the Madden—Julian Oscilla-
tion (MJO) intensity by eastern Pacific (EP) type and central
Pacific (CP) type of El Nifio was investigated using observed
data during the period of 1979-2013. MJO intensity is weak-
ened (strengthened) over the equatorial western Pacific from
November to April during EP (CP) El Nifio. The difference
arises from distinctive tendencies of column-integrated
moist static energy (MSE) anomaly in the region. A larger
positive MSE tendency was found during the convection
developing period in the CP MJO than the EP MJO. The ten-
dency difference is mainly caused by three meridional mois-
ture advection processes: the advection of the background
moisture by the intraseasonal wind anomaly, the advection
of intraseasonal moisture anomaly by the mean wind and
the nonlinear eddy advection. The advections’ differences
are primarily caused by different intraseasonal perturba-
tions and high-frequency activity whereas the background
flow and moisture gradient are similar. The amplitudes in
the intraseasonal suppressed convection anomaly over the
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central Pacific is critical in modulating the three meridional
moisture advection processes. The influences on the central
Pacific convection anomaly from seasonal mean moisture in
two types of El Niflos are discussed.

Keywords Madden—Julian oscillation - Western Pacific -
El Nifio - Moist static energy

1 Introduction

The Madden—Julian Oscillation (MJO) is the most promi-
nent mode of intraseasonal variability in the tropics, char-
acterized by an eastward propagating envelope of convec-
tive anomalies with a zonal wave number 1-3 spatial extent
and 30-60-day time scale (Madden and Julian 1994). As
it modulates deep convection in the tropics, the MJO has
large impacts on a variety of weather and climate phenom-
ena across different spatial and temporal scales (e.g., Zhang
2005; Wang et al. 2012). However, current state-of-art mod-
els have limited capacity in simulation of MJO and thus
result in barrier of extended-range of forecast (Lin et al.
2006; Kim et al. 2011; Hung et al. 2013). Thus, it is of great
interest by the society to understand the MJO because it
could benefit extended-range of weather forecast.

An interannual variation has been seen in the MJO prop-
erties of intensity, periods, propagation and structures (e.g.,
Hendon et al. 1999; Kajikawa and Yasunari 2005; Lin and Li
2008a, b; Yang et al. 2008; Liu et al. 2016; Wang and Chen
2016), but the physical mechanisms for those are not well
understood. It is of interest to figure out what controls the
interannual variability of the MJO. Since El Nifio-Southern
Oscillation (ENSO) is the dominant mode of variability on
interannual time scale, which could modulate global weather
and climate (e.g., Chen et al. 2013, 2016a), the MJO-ENSO
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connection has been widely investigated (Gutzler 1991; Fink
and Speth 1997; Tang and Yu 2008). Statistically signifi-
cant relationships between MJO and ENSO phase have been
identified through observational analysis (Gutzler 1991), but
the relationship between the MJO activity and ENSO index
is of complex temporal and spatial characteristics (Hendon
et al. 2007).

The simultaneous correlation between MJO convec-
tion variance and SST anomaly during the mature phase of
ENSO (i.e., boreal winter) shows a maximum center over
the equatorial Pacific region east of the dateline, where MJO
convection usually dissipates. Fink and Speth (1997) sug-
gested that the enhanced MJO variance close to the dateline
in El Nifio winter is due to the MJO convection that propa-
gates farther eastward than normal-year, penetrating into the
central Pacific. But the enhanced MJO variance as far east
as the coast of South America is more closely tied to local
intraseasonal oscillation in the atmosphere.

A statistically significant lagged correlation is also
found between MJO and ENSO: the MJO is enhanced in
spring—summer over the Indian Ocean and the western
Pacific prior to the peak El Nifio winter (Tang and Yu 2008;
Chen et al. 2016b). Based on this, some studies argued that
the MJO plays a role in triggering an El Nifio (Kessler and
Kleeman 2000; Bergman et al. 2001). For instance, the
strengthened MJO could induce a stronger stochastic forc-
ing like westerly wind burst (WWB) (Lau and Chan 1988),
although the relevance of MJO to WWB remains an open
question as the MJOs have a much larger spatial and tem-
poral scales and evolve much less frequently than WWBs
(Seiki and Takayabu 2007). Meanwhile, the MJO intensity
may be modulated by El Nifio (Moon et al. 2011, Hsu and
Xiao 2017). The enhanced MJO prior to peak El Nifio winter
has been suggested to be related to large-scale background
moisture and vertical sheared zonal wind anomalies associ-
ated with El Nifo (Lin and Li 2008a, b; Deng et al. 2016;
Liu et al. 2016).

The MJO-ENSO relationship was noted to vary with
changes in ENSQO’s characteristic itself (e.g., Zhang and
Gottschalck 2002; Tang and Yu 2008). Canonically, an El
Niflo event is characterized by anomalous SST warming over
the eastern equatorial Pacific; since the 2000s, however, a
new type of El Nifio-featured by maximum SST anomalies
over the central equatorial Pacific-has been reported. Various
names are cited for this new flavor of El Nifio, ranging from
central Pacific El Nifo, dateline El Nifio, El Nifio-Modoki,
to warm pool El Nifio (e.g., Ashok et al. 2007; Zhou et al.
2014; Feng and Li 2013). To facilitate the discussion, we
employ the terminology of central Pacific El Nifio (hereafter
CP) to represent the new type of El Nifio. Correspondingly,
we use eastern Pacific (EP) El Nifio to term the conven-
tional El Nifio. Therefore, it is better to separately investigate
MJO-EP El Nifio and MJO—CP El Niiio relationships.
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Comparing the MJO characteristics in the two types of
El Nifios, several contrasting aspects have been reported
(Gushchina and Dewitte 2012; Feng et al. 2015; Chen et al.
2016b; Hsu and Xiao 2017). Over the equatorial Indian
Ocean, where the MJO initiates and propagates eastward,
the MJO convection activity during the developing and
mature phase of El Nifio (September—February) is stronger
in CP El Niiio than in EP El Nifio (Hsu and Xiao 2017).
The difference is due to the horizontal moisture advection
related to both mean flows and local perturbations. Over
the western Pacific, the MJO activity is enhanced during
the predeveloping phase of EP El Nifio, whereas no clear
signals are seen during the predeveloping phase of CP El
Nifio (Chen et al. 2016b).

Recently, it is of interest to find that during the peak
and decaying phases of El Nifio, the MJO is weakened
over the western Pacific in EP events while it is strength-
ened over the same region in CP events (see Fig. 5c in
Gushchina and Dewitte 2012). But the mechanism behind
this phenomenon is not clear. The current study tries to
understand what cause the different MJO intensities over
the western Pacific in the CP El Nifio events and in the EP
El Nifio events.

The structure of this paper is as follows. The datasets
and methods used in the study are described in Sect. 2. The
characteristics of MJO intensities over the western Pacific in
two types of El Nifio are revealed in Sect. 3. Section 4 tries
to identify the causes of differing MJO intensities by using
a moist static energy (MSE) budget analysis. The influence
of El Nifio backgrounds is discussed in Sect. 5. The major
findings are summarized in Sect. 6.

2 Data and method
2.1 Dataset

The datasets employed in this study include: (a) daily outgo-
ing longwave radiation (OLR) data from NOAA (Liebmann
and Smith 1996); (b) monthly SST data derived from the
Hadley Center global sea ice and sea surface temperature
data set (HadISST v1.1; Rayner et al. 2003); (c) daily atmos-
pheric reanalysis data from ECMWF Interim Re-Analysis
(ERA_I; Dee et al. 2011). The three-dimensional (3D) fields
from ERA_I include zonal and meridional winds (« and v),
pressure velocity (o), temperature (7), specific humidity (g),
and geopotential (¢) at 19 levels from 1000 to 100 hPa with
a 50-hPa interval. The surface fields contain sensible heat
flux, latent heat flux, longwave and shortwave fluxes at the
bottom and top of the atmosphere. The analysis period for
all the data spans from 1979 to 2013 and all datasets are
archived on a grid resolution of 2.5°.
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2.2 Methods

Following Chen et al. (2016b), temporal evolutions of any
given field corresponding to two types of El Nifio could be
easily obtained by using a partial regression method, that
is, regression onto a pair of El Nifio indices in the form
of X = ay+ b;Ngp + b,Ncp. Here, X represents any given
monthly time series; Ngp and Np denote a pair of stand-
ardized El Nifio indices; b, (b,) represents the contribution
from EP (CP) El Nifio. We define Nifio-3 region (5°S—-5°N,
150°W-90°W) averaged monthly SST anomalies as Ngp and
El Niflo Modoki index (see definition in Ashok et al. 2007)
as Ncp. This partial regression method could partly eliminate
the simultaneous influence from both types of El Nifios. Stu-
dent’s t-test is applied to the partial regression coefficients.

A variety of indexes have been proposed to isolate the
MIJO signal, and each of them has its own strengths and
weaknesses (e.g., Wheeler and Kiladis 1999; Wheeler and
Hendon 2004). In this study, we mainly use the 30-90 day
bandpass-filtered (Duchon 1979) daily OLR with a removal
of climatological annual cycle to represent the MJO con-
vection, and therefore measure the MJO amplitude by the
standard deviation (SD) of the time-filtered OLR anomaly.
This method has been employed by many previous stud-
ies (e.g., Chen et al. 2016b; Wang et al. 2017). In addition,
we also employ some other MJO definitions to estimate the
dependence of the results on the choice of MJO indexes.
One method is to filter daily OLR in both frequency and
zonal wavenumber space (i.e., 30-90 day, zonal wavenumber
1-5) with the filter proposed by Wheeler and Kiladis (1999).
The other is the real-time multivariate (RMM) MJO index
(Wheeler and Hendon 2004), which is obtained by first two

Fig. 1 Evolution of monthly
mean SST anomalies (contour,

principal components (PCs) of OLR, 850-hPa zonal wind,
and 200-hPa zonal wind averaged 15°S—15°N.

An intraseasonal MSE budget analysis is used to identify
what causes the difference in MJO amplitude between the EP
and CP El Nifios. MSE (m) is defined asm = ¢,T + gz + L,q,
where T'is temperature, z is height, g is specific humidity, ¢,
is the specific heat at constant pressure (1004 J K~! kg™,
g is the gravitational acceleration (9.8 m s72) and L, is the
latent heat of vaporization (2.5 10° J kg™!). The intrasea-
sonal column-integrated MSE budget can be written as fol-
lows (Neelin and Held 1987)

!

(@m) = <— v, - V3m> +0/+0,. 1)
where angle brackets represent a mass-weighted vertical
integral from the surface to 100 hPa level, p is pressure and
f/3 is three-dimensional wind vectors. The lhs term repre-
sents MSE tendency; — \73 - V3m denotes three-dimensional
advection of m; Q, represents sum of surface latent and sen-
sible heat fluxes and Q, is net column-integrated shortwave
and longwave heating rates. Here Q, is estimated as the dif-
ference between the surface and top of atmosphere fluxes. A
prime represents perturbations on intraseasonal time scale,
which are obtained by regression onto an intraseasonal OLR
index.

3 Observed MJO characteristics during the two
types of El Nifios

Figure 1 shows the evolution of 10°S—10°N averaged
SST (contour) over the central and eastern Pacific as well
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as MJO intensity (shaded) over the western Pacific with
time and longitude corresponding to the two types of El
Niflos, respectively. This is obtained by partial regression of
monthly SST anomaly and monthly MJO intensity onto the
indices of two types of El Nifios averaged over December-
February. 0 (1) represents El Nifio onset (subsequent) year.
In EP EI Niflo, positive SST anomalies are confined to the
east of the dateline with a peak east of 120°W in Dec(0). In
CP El Niiio, positive SST anomalies with smaller intensity
than in EP El Nifio are confined over the central Pacific with
a center at 170°W. The evolutions of SST anomalies asso-
ciated with two types of El Nifios agree with the findings
documented in previous studies (e.g., Ashok et al. 2007),
so it gives us the confidence to use this partial regression
method to reveal the evolution features of MJO intensity.
The monthly MJO intensity for regression is calculated
by SD of 30-90 day filtered OLR anomaly with a 3-month
moving window following Hendon et al. (2007). It is inter-
esting to find that the MJO intensity tends to be suppressed
over the western Pacific in the EP El Nifio but enhanced in
the CP El Nifio. Furthermore, this contrasting feature is most
prominent during the mature and decaying phases of El Nifio
[i.e., Nov(0) to Apr(1)]. Such a result would not change if
we use another pair of El Nifio indices defined by Ren and
Jin (2011) or if we calculate the monthly MJO intensity by
SD of time—space filtered OLR anomaly (figures not shown).
Are the distinctive MJO intensities over the equatorial
western Pacific between the two types of El Nifios signifi-
cant? To obtain more evidence, we then calculate MJO inten-
sities during November—April of each year (SD of 30-90 day
filtered OLR anomalies) and do composite for the EP El
Nifio events and the CP El Nifio events in 1979-2013 respec-
tively. Four EP El Nifio years (1982, 1986, 1991, 1997) and
four CP El Nifio years (1994, 2002, 2004, 2009) are selected
during 1979-2013. The major EP and CP El Nifio years are
identified primarily following McPhaden et al. (2011) and
Hsu and Xiao (2017), except for one less year in CP El Nifio
group. Xiang et al. (2013) and Chung and Li (2013) had a
detailed discussion on why the four CP events are classified
as “pure” CP El Nifio events and how they differ from other
mixed events. It is worth mentioning that the classification
of a few El Niflo events is debatable; for instance, the El
Nifio 1986-1987 became as an EP event but continued as a
CP type and the El Nifio 2006-2007 is considered as a CP
event in some studies (e.g., Takahashi et al. 2011). Figure 2
displays horizontal maps of difference in MJO intensity
between the EP and the CP El Niifio events (CP minus EP).
It is clearly seen that the CP EI Nifio displays significant
stronger MJO intensity than the EP El Nifio over the western
Pacific (120°-150°E). This result remains the same when
we do a parallel calculation by using SD of the time—space
filtered OLR anomlay (figure not shown). Therefore, we
will focus on the box of 10°S—10°N, 120°-150°E over the
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Fig. 2 Difference in boreal-winter MJO intensity (i.e., standard
deviation of 30-90 day filtered OLR during November—April, units:
W m™2) between the EP El Nifio events and the CP El Nifio (CP
minus EP). Results passing the significant test at 90% confidence
level are stippled

western Pacific in the following to examine how the two
types of El Niflo exert different influences on MJO activities
based on an MSE budget analysis.

4 Moist static energy budget and mechanism
for MJO intensity difference

In the paradigm that describes the MJO as a moisture mode
(e.g., Raymond and Fuchs 2009; Sobel and Maloney 2013),
the MJO’s lifecycle depends fundamentally on variations in
atmospheric water vapor. Under the weak temperature gradi-
ent condition (Sobel et al. 2001), column-integrated MSE is
also primarily regulated by column moisture. Therefore, the
evolution of column MSE (or moisture) could well represent
the evolution of an MJO envelop, and it is reasonable to
conduct MSE budget analysis in a composite MJO lifecycle
to understand the primary causes for its evolution.

Prior to performing MSE budget analysis, we first com-
pare Hovmoller patterns of convection anomalies and col-
umn-integrated MSE anomalies associated with MJO in EP
El Nifio and MJO in CP El Nifio (hereafter EP MJO/CP
MIJO), respectively. This is obtained by lag-regression of
unfiltered daily OLR and MSE fields onto a western Pacific
MJO index that is represented by 30-90 day filtered OLR
anomalies averaged over 10°S—10°N, 120°-150°E dur-
ing November—April. Note that the sign of the OLR index
has been reversed prior to regression, such that a nega-
tive (positive) value in regressed OLR anomaly indicates
enhanced (suppressed) convection. In both cases, the prop-
agation and amplitude evolutions of positive anomaly in
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column-integrated MSE agree very well with the enhanced
convection, except that it has several days leading of the
convection due to a lead of moisture anomaly in lower tropo-
sphere and planetary boundary layer (PBL) (Maloney 2009).
For the EP MJO (Fig. 3a), enhanced convection reaches its
maximum of around 9 W m~2 at day 0 over the western
Pacific. By contrast, the CP MJO convection reaches its
maximum amplitude at day 0 of more than 12 W m™2. We
did parallel calculations by using time—space filtered OLR or
composite OLR anomaly based on RMM index and obtained
similar results (figures not shown).

Then the temporal evolutions of <m’> averaged over the
base region of western Pacific (10°S—10°N, 120-150°E)
from day — 30 to day + 30 associated with the EP MJO and
the CP MJO are displayed in Fig. 4a. Note that the MJO con-
vection reaches its peak at day 0, and negative (positive) lags

(a) EP

Lagged time (day)

60E 90E 120E 150E
(b)CP
f - !.

180 150W 120W

Lagged time (day)
o

-20 2 < \
K A

60E 90E 120E 150E

180 150W 120W

T 1T T e
6543210122345 6

Fig. 3 Hovmoller diagram of OLR anomaly (contour, W m™>)
and vertical-integrated (surface to 100 hPa) MSE anomaly (shaded,
x 10° J m™2) for a EP MJO and b CP MJO. They are obtained by
lag regression onto the western Pacific MJO index over 10°S—10°N,
120°-150°E  during November—April. Dashed contours are for
negative values (enhanced convection), and zero contours are bold.
Results passing the significant test at 90% confidence level are stip-
pled for anomalous OLR and presented for anomalous vertical-inte-
grated MSE

@ (m)
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4 - — CP
521
2
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Fig.4 a Temporal evolution of column-integrated (surface
to 100 hPa) MSE anomaly (x10° J m™2) over the key region
10°S—-10°N, 120°-150°E as a function of lagged time for EP MJO
(blue) and CP MJO (red). Here day 0 denote the time when the MJO
convection reaches its peak over the key region and negative (posi-
tive) lags denote the time prior to (after) the convection peak. The
vertical lines in a denote common positive tendency period of MSE
anomaly (i.e., day —20 to day —5). b Tendency of column-integrated
MSE anomaly (W m~2) averaged from day —20 to day —5 for EP
MIJO (blue bar) and CP MJO (red bar)

denote the developing (decaying) phase of MJO convection.
The CP MJO has a peak value in <m’> of 5x 10°J m~2 near
day 0, which is apparently larger than that in EP MJO (less
than 4x10°J m_z), although their peak values show small
shifts in lagged time. As is known, a peak amplitude is due
to both growth rate and time-scale for growth. Comparing
the temporal evolutions of <m’> in Fig. 4a, it is found that
the larger peak value in the CP MJO is primarily a result
from a greater developing rate during day — 20 to day —5;
the positive <dm'/dr> in CP MJO is around two times as
large as that in EP MJO (see Fig. 4b). Therefore, we mainly
focus on the MSE tendency difference over day — 20 to day
— 5 between the two groups of MJOs in the following.
Figure 5 displays the difference in each MSE budget term
between the CP MJO and the EP MJO during the positive
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W CP-EP

G o (o8l og) o o sum

Fig. 5 Difference in MSE budget terms (W m~2) between the CP
MIO and the EP MJO (CP minus EP) averaged over the positive MSE
tendency period (day —20 to day —5) in the key region 10°S—10°N,
120°-150°E. Each term is vertically integrated from surface to
100 hPa. Bars from left to right represent column-integrated MSE
tendency, column-integrated zonal MSE advection, column-inte-
grated meridional MSE advection, column-integrated vertical MSE
advection, surface heat flux (Q,), radiative heating (Q,) and the sum
of budget terms

tendency period (averages from day —20 to day —5). The
positive shift in (dm/dt)’ in CP MJO compared to the EP
MIJO is primarily due to the positive shift in meridional MSE
advection ((— vam/ dy)"), while the other terms are negligi-
ble. The MSE budget results are nearly balanced, although
some residuals are necessarily introduced because of the
analysis increment used in producing reanalysis data and the
neglect of rapid (< 1 day) eddy transport in off-line calcula-
tion of advection terms relative to the model’s internally
calculated advection (Kiranmayi and Maloney 2011).

Since meridional MSE advection is almost entirely due
to its moisture component <—va(qu)/0y>/ (figure not
shown), we only analyze the meridional moisture advection
term (—vdg/ dy) in the following. Both meridional wind
(v) and moisture (q) are partitioned into a low-frequency
background component (> 90 days, indicated by an over-
bar), an intraseasonal component (indicated by a prime) and
a higher-frequency component (<20 days, indicated by a
double-prime) (i.e.,g=g+q +¢"v=v+V +v"),so that
the product of v and dg/ dy yields nine terms. The difference
in each component of (— vdg/ dy)’ between the CP MJO and
the EP MJO is displayed in Fig. 6. It is clearly shown that
the more positive MSE tendency in the CP MJO than in
the EP MJO is mainly caused by three terms: (1) advection
of background moisture by intraseasonal meridional wind
anomaly (—v'dg/ dy), (2) advection of intraseasonal mois-
ture anomaly by background meridional wind (— vdq’/ dy)
and (3) meridional moisture advection due to nonlinear eddy
advection (—v"0q" / ay).

Given that both the background state and the perturbation
components (intraseasonal or high-frequency) are distinct
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Decomposition of meridional advection of moisture
(CP minus EP)
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Fig. 6 Difference in meridional moisture advection term between
the CP MJO and the EP MJO (CP minus EP) averaged over the
positive MSE tendency period (day —20 to day —5) in the key
region 10°S—10°N, 120°-150°E. The terms from left to right are:
(1) <=wag/ay>', (2) <—voq'/ady>', (3) <—vaq"/dy>", (4)
<=Vag/ay>', (5) <—=Voq'/oy>', (6) <—Vaq'/ay>", (7)
< =Vv'0g/ay >, (8) <—=V"aq'/ay>', (9) <—V"aq" /oy >, (10)
sum of terms 1-9. Each term is vertically integrated from surface to
100 hPa and is multiplied by L,, so it shows comparable units to col-
umn-integrated MSE tendency (W m™2)

between the CP and the EP events, one may wonder to what
extent the background state difference and the perturbation
difference contribute to the differences in the three advec-
tion terms. Prior to separating these terms one by one in the
following subsections, we check the vertical profiles of the
three advection terms and find they are very small above
400 hPa level (figure not shown) since moisture is lacked in
upper troposphere. Examination of the vertical structure of
the intraseasonal wind anomalies shows that the transition
zone of wind inversion is near 400 hPa (figure not shown).
This suggests that we may concentrate our analysis of each
term on the part that vertically averaged from surface to
400 hPa.

4.1 Advection of background moisture by intraseasonal
meridional wind anomaly

Figure 7 displays meridional structures of seasonal mean
moisture averaged from surface to 400 hPa over the western
Pacific region composited for the CP El Nifio and the EP El
Nifio. In both cases, the seasonal mean moisture reaches the
maximum at 2.5°S and decreases with latitude toward poles.
Thus, we may separate the key region (i.e., 10°S—10°N) into
a middle region (ranging from 5°S to 0°S) where 0g/ dy
is near zero, a northern region (ranging from 0° to 10°N)
where 0g/ dy is negative, and a southern region (ranging
from 10°S to 5°S) where 0g/ dy is positive. Then the ques-
tion becomes as which sub-region does the difference in
—v/'0g/ dy between the CP MJO and the EP MJO arise from,
the northern region or the southern region?
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Fig. 7 Meridional profiles of seasonal mean (November—April) spe-
cific humidity (g, g kg™") averaged over surface to 400 hPa in the key
region (120°-150°E) composite for the CP El Nifio (red) and the EP
El Nifio (blue). Dashed lines separate the region of interest into three
sub-regions with different meridional gradients of mean moisture

Figure 8a presents the northern-region averaged and the
southern-region averaged —v'0g/ dy during the MSE positive
tendency period (averages from day — 20 to day — 5) for the
CP MJO and EP MJO respectively. This term is positive in
both cases and in both regions, and the more positive value
in the CP MJO arises from the northern region component,
which is about twice as large as that in the EP MJO. Since
the meridional gradients of seasonal mean moisture between
the CP and the EP MJOs are very similar in the northern
region (Fig. 8b), the difference is attributed to stronger
northward wind anomaly in the CP MJO than in the EP
MJO (Fig. 8c).

Then why the northward wind anomaly is observed in
the northern region in both MJO cases and why it is weaker
in EP MJO than in CP MJO? Figure 9 displays horizontal
distributions of OLR and 1000—400 hPa vertically averaged
wind fields lag-regressed onto the western Pacific MJO
index (averages from day — 20 to day —5) for the CP MJO
and the EP MJO respectively. In both cases, a zonal dipole of
convection anomaly is observed, which is characterized by
an enhanced convection anomaly (i.e., negative OLR anom-
aly) over the eastern Indian Ocean and a suppressed convec-
tion anomaly (i.e., positive OLR anomaly) over the central
Pacific Ocean (150°E to the dateline). The anomalous con-
vections induce anomalous atmospheric heating, which then
drive Gill response in atmospheric circulations (Gill 1980).
Therefore, over the western Pacific region (black box), the
easterly wind anomalies at the equator are due to a Kelvin
wave response to the positive heating over the eastern Indian
Ocean, meanwhile the poleward meridional wind anomalies
off the equator are due to a Rossby wave response to the neg-
ative heating over the central Pacific Ocean. Such a coupled
dipole convection and circulation pattern was also revealed
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Fig. 8 a Advection of background moisture by intraseasonal meridi-
onal wind anomaly (—v'dg/ dy, units: 10 s~') averaged over the
positive MSE tendency period (day —20 to day —5) for the CP MJO
and the EP MJO. b Meridional gradient of seasonal mean (Novem-
ber—April) moisture (— g/ dy, units: 107 m™!) composite for CP El
Nifio and EP El Nifio. ¢ Intraseasonal meridional wind anomaly (v/,
units: m s~!) over the positive MSE tendency period (day — 20 to day
—5) for the CP MJO and the EP MJO. Each term is vertically aver-
aged over surface to 400 hPa. Orange (blue) bars represent the north-
ern region 0°-10°N, 120°-150°E average (southern region 10°S-5°S,
120°-150°E average)

by Kim et al. (2014) and Wang et al. (2017). Comparing
the two MJO cases, the central-Pacific suppressed convec-
tion anomaly (and the related negative atmospheric heating
anomaly) is weaker to the north of the equator in the EP
MIJO than that in the CP MJO. Therefore, the northern-hem-
isphere northward wind anomaly over the western Pacific is
suppressed in the EP MJO compared to that in the CP MJO.
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Fig. 9 Intraseasonal anomalies in OLR (W m~2, contour, interval 3)
and wind fields vertically averaged over surface to 400 hPa (vector,
m s~!) during the positive MSE tendency period (day — 20 to day — 5)
for a the EP MJO and b the CP MJO. Vectors are present where wind
speeds are greater than 0.1 m s™' and the meridional wind component
is shaded. Dashed contours are for negative values and zero contours
are omitted. The boxes mark the key region 10°S—10°N, 120°-150°E

4.2 Advection of intraseasonal moisture anomaly
by background meridional wind

We first examine the meridional structures of seasonal
mean meridional wind averaged over surface to 400 hPa
in the western Pacific region (Fig. 10). They are found to
be very similar in the two types of El Nifio years, so we
separate the key region (10°S—10°N) into a northern region
(5°S-10°N) where the wind is southward and a southern
region (10°S-5°S) where the wind is northward. Then the
issue becomes as which sub-region does the difference in
—vdq’ / dy between the CP MJO and the EP MJO arise from,
the northern region or the southern region?

Figure 11a presents the northern-region averaged and the
southern-region averaged — vdq’ / dy during the MSE posi-
tive tendency period (averages from day —20 to day —5) for
the CP MJO and EP MJO respectively. This term is negative
in the EP MJO and is near zero in the CP MJO. Its posi-
tive shift in the CP MJO is primarily due to the northern
region component. Since the amplitudes of mean southward
wind are very similar in the EP and the CP El Nifio years
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Fig. 10 Meridional profiles of seasonal mean (November—April)
meridional wind (7, m s™') averaged over surface to 400 hPa in the
key region (120°-150°E) composite for the CP El Niflo (red) and the
EP El Nifio (blue)

(Fig. 11b), the difference is resulted from meridional gradi-
ent of anomalous moisture between the CP MJO and EP
MIJO. As one can see, dq’/ dy over the northern region in
the EP MJO case is apparently positive while it is near zero
in the CP MJO.

Figure 12 presents intraseasonal moisture anomaly in
the positive MSE tendency period (day — 20 to day —5) for
the CP MJO and the EP MJO overlaid by seasonal mean
wind fields composited for the CP El Nifio year and the EP
El Nifio year; they are all vertically averaged over surface
to 400 hPa. In the EP MJO, the positive center of mois-
ture anomaly over the western Pacific is confined to the
south of the equator so the meridional gradient of moisture
anomaly (d¢’/ dy) is largely negative in the northern region
(5°S—10°N). Given the seasonal mean wind is southward
in the northern region, the advection term of — vdq’/ dy is
largely negative. By contrast, in the CP MJO, the maximum
moisture anomaly centers are on both sides of the equator.
Therefore, the meridional gradient of moisture anomaly over
the western Pacific is near zero, and so does the advection
term of —vdgq’ / dy.

What causes the different meridional distributions of the
intraseasonal moisture anomalies over the western Pacific?
Fig. 13a, b examine the evolutions of the 120°~150°E aver-
aged moisture anomalies from day —25 to day —5 with
an average over 5 days for the EP MJO and the CP MJO,
respectively. In the EP MJO, the maximum center in mois-
ture anomaly to the south of the equator can be found as
early as day — 25 and then the pattern has little change except
its amplitude (Fig. 13a). In the CP MJO, the maximum cent-
ers in the moisture anomaly on both sides of the equator are
formed after day — 15 (Fig. 13b). We examine the horizontal
distributions of the moisture anomaly and the advection of
mean moisture by MJO wind anomalies averaged over day
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Fig. 11 a Advection of intraseasonal moisture anomaly by back-
ground meridional wind (= ¥dq’/ dy, units: 10™° s~!) averaged over
the positive MSE tendency period (day —20 to day —5) for the CP
MJO and the EP MJO. b Seasonal mean (November—April) of
meridional wind (7, units: m s™!) composite for CP El Nifio and EP
El Nifio. ¢ Meridional gradient of intraseasonal moisture anomaly
(—dq’/ dy, units: 107 m™") over the positive MSE tendency period
(day —20 to day —5) for the CP MJO and the EP MJO. Each term is
vertically averaged over surface to 400 hPa. Orange (blue) bars rep-
resent the northern region 5°S—10°N, 120°-~150°E average (southern
region 10°S-5°S, 120°-150°E average)

—20 to day — 5 for the CP MJO (Fig. 13c¢), and find that their
patterns are very similar. This suggests that the distributions
of the moisture anomalies over the western Pacific in the CP
MJO are possibly due to the advection term. However, what
causes the initial moisture profile in the EP MJO is not clear.

4.3 Nonlinear eddy advection
Maloney (2009) pointed out that high-frequency dis-

turbances act to mix humidity between the tropics and
the extratropics, so suppression of them could generate
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Fig. 12 a Horizontal distribution of intraseasonal moisture anoma-
lies (shaded, g kg™!) over the positive MSE tendency period (day
—20 to day —5) of EP MJO and seasonal mean (November—April)
wind fields (vectors, m s~ composite for EP El Nifio events. b Same
as in a, except for CP El Nifio events. Both moisture anomalies and
wind fields are vertically averaged over surface to 400 hPa

anomalous moistening in atmosphere while strengthen-
ing of them generate anomalous drying. Figure 14 com-
pares the nonlinear high-frequency advection term and the
strength of high-frequency activities during the positive
MSE tendency period (averages from day — 20 to day —5)
vertically averaged from surface to 400 hPa for the EP
MJO and the CP MJO. The latter is obtained by lag-regres-
sion of daily kinetic energy, which is calculated by high-
pass filtered wind anomaly («/”> + v"'?), onto the western
Pacific MJO index and then take an average from day —20
to day — 5. Negative anomaly in it indicates suppressed
high-frequency activities on intraseasonal time scale. In
the CP MJO, the advection term is strongly positive while
the high-frequency activity is strongly suppressed; in the
EP MIJO, the advection term is weakly positive while the
high-frequency activity is weakly suppressed. This rela-
tionship agrees well with the theory proposed by Maloney
(2009). Therefore, the more positive non-linear advection
term in the CP MJO relative to the EP MJO is related to
the more suppressed high-frequency activities on intrasea-
sonal time scale over the western Pacific.
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Figure 15a, b display the horizontal distributions of
the vertically averaged (surface to 400 hPa) intraseasonal
eddy kinetic energy anomalies averaged over day — 20 to
day —5 for the EP MJO and the CP MJO, overlaid by
the corresponding intraseasonal OLR anomaly (same as
in Fig. 9). As one can see, the region of the negative eddy
activity anomaly is mainly confined to the south of the
equator in the EP MJO, while it has a northwest-southeast
tilted pattern and is across the equator in the CP MJO. The
different horizontal patterns of the eddy activity anomaly,
therefore, result in that the eddy activity is more sup-
pressed over the key box, which is at the equator, in the
CP MJO compared to the EP MJO. Comparing the hori-
zontal patterns of the eddy activity anomaly and that of
the OLR anomaly, we find that the suppressed eddy activ-
ity follows that of the positive OLR anomaly (suppressed
convection anomaly) very well. We further calculate the
pattern correlation coefficients between the eddy kinetic
energy anomaly and the OLR anomaly over the region
20°S-20°N, 100°-180°E at each lagged day from day —25
to day — 5 for the CP MJO and EP MJO (Fig. 15¢). Both
cases show significant negative correlation coefficients.
The good pattern relationship suggests that the suppressed
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Fig. 15 a Intraseasonal anomalies in OLR (contour, W mﬁz) and
kinetic energy (shaded, m? s™2) calculated by high-frequency eddies
((u’ 24y ’2) ) vertically averaged over surface to 400 hPa and aver-
aged over the positive MSE tendency period (day — 20 to day —35) for
the EP MJO. Dashed contours are for negative values and zero con-
tours are omitted. b Same as in a, except for the CP MJO. ¢ Pattern
correlation coefficients between the OLR anomaly and the kinetic
energy anomaly over 20°S-20°N, 100°-180°E at each day from day
—25 to day —5. The 95% confidence interval for the correlation coef-
ficient is 0.1

eddy activity is modulated by the suppressed intraseasonal
convection anomaly.

5 Discussion
The above section has revealed that the magnitude of the

central-Pacific (150°E to the dateline) suppressed intra-
seasonal convection anomaly during day — 20 to day —5

between the CP MJO and the EP MJO is critical in modu-
lating the three meridional moisture advection terms; it is
apparently weaker north of the equator in the EP MJO com-
pared to the CP MJO (Fig. 9). In this section, we will discuss
how the two types of El Nifio influence the intraseasonal
suppressed convection anomaly.

Figure 16 a, b display November—April averaged 850-hPa
moisture and 500-hPa pressure velocity composite for the
EP El Niiio and the CP El Nifio, in which the climatological
average has been subtracted. In general, a dipole structure of
moisture anomalies can be seen in both the EP El Nifio and
the CP El Niflo, that is a negative anomaly to the west and
a positive anomaly to the east. However, their magnitudes
are apparently different, especially over the northern hemi-
sphere. In the EP El Nifio, the negative moisture anomaly
is strong and covers a broad region from the Maritime Con-
tinent to the dateline. In comparison, the negative moisture
anomaly in the CP El Nifio is weak and only confined to
the Maritime Continent. It suggests that over the northern
central Pacific the mean moisture is much less in the EP El
Nifio than in the CP El Nifio. Thus, even given the same
MIJO flows, the resulted intraseasonal convection anomaly
would be weaker in the EP MJO than in the CP MJO. The
less mean moisture in the EP El Nifio is due to stronger
descending motion over the middle troposphere.

Figure 16c, d further compares the winter mean SST
anomaly in the EP EI Nifio and the CP EI Nifio. A significant
difference can be found in the negative SST anomaly; the EP
El Nifio has a much stronger cold SST anomaly, especially
to the north of the equator. Since cold surface is in favor of
atmospheric descending motion, the different magnitudes of
the negative SST anomaly between the two types of El Nino
may explain the different strengths in descending motion
anomaly and thus the mean moisture.

6 Summary

In this study, we examined different influences of two types
of El Nifio on MJO intensities over the equatorial western
Pacific region. The El Nifio events during the period of
1979-2013 are classified into EP El Nifio and CP El Nifio
types based on previous studies. Both partial regression and
composite analysis show that during the peak and decay-
ing phase of El Nifio (November—April), the EP events are
associated with weakened MJO over the equatorial western
Pacific whereas the CP events are associated with strength-
ened MJO.

An analysis of column-integrated MSE budget was per-
formed for EP MJO and CP MJO respectively. The ulti-
mately bifurcated peak magnitudes of MJO convection
arises from different MSE tendencies over the convection
developing period (day — 20 to day —5). The MSE tendency
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Fig. 16 Winter (November—April) mean 850-hPa specific humidity
(kg kg~!, shaded) and 500-hPa pressure velocity (Pa s, contour), in
which the climatology is removed, averaged over a EP El Nifio win-

in CP MJO is around two times as much as that in the EP
MJO.

The stronger MSE tendency in the CP MJO is primarily
attributed to three processes in meridional moisture advec-
tion anomalies. The first one is the advection of background
moisture by intraseasonal meridional wind anomaly (i.e.,
—v' g/ dy). This term has a positive contribution to the MSE
tendency in both the CP MJO and the EP MJO as poleward
wind anomalies off the equator act on the background mois-
ture which maximizes near the equator. The smaller positive
—v/'0g/ oy in the EP MJO is due to weaker v’ in the northern
hemisphere whereas their background moisture gradient are
similar. The weaker v'is further related to weaker suppressed
convection anomaly over the northern central Pacific.

The second process is the advection of intrasea-
sonal moisture anomaly by background meridional wind
(—vdq’'/ dy). This term is near zero in the CP MJO while
it is largely negative in the EP MJO. The more negative
—70q’ / dy in the EP MJO is primarily due to larger negative
moisture gradient over the northern hemisphere while the
background wind fields are similar.

The third process is the nonlinear eddy advection
(=Vv"dq"” / dy). This term has a positive contribution to
MSE tendency in both the CP MJO and the EP MJO. The
larger positive advection term in the CP MJO is due to more
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ters and b CP El Nifio winters. ¢, d are same as in a, b, but for SST.
Results passing the significant test at 95% confidence level for pres-
sure velocity and SST are stippled

suppressed high-frequency activity, which may be further
modulated by the intraseasonal suppressed convection
anomaly.

The amplitude in the intraseasonal suppressed convec-
tion anomaly over the central Pacific, which is critical to
the three moisture advection processes, may be related to
the mean moisture amount locally. The less mean moisture
in the EP El Nifio is possibly induced by stronger cold SST
anomaly, which is in favor of descending motion anomaly. It
is worth mentioning that such a physical mechanism needs to
be verified through numerical experiments in future studies.
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