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Abstract

A better understanding and simulation of the tropical intraseasonal oscillation (ISO) is the cornerstone of subseasonal-to-
seasonal predictions. Here, we have revealed crucial roles of interference effects between Madden—Julian Oscillation (MJO)
and low-frequency equatorial Rossby (ER) waves on the intensity, structure and initiation of the ISO. Over where ER waves
are sufficiently strong, the ISO convection usually manifests localized strengthening or weakening due to constructive or
destructive MJO-ER interferences. For the ISO interannual variability, though the strength is determined by the MJO, the
area is largely controlled by ER waves. The Maritime Continent MJO (ER) varies synchronously (asynchronously) with El
Niflo-Southern Oscillation likely controlled by the meridional mean moisture gradient. Additionally, separating MJO and ER
components helps explain the northwest-southeast tilted structure of boreal summer ISOs, which dramatically arises from
decreased phase speeds of the MJO away from the equator. Moreover, the considerable damping of ISO deep convection over
the Maritime Continent partly arises from the further weakened MJO aloft due to the dry intrusion of ER waves triggered
from the central-eastern Pacific. Finally, a primary ISO event with jumping-like propagation behaviors is likely initiated
over the Indian Ocean with the strengthening of preceding ER waves, implying a novel “initiation-propagation” linkage of
the ISO. These ER signals may be detected approximately 20 days ahead from the western Pacific and are thus potentially
useful for monitoring and predicting ISO initiation early. Taking together, the findings here highlight the importance of ER
waves in understanding the dynamics and predictability of the ISO/MJO.
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1.1 The tropical intraseasonal oscillation

Tropical winds, cloudiness and rainfall manifest significant
fluctuations on the intraseasonal time scale with a broad
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The eastward-propagating MJO mode reaches its annual
maximum during boreal winter (Madden 1986; Zhang and
Dong 2004), while it becomes weak and the northward
propagation mode emerges during boreal summer (Kikuchi
2021). Zhang et al. (2020) compared four popular theories
of the MJO, including the multiscale “skeleton” model
(Majda and Stechmann 2009, 2011), the “moisture mode”
theory (Sobel and Maloney 2013; Adames and Kim 2016;
Adames and Maloney 2020), the gravity wave model (Yang
and Ingersoll 2013, 2014) and the trio-interaction theory
(Wang et al. 2016). Recently, the MJO theories are further
developed with several new mechanisms or feedbacks pro-
posed, such as the key role of the meridional moisture advec-
tion (Ahmed 2021; Wang and Sobel 2022; Wei and Ren
2024), the dry dynamics (Kim and Zhang 2021; Rostami
et al. 2022) or the temperature feedback (Chen 2022a; Mayta
and Adames 2023) and a “minimal” mechanism named the
wind-evaporation feedback (Mamidi and Mathew 2023).
Note that these theories have been developed to exclusively
simulate a slowly eastward-propagating, MJO-like mode
with a planetary-scale instability.

The ER wave has received less attention in previous
studies, as compared to the MJO. The characteristics of the
ER wave may change with the longitude. Over the Western
Hemisphere, for example, the ER wave propagates westward
fast (~17 m/s) and displays a vertically barotropic, equa-
torially symmetric structure (Kiladis and Wheeler 1995;
Wheeler and Kiladis 1999) like the dry mode of Matsuno
(1966). In contrast, over the Indo-Pacific warm pool, the ER
wave is largely asymmetric about the equator, with a slow
westward propagation speed (~5 m/s) and a baroclinic struc-
ture (Wheeler et al. 2000; Yang et al. 2007a, 2007b; Kiladis
et al. 2009). Although the easterly vertical wind shear was
previously emphasized as a destabilizing factor of baroclinic
ER waves (Wang and Xie 1996; Xie and Wang 1996; Chen
2022b), the thermodynamical processes related to the mois-
ture, fluxes and convection might also support the unsta-
ble growth of ER waves (Nakamura and Takayabu 2022).
Recently, some studies even suggested the low-frequency ER
wave as a “moisture mode” (Adames et al. 2019; Mayta et al.
2022) or a “WISHE-moisture mode” (Emanuel 1987; Fuchs
and Raymond 2017; Fuchs et al. 2019; Chen 2022b). In this
framework, the ER wave is destabilized by wind-evaporation
and cloud-radiation feedbacks like the MJO. But unlike the
MJO propagated mainly by the meridional moisture advec-
tion, the propagation mechanisms of slow ER waves empha-
size the crucial role of the zonal moisture advection, as the
meridional moisture advection retards the westward propa-
gation of ER waves (Gonzalez and Jiang 2019).

Despite considerable progress in the theoretical under-
standing of MJO and ER waves, numerical climate models
are still struggling to simulate fundamental characteristics
of ISO modes, such as the primary initiation of MJO events
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(Matthews 2008) and the northwest-southeast tilted rain
band of boreal summer ISO (Neena et al. 2017; Konda and
Vissa 2022). Additionally, climate models usually exagger-
ate the “damping effect” of the Maritime Continent (MC)
on the MJO (Kim et al. 2016, 2019; Zhang and Ling 2017),
which tends to be reduced in current versions of climate
models (e.g., Ahn et al. 2020; Chen et al. 2022), though
debates remain (Le et al. 2021). This reflects that underly-
ing mechanisms of the MJO minimizing over the MC are
still elusive, although the complex MC topography might
dampen the MJO due to friction (Sobel et al. 2008) and com-
peting effects of the land diurnal cycle (Ling et al. 2019).
Because the MJO is a major predictability source on the
time scale from 2 weeks to 2 months (Waliser et al. 2003;
Neena et al. 2014), a poor simulation of the MJO hinders
skillful subseasonal predictions of weather and climate
extrema, such as tropical cyclones, flooding and heatwaves
(Zhang 2013). Therefore, it is of great importance to thor-
oughly investigate the initiation, organization and propaga-
tion dynamics of the MJO/ISO. Although aforementioned
studies targeted the MJO, many of them have explored the
convective-circulation evolution features of the total ISO
that also include the westward ER component.

1.2 Interferences between MJO and ER wave modes

Based on previous studies, MJO and ER wave modes involve
considerable interactions (e.g., Roundy and Frank 2004a,
b, hereafter RF04b). For example, through the regression
upon an MJO-filtered index of the convection over the
South Indian Ocean (10° S, 90° E), RF04b found that the
ER wave can be enhanced in convection active phases of the
MIJO while reduced in suppressed phases. Moreover, due
to dynamical reflection effects, the ER wave mode might
change to an eastward-propagating mode over the East Afri-
can Highlands, thereby facilitating the MJO initiation (Wei
et al. 2019). However, when the MJO encounters the Andes
over South America, it might become an ER wave that prop-
agates westward into the western Pacific and even further
into the Indian Ocean. Therefore, including the ER wave
mode and figuring out its interference mechanisms with the
MIJO should advance our understanding of the fundamental
dynamics of the ISO and thus improve the subseasonal pre-
diction skills of extreme weather and climate in tropical and
extratropical regions (Gloeckler and Roundy 2013; Roundy
2023).

Firstly, the ISO propagation and its diversity may be well
explained by the ER wave interfering with the MJO. RFO4b
revealed that the standing ISO exists at the highland regions
of East Africa and the west coast of South America, owing
to the regional strengthening or suppression of the intrasea-
sonal convection under intersections of MJO and ER waves.
Unfortunately, RF0O4b only considered one base point over
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the South Indian Ocean during boreal winter, whether con-
siderably strengthened or weakened convection exists locally
elsewhere over the Indo-Pacific warm pool and potential
influences of seasonal variations are still unclear. In a recent
study by Wei et al. (2023b), they discovered distinct roles
of MJO and ER wave modes in shaping the ISO diversity
of zonal propagation (Wang et al. 2019). Specifically, the
ISO crossing through the MC barrier is primarily precondi-
tioned by a dry MJO phase over the western Pacific, and a
further enhancement of the western Pacific suppressed con-
vection due to the dry intrusion of the ER wave can speed
up the ISO. Without the ER wave intrusion, however, the
ISO’s speed might become small. More interestingly, the
strengthening or weakening of ER waves can even shape the
jumping and standing ISOs when the dry MJO convection
is weak over the western Pacific. Huang and Pegion (2022)
also found stronger ER wave signals in the jumping ISO than
in the standing ISO, though they did not extract and examine
the ER wave mode explicitly from diverse ISO propagations.

Secondly, the ER wave mode might explain the ini-
tiation of the ISO moist convection. Among others, Wei
et al. (2019, 2020) revealed that the conditional nonlinear
optimal perturbation (Mu et al. 2003) of moisture, which
behaves as an ER wave-like mode, can effectively trigger
a strong primary event in a hybrid atmosphere—ocean cou-
pled model. Through observational analysis, they also found
that roughly half of primary events were preconditioned by
ER wave-like disturbances from the eastern Indian Ocean.
Besides the Indian Ocean, the ER wave signal may also
breed from the tropical Pacific (e.g., Feng and Li 2016; Li
et al. 2022). Takasuka and Satoh (2021), for example, sug-
gested that the ER wave from the central-eastern Pacific can
trigger the onset of ISO deep convection over the western
Pacific. Komaromi et al. (2019) revealed that the onset of the
December 2011 ISO event can be well forecasted more than
3 weeks in advance when the ER wave traveling from the
central Pacific to the Indian Ocean during November 2011
can be captured. More recently, Wei et al. (2023a) docu-
mented four types of ISO initiation precursor signals through
a clustering analysis. A key finding of their work was the
robust extraction of a new mechanism of primary initiation
with the help of ER wave signals 30-40 days ahead from
the central Pacific. Such an ER wave signal increases the
predictability of the primary convective initiation by 1 week
compared to other primary events without preconditioning
effects of ER waves.

1.3 Synthesis

We have been used to examining the ISO through only band-
pass filtering (such as 20—100 days). However, the filtered
anomalies consist of eastward-propagating MJO and west-
ward-propagating ER waves involving complex interactions.

We might not fully understand the paradigm of the ISO ini-
tiation, structural organization and propagation, and thus
skillful predictions of extreme events with a time horizon of
2 weeks to two months may not be obtained if we ignore the
ER wave and its interference with the MJO mode. Although
large efforts have been made to target mechanisms of MJO-
ER wave interactions, some fundamental issues are still to
be addressed. For example, what are the distinct contribu-
tions of MJO and ER wave modes to the ISO, and are there
some regionality and seasonality (Masunaga 2007; Yasu-
naga 2011)? How will the MJO interfering with the ER wave
impact the ISO convective structure? Moreover, from previ-
ous studies, the ER wave tends to be crucial in the primary
convective initiation (Feng and Li 2016; Wei et al. 2023a).
So, what are the relative roles of ER waves in the initiation
of primary and successive events? Are the former precondi-
tioned by ER wave signals more frequently than the latter?

With these questions in mind, we give the arrangement
of the rest of this paper as follows. Section 2 introduces the
data and methodology. Section 3 represents the main results
of this study, with a particular emphasis on documenting the
role of ER waves in explaining the ISO strength, structure
and initiation from the Indian Ocean. Section 4 discusses
and summarizes our main findings.

2 Data and methods
2.1 Data, pre-processing and definitions

The main dataset used in this study is the daily, 2.5°%x2.5°,
advanced very high-resolution radiometer outgoing long-
wave radiation (OLR) during 1979-2018 from the National
Oceanic and Atmospheric Administration (NOAA; Lieb-
mann and Smith 1996). Before any filtering operations, we
first calculate daily anomalies by subtracting the calendar
daily climatology (Waliser et al. 2009). Intraseasonal circu-
lation signals, such as anomalous winds and humidity, are
diagnosed using the fifth generation of ECMWEF reanalysis
products (Hersbach et al. 2020). Additionally, the real-time
multivariate MJO (RMM) index (Wheeler and Hendon
2004; Ren et al. 2023) and OLR-based MJO index (OMI,;
Kiladis et al. 2014) are also used here. We measure the El
Nifio-Southern Oscillation (ENSO) using the Nifio3.4 index,
which is calculated as the three-month running mean of sea
surface temperature (SST) anomalies over (120°-170° W, 5°
N-5° S) using the monthly global 2° x2° Extended Recon-
structed SST version 5 (Huang et al. 2017).

Using the Lanczos filter with 201 weights, we perform
the 20—100-day bandpass filtering on daily anomalies to
extract the ISO, which naturally includes eastward and west-
ward wave components. The “space—time filtering” method
(Wheeler and Kiladis 1999) is further used to isolate these
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two wave components. Firstly, the Fast Fourier Transform
(FFT) is performed along each latitude of 30° S-30° N
and then along the time. Secondly, the inverse FFT is per-
formed to retrieve specific wave components constrained by
three key parameters, i.e., period, zonal wavenumber and
equivalent depth (Table S1). For example, the MJO mode
is extracted by retaining only Fourier components of east-
ward zonal wavenumbers 0-30 and period range of 20—100
days. The same procedures are also used to extract the ER
mode, except for considering westward zonal wavenumbers
1-30 and equivalent depth range of 0—1000 m. Note that
we have set a broader range of zonal wavenumbers used in
the filtering procedure to sufficiently include eastward- and
westward-propagating intraseasonal modes, and also to well
reconstruct the total ISO. Besides, the “ER wave” defined
here is more related to low-frequency, high-order Rossby
waves (Wang et al. 2022).

The ISO strength in each grid point is defined as the
standard deviation (STD) of the daily, 20-100-day fil-
tered OLR time series in a prescribed month or a month
period. For example, to resolve the seasonal cycle of the
ISO strength in a year, we have calculated the STD in each
calendar month. To derive the interannual variability, we
first calculate the STD of the ISO in running windows of 3
months in each grid point. Then, the monthly climatology of
the STD is subtracted from the raw STD time series to obtain
monthly anomalies of the ISO strength. The above defini-
tions and calculations are further repeated for MJO and ER
wave modes to separately define their strength.

2.2 Theregression and composite analysis

To diagnose the general impacts of MJO and ER waves
on the zonal propagation and horizontal structures of the
ISO, we derive a reference time series as the averaged OLR
anomaly of the ISO in such an area where the ER/MJO ratio
is large (e.g.,>0.5). The OLR anomalies of ISO, MJO and
ER waves are then regressed upon the reference time series.
Note that our diagnostic procedures are distinct from RF04b
who only focused on ER waves that directly correlate with
eastward-filtered MJO indices. In contrast, the base index
defined here includes both eastward and westward-moving
signals no matter whether they correlate with the eastward-
moving MJO signal or not. Regressing filtered ER or MJO
data against the combined index will yield all ER and MJO
signals associated with the eastward and westward filtered
base index. Therefore, our results will include ER wave sig-
nals that were directly excluded from RF04b. The method
here has examined all ER wave signals, including those
uncorrelated with the eastward-moving MJO signal, and it
addresses partially unrelated questions to those studied by
RFO04b.
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To examine how MJO-ER wave interferences influence
the ISO initiation, we construct an index as the averaged
OLR anomaly of the ISO over the equatorial Indian Ocean
(15° S-15° N, 70°-100° E). The initiation of the ISO is
identified when the index becomes smaller than one nega-
tive STD. The first day of these consecutive days is labeled
“Day 0”. In this way, we selected 238 events from 1979 to
2018, implying roughly six events of ISO initiation each
year. As expected from the index definition, the distribu-
tion of OLR anomalies for the total ISO across all Day 0 is
narrowly regular and centered on approximately — 12.0 W/
m? (Fig. 1a). In contrast, both MJO and ER waves display a
considerable scatter, which allows us to classify the impacts
of MJO-ER wave interferences on the ISO initiation under
different scenarios. Although the averaged ER wave is a bit
weaker than the MJO, the former can be stronger than the
latter in many cases (Fig. 1¢). Moreover, in the equatorial
Indian Ocean, the ER wave signal is negatively correlated
(approximately —0.75) with the MJO convection (Fig. 1d).
This is likely expected, as the MJO +ER tends to mimic the
total ISO. Actually, the former is significantly correlated
(~0.42) with the latter in terms of OLR anomalies on Day 0.
On other lag days, the correlation even exceeds 0.9 (Fig. 1b).
Thus, the MJO +ER is a good proxy of the total ISO for
selected events (see individual cases in Fig. S1).

In this regard, the cases of the ISO initiation can be
grouped by only considering the strength of such as the
ER wave. Based on the mean and half of the STD of the
ER wave convection across all ISO events, we have defined
three scenarios: Weak ER, Moderate ER and Strong ER,
in which the ER wave strength increases while the MJO
strength decreases gradually (see the large-size circle mark-
ers in Fig. 1d). Thus, three groups of composite for the ISO
initiation are obtained and we compare the spatiotemporal
evolutions of ISO, MJO and ER waves.

3 Results
3.1 The ISO strength

The ISO strength shows an evident seasonal variation and
generally maximizes in the Summer Hemisphere (Fig. 2a, f).
The STD patterns of MJO + ER well fit the ISO (Fig. 2b, g),
again suggesting that we might understand the ISO seasonal-
ity and regionality by quantifying the relative contributions
of MJO and ER wave modes. During boreal summer (May to
October), the maximum of the ISO over the Indian Ocean is
mainly contributed by the MJO mode (Fig. 2¢), to which the
ER’s contribution is comparable (Fig. 2d). In contrast, over
the Northwest Pacific, the ISO is dominated by the ER wave
(Fig. 2e). During boreal winter (November to April), the ISO
detours via the southern MC (Fig. 2f) mainly due to the MJO
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Fig. 1 a The histogram of OLR
anomalies (W/m?) averaged
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mode (Fig. 2h, j), as the ER wave can propagate through
both the northern and southern MC (Fig. 2i). Although
the ER wave is weaker than the MJO, it still contributes to
nearly one half the ISO strength in many regions, such as
the Philippine Sea, the Southwest Indian Ocean, the North-
west Australia and the South Pacific (Fig. 2j). This implies
that besides the canonical eastward propagation, we should
also pay attention to westward-propagating signals in boreal
winter to fully understand the ISO dynamics. For example,
the ER wave over the Southwest Indian Ocean might help
the ISO initiation (RF04b; Wei et al. 2019, 2023a); while
over the Philippine Sea, it likely affects the ISO propagation
diversity (Wei et al. 2023b).

Of particular interest is the land-sea contrast of the ISO
strength over the MC (Sobel et al. 2008). We focus on a
specific region of the MC, i.e., 7.5° S—-10° N, 105°-150° E,
and calculate the averaged STD over land and sea gird points
(Table 1). A robust conclusion is that without the inference
from the ER wave, the ratio between land and sea in the
MJO increases to nearly 1.0. While in the total ISO, the
land/sea ratio is much smaller (~0.75 in winter and ~0.80
in summer). The ratio for the ER wave (~0.90) is in between

e
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ISO and MJO. An intuitive explanation is that we have used
spatial filtering to extract MJO and ER waves, which might
smooth out the small-scale features in the MC. Neverthe-
less, the MJO +ER indeed does a good job in reproducing
the island minimum, and the land/sea ratio even becomes
smaller (Fig. 2g), as compared to the total ISO (Fig. 2f).
Thus, we hypothesize that one may find another solution to
the ISO minimum over the MC by examining MJO-ER wave
interference effects, if any. We will revisit this issue in the
following analysis.

Both the boreal summer and winter seasons are
calculated.

Based on the ER/MJO ratio during boreal winter (Fig. 2j),
we construct several indices by averaging the anomalous
OLR of the ISO in four representative areas, including
the Philippine Sea (7.5°-20° N, 125°-165° E), Northwest
Australia (25°-15° S, 110°-130° E), Southwest Indian
Ocean (15°-5° S, 40°-60° E) and South Pacific (15°-5° S,
160°-130° W). As we depicted above, the ER wave in these
areas is equally, if not more, important than the MJO. Fig-
ure 3 shows the regressed zonal propagation of ISO, MJO
and ER waves upon four ISO indices. Because our approach
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Fig.2 The ISO strength and the relative contribution of MJO and
ER wave modes. (Left) The STD of OLR anomalies (W/m?) for a the
ISO, b the sum of MJO and ER wave, ¢ the MJO and d the ER wave
during boreal summer. e The ratio in the STD between the ER wave

and the MJO. The black contours in each panel denote the STD of
19.0 W/m? for the ISO. (Right) Same as the left panel, but for boreal
winter

Table 1 The land-sea contrast in
the strength of the ISO as well

Boreal summer (W/m?)

Boreal winter (W/m?)

as its MJO and ER components ISO MJO ER ISO MJO ER

over an area of the MC (7.5°

S—-10° N, 105°-150° E) Land 12.1 12.7 8.0 13.2 14.3 8.9
Sea 15.2 13.2 8.9 17.6 14.9 9.8
Land/Sea 0.79 0.96 0.90 0.74 0.96 0.91
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Fig.3 Impacts of MJO-ER interferences on the ISO propagation dur-
ing boreal winter. The shading shows the regressed ISO (Left), MJO
(Middle) and ER wave (Right) upon the standardized ISO index, cal-
culated as the OLR anomaly of the ISO over (a—c) the Philippine Sea
(PhiS, 7.5°-20° N, 125°-165° E), d—f the Northwest Australia (NWA,

includes all ER wave signals in the base index, it guarantees
that a substantial amount of ER wave signal will appear in
the regression results right at the base longitude. In con-
trast, the approach of RF04b finds the part of the ER wave
signal best correlated with the eastward-filtered MJO index.
That signal will not necessarily maximize at lag zero at the
base longitude. Thus, our result will focus on ER waves that
intersect constructively with the base index at lag=0 days.

The intraseasonal convection manifests non-propagating-
like ISOs in the first two rows of Fig. 3. When we decom-
pose Day-0 deep convection into MJO and ER components,
it could be traced back to convection initiation over the
Indian Ocean and central-eastern Pacific, respectively. One
may argue that Fourier methods artificially produce east-
ward and westward components with equal amplitude in
where a “standing-like” ISO occurs (Zhang and Hendon

180 120W 60E 120E 180 120W

25°-15° S, 110°-130° E), g—i the Southwest Indian Ocean (SWIO,
15°-5° S, 40°-60° E), and (j-1) the South Pacific (SPac, 15°-5° S,
160°-130° W). Solid (dashed) contours in each panel denote the posi-
tive (negative) OLR anomalies for the ISO, with a contour interval of
3.0 W/m?

1997). Nevertheless, we do find many episodes, in which
two convective centers of ISO (can be 60°-150° far away
from each other) propagate in opposite directions and meet
somewhere over the MC, causing localized strengthening of
deep convection like a non-propagating ISO. Moreover, the
two centers are well fit by MJO and ER wave modes, sup-
porting the existence and importance of MJO-ER wave inter-
ference effects (see Fig. S2). In addition, due to the localized
westward propagation of the ER wave, the ISO displays a
sudden initiation over the Southwest Indian Ocean and an
abrupt termination over the South Pacific (see bottom two
rows of Fig. 3).

Previous studies have indicated a vigorous year-to-year
variation of the ISO (Slingo et al. 1999; Liu et al. 2016;
Wei and Ren 2019). Although the much stronger interannual
variance occurs from December to June, the seasonality in
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«Fig. 4 The interannual variability of the ISO strength. The all-sea-
sonal variance (W»m?) of the monthly ISO strength with monthly
climatology removed for a the ISO, b the MJO and ¢ the ER wave.
d The ratio map in the interannual variance between the ER wave
and the MJO. The black contours in each panel show the interannual
variance of 20.0 and 33.0 W*m®. e The correlation coefficient in the
monthly strength anomalies between the ER wave and the MJO. f The
correlation coefficient between the Nino3.4 index and monthly MJO
strength anomalies. g Same as (f), but for the ER wave. The hatched
regions denote passing the Student t-test at the 90% confidence level

terms of the spatial distribution of the local maxima is small
(figure not shown). Thus, we show here the all-seasonal pat-
tern of the interannual variability of the ISO strength, which
features two maximum centers over the southern MC and
the South Pacific Convergence Zone (Fig. 4a). Although the
MIJO mode largely dominates inside of the ISO interannual
variability (Fig. 4b), we cannot take no account of the contri-
bution of ER wave, which is especially true near the northern
and eastern edges of the ISO interannual variability (Fig. 4c,
d). This suggests that the variation of the area of ISO activity
on the interannual time scale could be largely regulated by
ER waves besides the contribution of the MJO mode.

Do MJO and ER waves vary synchronously on the inter-
annual time scale? We further calculate the correlation coef-
ficient between MJO and ER wave in a monthly STD time
series. As seen in Fig. 4e, MJO and ER waves show a posi-
tive correlation over most areas of the Indo-Pacific warm
pool. Besides, the correlation is generally high outside of
the main center of the ISO interannual variability, while it is
lower inside and even turns negative in the southern MC. To
understand this feature, we calculate the meridional gradient
of monthly mean moisture (Q, hereafter) over 14° S-4° §,
130° E-180° during boreal winter when the MJO detours
via the southern MC. Interestingly, the correlation between
the MJO strength and Q reaches 0.48, while it is only —0.13
between the ER wave strength and Q. This reflects that the
increase of Qy tends to strengthen the MJO (Wei and Ren
2024) but possibly weaken the ER wave over the southern
MC. Therefore, a weakly negative correlation between MJO
and ER wave is observed. Over other regions, such as the
central-eastern Pacific, the synchronous strengthening or
weakening of MJO and ER waves may be related to the in-
situ vertical wind shear (Wang and Xie 1996; Chen 2022b).

We further measure ENSO’s impacts by calculating the
correlation between the Nifio3.4 index and the monthly
STD time series of MJO (Fig. 4f) and ER wave (Fig. 4g).
A significant positive correlation (~0.5) is observed over
the western-central Pacific for both the MJO and ER waves,
while over other regions, the correlation coefficient is gen-
erally small and its sign is strongly region-dependent. The
correlation patterns derived here are similar to Huang and
Huang (2011). The main difference in the correlation pattern
between MJO and ER is observed over the central-southern

MC. The correlation with the Nifio3.4 is significantly posi-
tive for the MJO while negative for the ER mode. This con-
trast partly explains the even negative correlation over the
southern MC seen in Fig. 4e. Based on Wei and Ren (2019),
ENSO mainly affect the intraseasonal moistening or drying
over the MC by modulating Q,. When Q, increases during
El Nifio, as we argue above, the MJO is strengthened while
the ER activity decreases. Thus, inverse correlation patterns
of MJO and ER shape over the MC. Also note that over the
equatorial MC, although ENSO exerts inverse impacts on
MJO and ER, the correlation between the two modes seen
in Fig. 4e is weakly positive. This suggests that ENSO alone
cannot explain all kinds of MJO-ER interannual variations.
Future studies should examine ENSO-independent impacts
on the ISO, MJO and ER from such as the Indian Ocean
Basin Mode (Wang et al. 2024), Quasi-Biennial Oscillation
(Martin et al. 2021), etc.

3.2 Impacts of MJO-ER interferences on the ISO
structural organization

Distilling separate roles of MJO and ER wave might further
our understanding of the structure of convective organi-
zation and its evolution in ISO’s life cycle. During boreal
summer, the regressed ISO based on the equatorial Indian
Ocean (15° S—-15° N, 70°-100° E) reference index shows a
dipolar structure, with enhanced convection over the Indian
Ocean and suppressed convection centered over the Philip-
pine Sea (Fig. 5a). Additionally, as a typical feature of the
boreal summer ISO (Kikuchi 2021), both the enhanced and
suppressed convection tilt northwestward away from the
equator. Interestingly, without the contamination of the ER
wave, this northwest-southeast tilted structure becomes more
evident for the “pure” MJO mode (Fig. 5b). In contrast, the
ER wave itself displays a wave-train pattern and no clear tilt
is observed (Fig. 5c¢). This suggests that the unique tilted
structure of the boreal summer ISO, which many state-of-
the-art climate models are struggling to capture (Neena et al.
2017), might root in the eastward-propagating MJO mode.
In boreal winter, the regressed ISO pattern highly resem-
bles that commonly documented in many studies (e.g.,
Wheeler and Hendon 2004; Matthews 2008; Kiladis et al.
2014), featuring enhanced convection over the Indian Ocean
and suppressed convection over the western Pacific (Fig. 5d).
What we would like to highlight here are the two suppressed
convection centers over respectively the Philippine Sea and
the South Pacific Convergence Zone, which are virtually
sourced distinctively. Though the latter is determined by
the MJO (Fig. 5e), the former results from the combination
of MJO and ER modes (Fig. 5f). Besides, the two centers
are further separated by the moist ER wave signal over the
equatorial western Pacific. In other words, without impacts
of the ER wave, one cannot obtain two convective centers
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Fig.5 The regressed ISO structure. (Left) Regressed OLR anoma-
lies (W/mz) for a the ISO, b the MJO and ¢ the ER wave upon the
ISO index over the Indian Ocean (15° S-15° N, 70°-100° E) during
boreal summer. Solid (dashed) green contours in each panel show

straddling the equator. It is also interesting to assess how
many climate models can reproduce these ER wave-induced
features of the boreal winter ISO in future studies.

To understand the northwest-southeast tilted structure of
the MJO mode during boreal summer (Fig. 5b), we com-
pare the MJO propagation near the equator (5° S-5° N,
Fig. 6a) and that 15° off the equator (10°-20° N, Fig. 6b).
Previous studies mostly emphasized the northward propa-
gation (e.g., Wang and Xie 1997; Karmakar and Misra
2020; Konda and Vissa 2022), while here we propose a new
interpretation based on the eastward propagation. When the
equatorial convection reaches such as the MC (Fig. 6b), the

@ Springer

0

20N 1
0
20S N
30E  60E 90E 120E 150E 180 150W 120W
(e) MJO (Boreal Winter)
o ‘
0
20S
30E 60E 90E 120E 150E 180 150W 120W
(f) ER (Boreal Winter)
on IR ————
0
20S
30E 60E 90E 120E 150E 180 150W 120W
2 4 6 8 10 12 14

positive (negative) OLR anomalies of the ISO, with a contour interval
of 3.0 W/m”. The zero contours are omitted. The stipple denotes pass-
ing the Student-t test at the 90% confidence level. (Right) Same as the
left panel, but for boreal winter

off-equatorial convection just arrives at the Indian Ocean
(Fig. 6a), implying a fast speed near the equator. By referring
to green arrows in Fig. 6, we calculated a fast speed of 26°
longitude/phase in 5° S—5° N and a slow speed of 16° lon-
gitude/phase in 10°-20° N. Why are MJO speeds distinct in
different latitude bands? By comparing composite 850-hPa
zonal wind anomalies, we find that the equatorial Kelvin-
wave easterly wind anomaly to the east of 150° E is two
times stronger than the off-equatorial easterly (Fig. S3a-b),
thus supporting a fast propagation speed (Wang et al. 2019).
Besides, a faster equatorial propagation is also associated
with a stronger zonal asymmetry of the column-integrated
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Fig.6 The latitudinal dependence of the eastward phase speed of the
MJO mode. (Left) Composite OLR anomalies over 10° N-20° N, 5°
S—5° N, and 20° S-10° S in each RMM phase for the ISO (shading)
and the MJO (black contour) during boreal summer. Solid (dashed)

moisture tendency (Figs. S4a—-b). These dynamical wave and
moisture-convection feedbacks have been used to understand
mechanisms of MJO propagation and ENSO modulations on
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contours denote positive (negative) anomalies, with a contour interval
of 3.0 W/m?. The zero contours are omitted. The green arrow denotes
the phase speed line. (Right) Same as the left panel, but for boreal
winter

fast and slow MJO modes (Hsu and Li 2012; Chen and Wang
2018; Wei and Ren 2019; Wei et al. 2022). However, the
aforementioned contrasts are not seen for the MJO during
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boreal winter (Figs. S3c—d and S4c—d), which explain simi-
lar propagation speeds (~22° longitude/phase) of convection
in 5° S-5° N (Fig. 6e) and 20° S-10° S (Fig. 6f).

Figure 5 only informs the roles of MJO and ER wave
in one phase of the ISO. Then, what are their relative con-
tributions to the ISO in different phases? Here, we show
ratio maps of composite OLR anomalies between ER and
MJO in eight RMM phases. Only those days with the RMM
amplitude exceeding one are included. The positive ratio
denotes a constructive interference effect between ER and
MJO, while a negative ratio implies a destructive effect on
the ISO. To observe spatiotemporal evolutions of ISO, we
also overlay +3 W/m? OLR anomalies as references. Note
that the convective anomaly of the MJO mode always keeps
the same sign as the ISO and thus MJO-ER interference
effects mainly arise from the ER mode. Our results indicate
that the ratio map in Phases 1-4 is similar to Phases 5-8,
though a dry—wet asymmetry could be detected. During

boreal summer, for example, the contribution of the ER
mode to the wet ISO convection over the Philippine Sea in
Phase 7 is considerably larger than that to the dry convec-
tion in Phase 3 (Fig. 7). However, this Phase 3-7 asym-
metry reverses during boreal winter, featuring a larger ER
contribution to the dry ISO convection in Phase 3 (Fig. 8).
Additionally, the interference effect is region-dependent and
is generally strong along the edge of ISO envelopes, which
is consistent with Fig. 4d. What is even more interesting is
the strengthened negative ratio along the east edge of ISO
envelope that is heading east across the MC (e.g., Phases 3
and 7). This lends us to conjecture that the dry convection
of ER waves might propagate into the MC and reduce the
intensity of the moist envelope of ISO. In other words, the
ER wave is hypothesized here to be among the reasons for
MC damping effects on the ISO.

Here we find evidences to support the above conjecture
by observing individual ISO events, in which independent
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Fig.7 Relative contributions of MJO and ER to the ISO in eight
RMM phases. Shown are the ratio maps of composite OLR anomalies
between ER and MJO during boreal summer. The red color denotes
that ER and MJO are in opposite sign, while the blue color indicates
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the same sign shared by the two. The solid (dashed) black contour
shows OLR anomalies of ISO exceeding 3 (—3) W/m? that pass the
Student ¢ test at the 95% confidence level
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Fig.8 Same as Fig. 7, but for the boreal winter

ER wave and MJO are propagating in opposite directions
and cause destructive effects on the deep convection of ISO
over the MC. Several cases of such ISO events and their
composite are shown in Fig. 9. As seen in Fig. 9f, the total
ISO decays considerably over the MC, before which there
exists a westward-propagating dry ISO signal initiated from
the far central-eastern Pacific. This dry ISO signal is domi-
nated by the westward-propagating ER wave mode. Without
the dry intrusion of the ER wave, the MJO itself is only
weakly damped (may be due to land friction, diurnal cycle,
etc.) over the MC. How is the preceding ER wave triggered?
One answer is the MC damping itself, which naturally gen-
erates westward-propagating waves like ER waves (Zhang
and Hendon 1997). However, this may not be true here, as
the ER wave signals emerge in the hovmoller diagram dis-
tantly from the intersection points and at several days of
time lag. One may find the other eastward-propagating deep
convection of ISO before Day 0, which decays quickly upon
approaching cold waters in the central-eastern Pacific. The
aftermath is the decoupling of the Rossby wave component

from the ISO on approximately Day — 25, which is similar
to the paradigm proposed in previous studies (e.g., Wang
and Xie 1997; Komaromi et al. 2019). Under some circum-
stances (e.g., La Nifia), an exceptionally strong ER wave
could even cause a non-propagating ISO (Feng et al. 2015;
DeMott et al. 2018; Wei et al. 2023b).

An intuition is that background conditions that favor the
breakdown of an MJO event over the MC might also simul-
taneously discourage the ER wave propagation. However,
this may not necessarily hold. For example, during La Nifia
winters, the meridional distribution of the background mean
moisture over the MC becomes less steep (and thus Q is
decreased) due to a wetter than normal environment off the
equator (see Fig. 8 in Wei and Ren 2019). Consequently, it
is difficult for the MJO to cross through the southern MC,
as the eastward-propagating mechanism dominated by the
Qy-related meridional moisture advection (Kim et al. 2017)
becomes inefficient. However, as we have argued above, the
ER wave over the southern MC might become stronger with
a decreased Q, during La Nifia (see also Fig. 4g). Thus, the
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Fig.9 Time-longitude sections of OLR anomalies (W/m?2 7.5°
N-20° N averaged) for the ISO (shading), the MJO mode (black
dashed contour) and the ER wave mode (green solid contour) for
a—e five selected cases and f their composite pattern. These cases
were selected based on OLR anomalies of the ISO averaged over 10°
S-10° N, 70°-100° E lower than one negative standard deviation.

ER wave activity could correlate with the La Nifia condi-
tions known to discourage MJO propagation through the MC
(Wei and Ren 2019; Wang et al. 2019).

These results give us implications for comprehending
issues of current climate models in exaggerating the “MC
barrier effect”. Most climate models simulate a stronger ER
wave (or equivalent to a smaller East/West ratio of intrasea-
sonal timescale power variance) as compared to observations
(Kim et al. 2009; Jiang et al. 2015; Ahn et al. 2017), which
might exert a major damping effect on the ISO when cross-
ing the MC islands. This issue calls for in-depth studies in
the future.

3.3 Impacts of ER waves on the /SO Initiation

Motivated by recent studies (Feng and Li 2016; Wei et al.
2019, 2023a, b), we investigate the impacts of ER waves
on the ISO initiation from the Indian Ocean. Figures 10a—c
show the OMI evolution of selected ISO events from
Day —25 to Day 20, and Fig. 10d—f are histograms of OMI
Phases 1-8 and No-ISO case (i.e., the OMI amplitude < 1)
on Days —5 and 0 under Weak, Moderate and Strong ER
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“Lag 0” denotes the day when the deep convection of the ISO reaches
the local maximum over the Indian Ocean. Solid (dashed) contours
denote positive (negative) anomalies and start from +5 W/m?, with
an interval of 15 W/m? for panels (a—e) and 10 W/ m? for panel (f).
Note that different color ranges are used in different panels

scenarios. See “Methods” for definitions of “Day 0” and
three scenarios. As expected from the ISO selection method,
OMI is generally manifested as Phases 2 and 3 on Day 0
regardless of the initial strength of the ER wave in different
scenarios, implying that most events have developed into
a zonal dipole with enhanced convection over the Indian
Ocean and suppressed convection over the western Pacific.
However, the ISO is preceded distinctively depending on
the strength of the initial ER wave. For example, the OMI
is mostly in Phases 1-2 five days ahead of Day 0 when the
initial ER wave is weak. The OMI status of Day — 5 changes
sharply with the increase of the initial ER wave strength.
Under the Strong ER scenario, most ISOs start dramati-
cally from the No-ISO status. Thus, we conjecture that
the “primary” type of ISO events (Matthews 2008) likely
become more favorable with the strengthening of the initial
ER wave. To confirm our hypothesis, we select “succes-
sive” events when the OMI amplitude exceeds a prescribed
threshold (labeled a) in consecutive days (ff) before Day
0. The remaining cases are the primary events. Seen from
Fig. 10g—i, the ratio of primary events indeed increases
robustly from Weak to Strong ER scenarios.
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Fig. 10 The features of the ISO initiation conditioned by the strength
of the ER wave over the Indian Ocean. a The OMI trajectory of
selected ISO events from Days—20 to 25 under the Weak ER sce-
nario. Gray lines indicate individual ISO cases (Day —5 as blue dots),
while the red line is the all-case composite (Day —5 as a red dot). b,
¢ Same as (a), but for the Moderate and Strong ER scenarios, respec-
tively. See Methods for the definition of Day O and three scenarios.
(d) The histogram analysis (in %) of the OMI status for all ISO events

\Neak ERN\ode" ae ER S“o\'\g ER

\Neak ERN\Ode\'a\e ER S“'ong ER

on Day—35 (the red bar) and Day O (the black bar) under the Weak
ER scenario. e, f are the same as (d), but for the Moderate and Strong
ER scenarios, respectively. g, h The ratio of primary events as a func-
tion of the ER wave strength over the Indian Ocean at the initiation of
the ISO. The parameter a denotes the OMI amplitude threshold and
B indicates the length of time (before Day 0) during which the OMI
amplitude must remain above o for defining successive events
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It is of equal importance to examine the subsequent
ISO evolution after Day O if we include the “propagation”
as a key ingredient for defining the ISO initiation (Straub
2013). As seen from Fig. 10a—c, the OMI amplitude in
Phases 8-1 and 4-5 becomes smaller when the initial
ER wave is stronger. This implies that the propagation
of ISO convection might be weakened considerably over
the MC with the strengthening of the initial ER wave over
the Indian Ocean. Figure 11 offers the lagged composite
of OLR anomalies (10° S—10° N averaged) for the ISO
and ER wave under three scenarios, with their horizontal
maps shown in Figs. S5-6. When the initial ER is weak,
the propagation pattern of ISO displays an analog of suc-
cessive events (Matthews 2008), featuring a circumnavi-
gating mode immediately preceding the deep convection
initiated on Day O (Fig. 11a). In contrast, when the initial
ER becomes strong, no significant convection propagation
is observed over the Western Hemisphere, and the Day-0
convection is probably initiated by a local suppressed

convection over the eastern Indian Ocean (Fig. 11c), as is
typical for primary events. Moreover, due to the consider-
able damping of deep convection over the MC, the ISO
displays a “jumping-like” propagation behavior (Wang
et al. 2019), thus reflecting a novel initiation-propaga-
tion linkage for the ISO (Wei et al. 2023a). The propa-
gation pattern of ISO under the Moderate ER scenario
is in between Weak and Strong ER scenarios, showing a
primary-successive mixture event (Fig. 11b).

Also seen from hovmoller diagrams in Fig. 11c, a moist
signal of ER waves is triggered from the western Pacific
and is associated with enhanced deep convection over the
central Pacific on about Day — 20. The ER wave propagates
westward into the Indian Ocean and helps initiate the ISO
deep convection on Day 0. This paradigm is quite similar
to the new initiation mechanism of primary events docu-
mented recently (Wei et al. 2019, 2023a). Thus, we might
monitor and/or predict the ISO onset early by identifying
the precursor signals of ER waves.
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Fig. 11 The dependence of ISO initiation on the preceding ER wave
strength over the Indian Ocean. a Lagged composite of 10S—10N
averaged OLR anomalies (W/m?) of ISO (shading) and ER wave
(black contours) for ISO events under the Weak ER scenario. Solid
(dashed) contours denote positive (negative) anomalies, starting
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from+2 W/m? and with a contour interval of 5.0 W/m?. Only those
passing the Student ¢ test at the 95% confidence level are shaded. b,
¢ Same as (a), but for the Moderate and Strong ER scenarios, respec-
tively
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4 Conclusion and discussion
4.1 Concluding remarks

Recent studies have detected potential roles of ER wave
signals in the initiation and propagation of the ISO (Wei
et al. 2019, 2023a, b). We were so motivated that isolat-
ing ER and MJO components from the total ISO might
shed new light on the fundamentals of the ISO. Although
this topic is not new (RF04b), some major issues remain
elusive and are thus investigated in this study.

Distinct contributions of MJO and ER modes to the ISO
strength have been quantified, with seasonality and region-
ality emphasized. During boreal summer, the Northwest
Pacific ISO mainly owes its existence to the ER mode,
while over the Indian Ocean, the MJO mode is dominant.
During boreal winter, despite the major contribution of
the MJO mode, over where the ER wave is sufficiently
strong, the ISO shows non-canonical behaviors of non-
propagating convection and sudden initiation and termina-
tion. These generally arise from constructive or destructive
interferences of MJO and ER modes, which cause local-
ized strengthening or weakening of convective anomalies.

For the ISO interannual variability, the strength inside
is mainly controlled by the MJO. Along the edge, however,
the ER’s contribution becomes comparable to the MJO and
even dominant along the eastern edge. This suggests that
the variation of the area of ISO activity on the interan-
nual time scale is largely regulated by the ER mode. MJO
and ER modes vary synchronously on the interannual time
scale over the western-central Pacific, where ENSO serves
as an important modulating factor. The warm ENSO phase
supports the strengthening of both MJO and ER modes;
however, in the cold ENSO phase, both components are
weakened over the western-central Pacific. Over the MC,
the MJO is positively correlated with ENSO, while ER
is negatively correlated. These inverse ENSO impacts on
MIJO and ER modes are associated with the meridional
gradient of mean moisture over the MC. During La Niiia,
for example, the reduced moisture gradient over the MC
weakens the MJO but likely promote the ER activity.

MIJO and ER modes play distinct roles in shaping the
ISO structure in different seasons. For example, the north-
west-southeast tilted convection of the boreal summer ISO
is rooted in the MJO mode, which features a decreasing
phase speed away from the equator. During boreal winter,
when ISO deep convection peaks over the Indian Ocean,
the ER mode helps shape two leading suppressed convec-
tion centers over the South Pacific Convergence Zone and
the Philippine Sea. We further reveal that the MJO-ER
interference is rooted in the ER mode and most signifi-
cant along the edge of ISO envelopes. Moreover, the ER’s

contribution to the ISO depends on the ISO phases and
seasons. For example, it is strong over the Philippine Sea
in the ISO wet phase (i.e., Phase 7) during boreal summer,
while it becomes weak during boreal winter. The opposite,
however, holds in the ISO dry phase (i.e., Phase 3).

Additionally, the MJO-ER interference can be used to
explain the damping effect of MC on the ISO. Unlike the
total ISO, the MJO itself does not decay considerably over
the MC. However, a westward-propagating dry signal of the
ER wave, which can be detected early over the central-east-
ern Pacific, can intrude the MC and cause a further decay-
ing of the MJO deep convection. Zhang and Hendon (1997)
suggested that the damped ISO could naturally generate
westward-propagating waves like the ER mode. But here,
we have identified episodes in which an eastward MJO and
a westward ER are initially far away from each other, then
meet somewhere over the MC and finally cause considerably
weakened ISO convection. We argue that the background
conditions that favor breakdown of MJO may not simulta-
neously discourage the ER wave propagation. For example,
although likely blocking the MJO by flatting longitudinally
the MC ambient moisture, the La Nifia could strengthen the
ER wave activity over the MC.

Finally, we find that the initiation of the ISO deep con-
vection over the Indian Ocean is related to the strength of
the preceding ER wave signal. More specifically, a primary
event is probably expected when observing strong moist ER
wave signals over the Indian Ocean. Otherwise, the occur-
rence likelihood of a successive ISO event increases. Addi-
tionally, the ER wave-regulated initiation manner of the ISO
can predict the subsequent propagation pattern of ISO. For
example, a “jumping-like” ISO is more favorable when the
Indian Ocean is preconditioned by a strong ER wave, imply-
ing an “initiation-propagation linkage” of the ISO (Wei et al.
2023a).

4.2 Discussion

The ER wave is usually emphasized for the boreal summer
ISO but not for the boreal winter ISO. This study suggests
that the ER wave is also worthy of investigation during
boreal winter. Two important features highlighted here are
the ISO minimum over the MC and the ISO initiation from
the Indian Ocean, which are unraveled here due partly to
the impacts of the ER wave. Most state-of-the-art climate
models are still struggling to capture these two ISO features
(Jiang et al. 2015; Neena et al. 2017; Ahn et al. 2017), which
is possibly attributed to the overestimated or underestimated
ER wave variability (Kim et al. 2009). Perhaps in the next
step of work, one should include westward-propagating ER
waves in a theoretical ISO model to simulate the episodic
ISO initiation and the MC “barrier effect”. A realistic simu-
lation of the ER wave in subseasonal forecasting models
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might improve the prediction of the ISO (Komaromi et al.
2019) and thus its far-reaching impacts.

Note that the ER waves examined here (subjected to the
20-100-day bandpass filtering) are more related to the low-
frequency westward-propagating modes, while previous
studies usually extracted the ER wave as a high-frequency
(e.g., 10-30-day) mode (e.g., Yang et al. 2007a, 2007b;
Feng et al. 2015; DeMott et al. 2018). The low-frequency
ER wave might distinguish essentially from the high-fre-
quency ER wave. On the basis of Fig. 4g, for example, we
show that the low-frequency ER wave over the central-east-
ern Pacific has a significant positive correlation with the
ENSO, which is consistent with Huang and Huang (2011)
who also explored the interannual variability of ER waves
with low-frequency components included. However, in sev-
eral other studies investigating the interannual variability of
high-frequency ER waves, the ENSO’s impacts were weak
and even negatively correlated with the ER wave (e.g., Wang
and Chen 2016; Yang et al. 2016). It’s not clear what the cut-
off frequency is that distinguishes low- and high-frequency
ER waves in terms of the ENSO’s impacts. Why does the
ENSO-ER wave correlation depend on the frequency of the
ER wave? These important issues should be addressed in
future studies.

Our results represented here might prompt a better
understanding of the ISO and thus serve as benchmarks
for evaluating contemporary climate models in simulating
some salient features the ISO, such as its horizontal structure
and complex propagation patterns. Based on our results, an
alternative idea to attribute the model biases could be the
assessment of the low-frequency (i.e., 20-100-day) ER wave
and its interference effects with the MJO mode. We highlight
that a reasonable simulation of the low-frequency ER wave
should improve the representation skill of overall character-
istics of the ISO in operational subseasonal models, thereby
improving forecasting skills of extreme weather and climate
events in a global warming background.

Some caveats are finally stated here. The regression and
composite analysis methods used in this study have virtu-
ally averaged all ISO events. However, the emergence of
an anomaly in a lagged regression diagram does not neces-
sarily relate well with where the signals actually tend to
originate. The problem is that events vary in phase speed
relative to each other, so that events included in the analysis
come out of phase with each other at long distances or at
long time lags, effectively averaging each other out. The
signals emerge not necessarily where and when new events
occur, but instead where their historical phasing substan-
tially agrees with the signals of other events centered at the
base point. If the signal is statistically significant at a given
time lag and longitude, it does show that signal tends to be
present at that point relative to a signal at lag zero and the
base point, but it does not necessarily show that the signal
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originated at the point where it becomes significant. Clas-
sifying fast and slow ISO events (Wei and Ren 2019) may
be an alternative way to address this issue, which is left for
future studies.
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