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ABSTRACT

Rainfall over South China Sea (SCS)-Maritime Continent (MC) region involves
multiple-scale phenomena such as the annual cycle, monsoon variability, ENSO,
Madden-Julian Oscillation (MJO), and convectively coupled equatorial waves (CCE-
Ws). This study focuses on documenting MJO and CCEW modulation on the boreal
winter subseasonal peak precipitation, which is an event with maximum 15-day ac-
cumulated rainfall amount during November to February, summarized at 10 by 10
degrees of longitude and latitude box areas in the region. It turns out that MJO shows
strong influence on the peak event occurrence time. However, MJO has almost no
positive effect on the peak event in the near equator land area. Mixed Rossby-gravity
wave and tropical disturbance (MT) and equatorial Rossby (ER) wave show strong
positive modulation on peak rainfall mean intensity. Cases during the SCS Two Is-
land Monsoon Experiment (SCSTIMX) winters (2016/17 and 2017/18) are analyzed.
To the north of 5°N, the peak event in 2016/17 occurred concurrently with MJO
convective phase, while in 2017/18 as lack of MJO activity the occurrence time was
modulated by the ER wave. The 2016/17 peak event shows weaker mean rainfall
intensity than the 2017/18 event. To the south of 5°N, the area-mean peak event oc-
currence time was delayed in 2016/17, while the intensity was enhanced by the joint
modulation of MJO, Kelvin and ER waves. The importance of understanding the
area-mean and within-area-difference of peak rainfall events in the SCS-MC region
was discussed. The findings can be applied to assess the subseasonal predictability of
dynamical forecast models.

1. INTRODUCTION

The South China Sea (SCS) and its surrounding Mari-
time Continent (MC) is one of the wettest region in the Trop-
ics particularly during the boreal winter months. SCS-MC
covers South China Sea and Philippine Sea including Viet-
nam, Philippine, and 25000 equatorial islands extended from
Sumatra to Papua New Guinea (around 90 - 150°E) (See
YMC website http://www.jamstec.go.jp/ymc/ymc_about.
html; Ling et al. 2017). Convection in this wet and warm re-
gion can be influenced by the dynamical systems of various
scales such as the diurnal cycle (Yang and Slingo 2001; Ki-
kuchi and Wang 2008; Qian 2008), synoptic scale monsoonal
surges and vortexes (Chang et al. 2005a, b; Robertson et al.
2011; Chen et al. 2015a; Nguyen et al. 2016; Lim et al. 2017),
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intraseasonal oscillations/MJO (Peatman et al. 2014; Vincent
and Lane 2016; Hung and Sui 2018); convectively coupled
waves (Liebmann and Hendon 1990); ENSO (Haylock and
McBride 2001; McBride et al. 2003; Chang et al. 2004); and
the combined influence of multi-scale interactions (Chang et
al. 2005a, b; Tangang et al. 2008; Qian et al. 2013; Chen et
al. 2015b). On the other hand, the SCS-MC deep convection
is known to have strong influence on higher latitude Rossby
waves through the wave train emanated from the SCS-MC
and western Pacific warm pool region (see the review in Stan
et al. 2017). Due to the complex land-sea distribution and
topography, and the complicated multi-scale influential fac-
tors, current state-of-the-art global climate models and nu-
merical weather prediction models cannot reproduce many
observed features of precipitation over the MC (Kim et al.
2018). Therefore, understanding the climatology and vari-
ability of precipitation over the SCS-MC region is of great
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importance to improve weather and climate forecast in the
local area and over the world.

Taiwan joined the international effort by conducting
the South China Sea Two-Island Monsoon Experiment
(SCSTIMX) in corporation with the international project
“Years of the Maritime Continent (YMC)” (http:/www.
jamstec.go.jp/ymc/docs/YMC_SciencePlan_v2.pdf) to
study convective and large-scale dynamic processes over
the SCS-MC region. The period 2017 - 2019 was designed
as an extended observation period (EOP) with two winter-
time intensive observation periods (IOPs) in December of
2016 and 2017 at Taiping Island and Dongsha Island. Inten-
sive field observation at two islands aimed at understand-
ing convective process, diurnal cycle and the interaction of
convective and dynamical processes such as extratropical-
tropical interactions, intraseasonal oscillations (ISO), or
ISO-tropical cyclone (TC) interactions in this region (Chen
et al. 2020; Kuo et al. 2020; Lu et al. 2020; Sui et al. 2020).
This study is part of the SCSTIMX endeavour specifically
focus on documenting the modulation effects of MJO and
CCEWs on the subseasonal peak precipitation event over
the SCS-MC region. The motivation is to provide useful ob-
servational evidence that can be used to evaluate weather
and climate forecast models and improve the prediction on
sub-seasonal to seasonal time range (abbreviated as S2S).

S2S prediction aims at forecasts from about 2 weeks to
a season ahead. The forecast period shows the lowest pre-
diction skill compared with the shorter-term forecasts for
weather and longer-term forecasts for seasonal or interan-
nual climate variability, because the S2S time range is too
long for the memory of the atmosphere to influence and too
short for the boundary forcing such as SST anomalies to
be felt. The most important sources of the S2S predictabil-
ity are: the MJO, soil moisture, snow cover, stratosphere-
troposphere interaction, and ocean conditions (Vitart and
Robertson 2019). Understanding how MJO and CCEWs
modulate the major precipitation peaks will help us prepar-
ing for further research on the multiple scale interactions
and influence on the precipitation in the SCS-MC region
and improving S28S prediction.

The variability of tropical precipitation due to MJO
and CCEWs is a subject that has been fervently studied.
For example, Lubis and Jacobi (2015) applied frequency-
wavenumber analysis on precipitation data to extract the
variance of each type of the four prominent waves. In the
present study we have a different purpose from the previous
studies. We will focus on the subseasonal peak precipita-
tion event over the SCS-MC region to assess how MJO and
CCEWs make temporal and intensity influence on the peak
event. The temporal influence is identified as the proportion
of the time of the peak event during with convective phases
of the waves. The intensity influence is measured by the
ratio of mean rainfall intensity during the convective phase
in contrast to the suppressed phase. The MJO and CCEWs

are identified based on OLR data. Given the planetary-scale
structures of MJO and CCEWs, it is reasonable to identify
the waves based on OLR instead of precipitation because
the later can be influenced by more local factors such as
the land and sea contrast, orographic, and meso-scale ef-
fects (Moron et al. 2010). OLR variability reflects the co-
herent large-scale dynamic and convective patterns (Kiladis
et al. 2014). It is a good proxy of tropical deep convection.
We invented the term of the subseasonal peak precipitation
event for the objective of using it as a target that can be
evaluated in S2S prediction models (Vitart and Robertson
2019). We hope to make our findings relevant to the end
users, for whom it is more useful to know the precipitation
predictability at the interested specific locations rather than
an overall estimation of the CCEWs.

This paper is organized as follows. Section 2 intro-
duces the data and the detection methodology of MJO and
CCEWs, convective and suppressed phases, and the sub-
seasonal peak precipitation event. Section 3 presents the
precipitation climatology and the sub-seasonal peak precipi-
tation defined in this study and its importance. In section 4,
we will discuss how MJO and CCEWs modulate the peak
precipitation from the multi-year climatological perspec-
tive. In section 5, we use the SCSTIMX years to illustrate
the MJO and CCEWs modulation in individual winters and
discuss the contrast in these two years. Section 6 is a sum-
mary of findings and concluding remarks.

2.DATA AND METHODOLOGY
2.1 Data Source

In this study, the precipitation data is mainly based on
CMORPH (CPC MORPHing technique) V1.0 data from
1998 to 2018 obtained from ftp:/ftp.cpc.ncep.noaa.gov/
precip/CMORPH_V1.0/. The integration algorithm is fixed
and the input level 2 passive microwave retrievals of in-
stantaneous precipitation rates are from identical versions
throughout the entire data period. It includes the raw, satel-
lite only precipitation estimates, corrected, and gauge-satel-
lite blended precipitation products. Additionally, TRMM/
GPM era from January 1998 to the present was processed
to extend the data range (Joyce et al. 2004; Xie et al. 2017).
The deep convection location is based on the interpolated
daily outgoing longwave radiation (OLR) version 1.2 (Lee
2011) from National Oceanic and Atmospheric Administra-
tion (NOAA) Climate Data Record (CDR), which can be
downloaded from the website of NCEI (National Centers
for Environmental Information), NOAA (https://www .ncei.
noaa.gov/data/outgoing-longwave-radiation-daily/access/).
Large-scale circulation analysis is based on the ERA-Inter-
im (Berrisford et al. 2011), with horizontal resolution 0.75°
x 0.75°, from the European Centre for Medium-Range
Weather Forecasts (ECMWF) and made available from
the website of the ECMWF (https:/www.ecmwf.int/en/
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forecasts/datasets/archive-datasets/reanalysis-datasets/era-
interim).

2.2 MJO and CCEWs Identification

We follow Wheeler and Kiladis (1999) to identify MJO
and CCEWs. The first step is to remove the seasonal cycle
by subtracting from each grid point the long-term mean and
the first three harmonics of each year based on the 1979
- 2018 period. Note that different from the procedure in
Wheeler and Hendon (2004) we did not remove the ENSO
interannual variability. To retain the full signal of the waves
(Kiladis et al. 2009), the anomalies of symmetric and anti-
symmetric components of the waves are not decomposed.
Then, the Fourier transform in longitude is performed, fol-
lowed by another transform in time. Fourier coefficients out-
side the range of the filter are then set to zero and the filtered
data are obtained by performing the inverse transform. The
spectral bands used in space-time filter technique for CCE-
Ws are based on the dispersion relation Eq. (1) derived by
Matsuno (1966).

k _ _
E—2m+l,m—1,2,... (1)

-k -
where k is the wavenumber, @ is the frequency of the
waves, and m is the meridional mode index of the wave
which is considered in the equivalent depth in the program.
The wavenumber, frequency bands, and equivalent depths
for each tropical mode are presented in Table 1. Note that
the wavenumber of eastward waves such as Kelvin wave
and MJO is positive and the westward ones such as ER
wave and MRG waves/TD-type disturbance (MT waves) is
negative. The power spectrum of Kelvin waves, ER waves,
MT waves, and MJO with OLR data from 1981 to 2018 ap-
plied are found in Fig. 1. The first three waves follow the
dispersion curves described by Eq. (1), whereas for MJO
there is no suitable dispersion curves to fit. This calcula-
tion is provided by Carl Schreck, III (SUNY at Albany, see

https://ncics.org/portfolio/monitor/mjo/) and the function
can be applied to NCAR Command Language (NCL) pro-

grams (see https://www.ncl.ucar.edu/Document/Functions/
User_contributed/kf_filter.shtml).

2.3 Convective and Suppressed Phases Identification

The modulation of MJO and CCEWs on precipitation
has been studied by many scientists (Roundy and Frank 2004;
Tulich and Kiladis 2012; Yasunaga and Mapes 2012; Lubis
and Jacobi 2015). For instance, Lubis and Jacobi (2015) ana-
lyzed Tropical Rainfall Measuring Mission (TRMM) daily
data and found that variability of tropical precipitation due
to CCEWs behaves relatively variously over different sea-
sons and locations and, on average, the integrated contribu-
tion reached 16 - 20% of the intraseasonal (2.5 - 72 days)
precipitation variance in the tropics. Van der Linden et al.
(2016) analyzed the daily rainfall based on an extensive sta-
tion database and the gridded Asian Precipitation-Highly
Resolved Observational Data Integration Toward Evaluation
of Water Resources (APHRODITE) product (Yatagai et al.
2012) over southern Vietnam during the rainy season (May
to October). They found that the frequency of occurrence of
intense daily rainfall larger than 25 mm was significantly en-
hanced during wet phases, whereas the magnitude of rainfall
anomalies was related to the wave’s amplitude only in the
MJO and ER cases. In addition to the contribution of each
wave to the precipitation, they also found that the waves
can modulate tropospheric moisture convergence over the
region. The influence on the depth of the monsoon flow and
the vertical wind shear is also important for MJO. Schlueter
et al. (2019) analyzed the CCEWs modulation on northern
Africa using TRMM and the Climate Hazards Group Infra-
Red Precipitation with Station (CHIRPS) V.2 dataset (Funk
et al. 2015) and found that the modulation varies from less
than 2 to above 7 mm d' depending on the wave type. Based
on the aforementioned studies and the references therein, in
this study we use the rank order of the wave-filtered OLR
to flag the dates of the study period (1998 - 2015) as a day
of the “convective”, “no signal”, and “suppressed” phases
of MJO and individual CCEWs. The convective status of
each wave is determined according to the threshold values
of the wave-filtered OLR. The threshold values are defined

Table 1. The range of planetary zonal wavenumber, period (days) and equivalent depth (m) chosen for filtering MJO, CCEWs, and
corresponding thresholds to distinguish convectively active and suppressed phase (filtered OLR, W m). “N/A” means the region
of filtering does not follow the dispersion curve. The wavenumber-frequency ranges for MJO, Kelvin wave, ER wave are based on
Wheeler and Kiladis (1999), and MT wave is based on Frank and Roundy (2006).

Planetary zonal Equivalent Wave activity thresholds for filtered OLR
Tropical modes Period
wave-number depth Convectively active Suppressed
MJO 1to5 30 to 96 N/A -8.84 8.69
Kelvin wave 1to 14 9.7 to 48 8 t0 90 -7.44 7.37
Equatorial Rossby wave -10to -1 2.51t0 30 8 to 90 -7.48 7.33
MRG wave/TD-type disturbunce -14t00 2.5t0 10 N/A =197 795
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Fig. 1. The wavenumber (k)-frequency (w) spectra of OLR data from
1981 to 2018 between 15°S and 15°N, without symmetric partition.
The thick polygons indicate domains for the filtered MJO, Kelvin
waves, ER waves, and MRG waves/TD-type disturbances.

by the first (g,s) and third (g;5) quartiles of the filtered daily
OLR anomalies collected during the boreal winter half year
(November to April) from 1998 to 2015 of all grid points in
the SCS-MC region bounded by the longitudes of 105 and
135°E and latitudes of 15°S and 15°N. When the filtered
OLR anomaly is lower than ¢,s the day is categorized to the
convective phase, while if it is higher than g;5 the day is cat-
egorized to the suppressed phase, otherwise the day is cat-
egorized as no signal. The thresholds for each type of waves
are summarized in Table 1.

2.4 Sub-Seasonal Peak Precipitation Identification

This study aims to provide useful observational evi-
dence to support S2S prediction. A new term ‘“sub-seasonal
peak precipitation event” (for brevity, it is also called “peak
precipitation” in this paper) is introduced as a focus of the
analysis. The peak precipitation is defined as a period of
successive three pentads during which the accumulated
rainfall amount reaches the maximum compared with all
cases of the running 15-day (3-pentad) accumulated rainfall
within November to February. Note that the four months
of November to February is the wettest four months during
the entire boreal winter half year for SCS-MC characterized
by the precipitation annual cycle in this region. A focus of
this study is to investigate how MJO and CCEWs modulate
the interannual variability of the occurrence time and mean
precipitation intensity of the peak precipitation.

3. CLIMATOLOGICAL FEATURES OF THE
PRECIPITATION

3.1 Evolution of the Tropical Precipitation Density
During the Boreal Winter

The precipitation over the land bridge between Asia and
Australia is characterized by its clear seasonal migration dur-
ing the boreal winter months. In order to see the geographi-
cal features of the movement of the major precipitation cen-
ters, we plot the climatological monthly precipitation density
calculated as the ratio of the precipitation at each grid point
with respective to the total precipitation summed over the
entire tropical belt between 20°N and 20°S in Fig. 2. The
major precipitation areas highlighted in Fig. 2 are the areas
with higher proportion of the contribution to the total pre-
cipitation over the entire tropical belt. If we focus on the land
bridge between Asia and Australia and the marginal seas, we
can see the high precipitation density area moves from the
eastern equatorial Indian Ocean eastward to South Pacific
Convergence Zone (SPCZ) during the period from Novem-
ber to February. In November the areas of high precipita-
tion density appear over the eastern equatorial Indian Ocean,
southwest Borneo, and Papua New Guinea. In December,
the precipitation center over eastern equatorial Indian Ocean
becomes more concentrated alone the equator and extended
eastward to the Java Sea and South China Sea. It is evident
in Fig. 2b that the SCS-MC region is the most prominent
precipitation region. Another outstanding region is the Inter-
tropical Convergence Zone (ITCZ) over the tropical Pacific.
The main precipitation region shifts eastward from the SCS
to South Pacific during the four months from November to
February. In March and April, in contrast to the high precipi-
tation density in the Amazon Basin, the SCS-MC region is
relatively dry. The precipitation density over SPCZ is also
weakened, as a contrast to the enhanced precipitation density
from February to April over the western Pacific warm pool
region (0 - 10°N, 150 - 170°E). Over north Australia and
the marginal seas between Australia and Indonesian islands,
such as the eastern Indian Ocean, the Timor Sea, the Arafura
Sea, and the Carol Sea, the months with the highest precipi-
tation density appear in January to March.

The temporal and spatial characteristics of the pre-
cipitation seasonal cycle associated with the low-level mon-
soonal flow over the land bridge between Asia and Australia
and the marginal seas are illustrated in the 20-year (1998 -
2017) climatology based on the ERA-Interim wind data and
CMORPH precipitation (Fig. 3). The cyclonic flow formed
by the northeasterly winds associated with the East Asian
winter monsoon deflected by weakened Coriolis force when
it flows southward, with the confluence of southerlies from
Southern Hemisphere can be seen during the winter half year.
However, with winter monsoon becoming weaker in March
and April, the precipitation weakens as well in these two
months. The topographic effect on winter monsoon (Chang
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Fig. 2. The climatological monthly precipitation density calculated as the ratio of the precipitation at each grid point with respective to the sum over
the entire tropical belt (20°S - 20°N) in (a) November, (b) December, (c) January, (d) February, (e) March, and (f) April. The data is CMORPH
v1.0, 1998 - 2018.
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et al. 2005a, b) that leads to the enhanced precipitation over
eastern coast of Philippine, Vietnam, Malay Peninsula, and
western Sumatra can be identified in Figs. 3a and b. Also
note that the most intense rainfall over SCS occurs in De-
cember, which is associated with Borneo vortex, occurring
as the monsoon meets the equatorial westerlies over western
MC so that the distribution of wind field leads to a quasi-
stationary low-level cyclonic circulation over northwest
Borneo (Johnson and Houze 1987). Associated with the on-
set of Australian monsoon (Hung and Yanai 2004) the west-
erly component of the low-level winds over the equatorial
eastern Indian Ocean becomes intensified from December to
January which pushes the inter-hemisphere confluence zone
from eastern Indian Ocean to the western South Pacific.

3.2 SCS-MC Sub-Seasonal Peak Precipitation in Boreal
Winter

As mentioned in section 2.4 this study aims to docu-
ment how waves modulate the timing and precipitation
intensity of the peak precipitation in the SCS-MC region,
where the total precipitation amount during the boreal win-
ter half year on average account for about 40 - 70% of the
annual total rainfall. Due to the complicated geographical
inhomogeneity of the precipitation distribution, we separate
the SCS-MC region to box areas indicated in Fig. 4. Box-a
covers Taiwan, the Luzon Strait, and the northeastern SCS.
Box-b and Box-c cover the central SCS, Box-d covers the
east coast of the Philippines and the western Philippine Sea,
and Box-e covers the southern SCS and western Borneo.
Dongsha Island is located in Box-a and Taiping Island is in
Box-b. Both Box-d and Box-e include the areas with very
high percentage (> 40%) of the annual total precipitation
in boreal winter, especially the eastern Philippine, Sumatra,
and Borneo. Winter precipitation plays a significant role in
annual rainfall over SCS-MC region.

Figure 5 shows the annual cycle of the precipitation
pentad climatology (1998 - 2018) in five box areas. Box-a
shows two peaks of which the first peak occurs around the
32" Pentad (5 - 9 June) and the second peak occurs around
the 43 to 48™ (1 - 28 August) corresponding to the peaks
of Mei-Yu and typhoons in Taiwan and surrounding area.
Box-b and Box-c show weaker Mei-Yu peak compared with
Box-a, but a long tail lasting until late December after the ty-
phoon peak. Box-d shows in addition to the peaks in summer
there is a precipitation peak in January. Box-e shows mini-
mum precipitation during the typhoon season but maximum
precipitation in late December and early January. Consistent
with what we saw in Fig. 2 that for the box areas of a - d the
major wet period during the winter half year is November to
February. The SCS-MC region becomes relatively dry af-
ter February because the tropical precipitation center shifted
from the Indian Ocean and MC to the SPCZ and the Amazon
Basin. The favorable month for the peak precipitation can

be clearly seen in the monthly fraction of the winter pre-
cipitation totals (Fig. 6). Figure 6 shows that over the SCS
the peak precipitation occurred in November and December,
while the January precipitation over the western Philippine
Sea, the Celebes Sea, the Sulu Sea and the eastern SCS in
general accounts for about 20% of the winter totals.

Figure 7 shows the mean occurrence time of the mid-
pentad of sub-seasonal peak precipitation event (see section
2.4 for definition) and its standard deviation. The south-
west-northeast oriented belt region extended from Sumatra
through central SCS to the western North Pacific to the east
of Taiwan, mainly corresponding to the box areas of a - c,
shows the peak precipitation in Vietnam occurs in Novem-
ber, which is earlier than the rest areas of the region. The
standard deviation of the occurrence time over eastern coast
of Vietnam and the SCS is very small. It suggests that over
this area we should expect a drying tendency since January.
On the other hand, the standard deviation of the peak pre-
cipitation occurrence time in Box-d and Box-e is relatively
large and lags Box-b for about one month. It is consistent
with Fig. 5 that the peak precipitation in Box-d and Box-e
occurs in late December and early January, respectively.

The importance of predicting the peak precipitation
occurrence time and intensity accurately can be understood
when seeing the percentage of the 15-day accumulated rain-
fall amount relative to the four-month totals of November
to February (Fig. 8). For Box-b and Box-c the percentage is
larger than 50%. The significance of the peak precipitation
is outstanding over northeastern SCS, in particular, to the
west of Luzon island.

4.MJO AND CCEWS’ MODULATION ON SCS-MC
PRECIPITATION

To assess how much the MJO and CCEWs can modu-
late the precipitation in SCS-MC region, we calculate the
average difference of the precipitation rate between the
“convective” and “suppressed” phases by dividing the sums
of precipitation totals during the “convective” and “sup-
pressed” phases by the total days of these two phases, re-
spectively. The 850-hPa wind anomalies are also processed
following the same rules. The phase identification procedure
is described in section 2.3. Precipitation and wind are re-
gridded to the same grid format as the OLR data for analysis
convenience. The investigation period is four months from
November to February. Days with more than one type of
waves are excluded. It should be noted that the days with
more than one type of waves mostly (> 50%) observed over
the belt of 5 - 15°N. results shown in Figs. 9a - d suggest that
the composite precipitation patterns in both the suppressed
and convective phases for all MJO and CCEWs bear a simi-
larity in their geographic characteristics. The geographic
similarity between different waves in both convective and
suppressed phases suggests that the wave enhancement is
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strongly modulated by the climatological preference. In other
words, the modulation is strong in the places with more sea-
sonal rainfall (Fig. 3). However, in the convective and sup-
pressed difference diagrams (Fig. 9, left column), where the
precipitation amplitude is represented in terms of the times
of the standard deviation of the monthly precipitation in 20
years (1998 - 2017) and the wind vectors are the difference
of the 850-hPa wind anomalies between convective and sup-
pressed phases, a striking land and ocean contrast emerges in
the diagrams of MJO and ER waves. The difference over the
Philippine Sea and western Pacific is in general larger than
that over the land areas. Over the Indonesia islands, Borneo,
and New Guinea, we see negative contribution of the active
phases of MJO and ER (Figs. 9a, c).

Winter relative to annual.

25N
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5N

The precipitation rate in convective days is particularly
large over eastern coast of Philippine and northwestern Bor-
neo with the strongest modulation effect by the MT waves.
Over northwest Borneo the Kelvin and MT wave modula-
tion is stronger than other two types of CCEW. However,
the wind contrast between the convective and suppressed
phases in the deep tropics south of 15°N is small in the MT
wave modulation (Fig. 9d-3) compared with other types.
The ER wave modulation (Fig. 9c-3) suggests an enhance-
ment of the low-level convergence outside of the deep trop-
ics, north of 15°N, that weakens the northerly monsoonal
flow over the SCS. The Kelvin wave modulation (Fig. 9b-3)
shows strongest effect on the anomalous cyclonic circula-
tion over the southern part of the SCS. Similar anomalous
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Fig. 4. The proportion of boreal winter half-year (NDJFMA) rainfall amount to the annual totals. Five boxes a - e are defined as the focus for this
study: Box-a covers Taiwan, the Luzon Strait, and the northeastern SCS. Box-b and Box-c cover the central SCS, Box-d covers the east coast and
the western Philippine Sea, and Box-e covers the southern SCS and western Borneo. Dongsha Island (triangle) is located in Box-a and Taiping
Island (star) is located in Box-b.
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Fig. 6. The proportion of the monthly rainfall amount in (a) November, (b) December, (c) January, (d) February to the winter half-year (NDJFMA)
totals. Dongsha (triangle) is located in Box-a and Taiping Island (star) is located in Box-b. Dongsha (triangle) and the star marks are the locations
of Dongsha and Taiping islands respectively where the SCSTIMX experiments launched.
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Fig. 7. (a) Climatological (1998 - 2017) mean occurrence time of the mid-pentad of sub-seasonal peak precipitation event and (b) its standard devia-
tion (unit: pentad). The triangle and the star marks are the locations of Dongsha and Taiping islands respectively where the SCSTIMX experiments
launched.
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Fig. 8. Cumulative rainfall amount during sub-seasonal peak precipitation event relative to November to February four-month totals. The triangle
and the star marks are the locations of Dongsha and Taiping islands respectively where the SCSTIMX experiments lunched.
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Fig. 9. Mean precipitation rate (unit: mm day') and anomalous 850-hPa wind (unit: m s™') for (a) MJO, (b) Kelvin waves, (c) ER waves, (d) MRG
waves/TD-type disturbance in suppressed and convective phases and their difference. Left column (a-1) to (d-1): daily averaged precipitation and
composited 850-hPa wind anomaly for suppressed phase of the waves (days were chosen according to filtered OLR at each grid); middle column
(a-2) to (d-2): for convective phase; right column (a-3) to (d-3): the precipitation amplitude in each grid expressed as times of the standard deviation
computed using the monthly precipitation of ND(-1)JF(0), 1999 - 2018, and mean difference of 850-hPa wind anomalies between convective and
suppressed phases of the waves.



186 Tsai et al.

cyclonic circulation can be identified also in the MJO mod-
ulation diagram (Fig. 9a-3) but the center is located near
central Philippines at 13°N and 119°E. The MJO modula-
tion shows stronger influence on the equatorward low-level
winds in particular over the western rim of the Pacific and
the Philippine Sea. The low-level westerlies over the equa-
torial region (5°S - 5°N) is enhanced during the MJO con-
vective phase. The result suggests that a substantial portion
of the days identified as the convective phase of the MJO
over the SCS-MC region belong to Phases 5 and 6 of the
MIJO (see Fig. 6 in Woolnough 2019) identified using the
RMM index (Wheeler and Hendon 2004). In summary, we
interpret the result as CCEWs have small influence on the
variability of daily rainfall totals in SCS-MC region. Pre-
cipitation rate along eastern coast of Philippine, Borneo,
Sumatra, and New Guinea remains larger than other loca-
tion in the region, regardless of the wave type. The wave
enhancement is more clear in the places with abundant sea-
sonal rainfall where the rainfall is strongly influenced by
wind-terrain interaction as discussed, for example, in Chang
et al. (2005b).

After seeing the overall modulation of MJO and CCE-
Ws, we will evaluate the relationship with the sub-seasonal
peak precipitation event (section 2.4). We checked how
the waves modulated the occurrence time of the peak pre-
cipitation but did not find significant influence (figures not
shown). Then we checked the proportion of the days with
convective phase of the waves during the peak events, in
contrast to the days not counted as convective, and named
the proportion as the temporal modulation of the waves.
Since the total number of days of the sub-seasonal peak
precipitation event is fixed as 15 days, the temporal modu-
lation can be measured by the count of days where MJO
or CCEWs are in convective phase (Fig. 10). Figure 10a
shows that over the ocean more than 30% of the days of the
peak precipitation belongs to the convective phase of MJO.
ER (Fig. 10c) shows similar number of convective days
as the MJO, while MRG/TD (Fig. 10d) and Kelvin waves
(Fig. 10b) show relatively less days of convective phases.
Both ER and MRG/TD influence shows a clear contrast pat-
tern between the equator and off-equator belts, while the
Kelvin shows a maximum zonal pattern near the equator.
The contrast between different waves is consistent with
their dynamic structure in theory (Matsuno 1966) and ob-
servation (Kiladis et al. 2009). The sharp contrast between
ocean and land areas of MJO influence (Fig. 10a) is striking.
MIJO shows large modulation on the peak precipitation over
ocean than over land.

Next, we assess the MJO and CCEW modulation on
rainfall intensity by computing the relative mean precipi-
tation intensity in the days of convective phases versus
the days of non-convective phases of the waves (Fig. 11).
We see clear contrast between MJO and other waves.
Figures 11b - d show clear enhancement of mean precipita-

tion intensity at the convective phases of the CCEWs during
the peak precipitation event, while Fig. 11a shows almost
no enhancement at the convective phases of the MJO. The
result suggests that peak rainfall events tend to occur when
the MJO’s convective phase is not over the SCS-MC. It
seems imply that MJO modulation is less effective than the
local modulation on rainfall intensity. This subject is cur-
rently under investigation and the result will be published
in a separate paper.

5. CASE STUDIES OF THE SCSTIMX WINTERS

In this section we will demonstrate how the analysis
can be applied to monitor the MJO and CCEWs modula-
tion on the SCS-MC precipitation by showing the cases of
two SCSTIMX winters, namely, the 2016/17 and 2017/18
winters. We first compared the annual cycle and the timing
and intensity of the sub-seasonal peak precipitation events
during the SCSTIMX winters with the 20-year climatol-
ogy over the five box areas (Fig. 12). On average the blue
(2016/17) and red (2017/18) lines are above the dark-grey
(20-year mean) line, which means that these two years are
wetter than the climatology. This is consistent with what
one expects for the precipitation anomalies over SCS-MC
region during a La Nifia phase. According to the Nifio indi-
ces published at the website of NOAA/Climate Prediction

Center  (https://origin.cpc.ncep.noaa.gov/products/analy-

sis_monitoring/ensostuff/ONI_v5 .php) the periods of JAS
2016-NDJ 2017 and SON 2017-FMA 2018 are the ENSO

cold episode based on the value of Nifio3.4 index. However,
we notice that the wet anomaly is less clear in Box-e. Also,
the precipitation fluctuation in Box-e (Fig. 12e) has higher
frequency than other sub-areas. This is consistent with the
earlier discussion (Fig. 9) that over the equatorial Indonesia
islands the active phases of MJO and ER do not enhance
precipitation over the islands.

The focus period of the present study, which is from
Pentad 62 (2 - 6 November) to Pentad 13 (25 February to
1 March), is marked by the light-grey box in Fig. 12. It is
evident that a large portion of the seasonal precipitation is
contributed by few large episodes. The peak events at each
box area are marked by the filled circles with dotted lines
attached. Here the filled circles indicate the medians and the
dotted lines the inter-quartile range of the occurrence time
of the peak events determined at each grid point of the 0.25°
x 0.25° of the longitude and latitude grids within the sub-ar-
eas of Boxes a - e. The distance between the median pentads
of the peak events in two winters and climatology are clos-
est in Box-b and Box-c, where the three medians are located
within three pentads (Pentad 67 - 70, 27 November to 16
December). The interannual difference is largest at Box-d
where 2017/18 is earlier than normal and 2016/17 is slightly
later than normal. The distance between the 2016/17 and
2017/18 medians is seven pentads. The inter-grid difference
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Fig. 12. Climatological (1998 - 2017, dark-grey), 2016/17 (blue), and 2017/18 (red) precipitation (unit: mm day') annual cycle in 3-pentad running
mean for the Box-a to Box-e defined in Fig. 4. The boreal winter period of this study (NDJF) is marked by the light-grey boxes. The occurrence time
of the sub-seasonal peak rainfall event is identified at each grid point. The median determined by the occurrence time of all grid points within a Box
is marked by the filled circle attached with the dotted line showing the inter-quartile range.

within the Box area, represented by the inter-quartile range,
is largest in Box-e during the 2016/17 winter. Due to the
large inter-grid difference, the 2016/17 sub-area mean rain-
fall peak in Box-e occurred much later than the climatol-
ogy. Nevertheless, it is evident that the peak event is indeed
the most important sub-seasonal rainfall episode during the
boreal winter season. For Box-a to Box-c (Figs. 12a - ¢),
the timings of the peak events in the two winters are very
close to the climatological mean, while Box-d and Box-e
(Figs. 12d - e) reveals larger variance. The phenomenon
is consistent with standard deviation of the occurrence of
peak rainfall events in climatological analysis illustrated in
Fig. 7. Figure 12 implies that the peak rainfall occurrence
time in winters 2016/17 and 2017/18 over Box-b and Box-c
are locked to the seasonal cycle with enhancement in am-
plitude by the modulation of the subseaonal peak event. For
Box-b the 2016/17 peak is more intense than the 2017/18

(Fig. 12b), for Box-c the 2016/17 peak is weaker than the
2017/18 (Fig. 12c¢). The Box-d peaks (Fig. 12d) in both
winters are more intense than the climatological mean. The
occurrence time of Box-e peak (Fig. 12e) in 2016/17 was
delayed for about 10 pentads compared with the climato-
logical mean, although the occurrence time of the grid point
peaks matches very well with the climatological mean. We
will return to the discussion on interannual difference in
later part of the paper.

We already see it in Fig. 12 that the occurrence time
and the intensity are modulated by the subseasonal variabil-
ity. The MJO and CCEW influence on the peak events in
2016/2017 and 2017/2018 winters can be further illustrated
using the temporal modulation maps of two winters (Fig. 13).
The temporal modulation is measured by counting the num-
ber of days among the 15 days of the peak event of which the
individual type of disturbances is in the convective phase.
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Fig. 13. The number of days with the convective phase of (a) MJO, (b) Kelvin wave, (c) ER wave, and (d) MRG/TD-type disturbance during the
15-day sub-seasonal peak precipitation event in the 2016/17 winter, and (e) - (h) for the sub-seasonal peak precipitation event in the 2017/18 winter.
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Figures 13a and ¢ show the MJO influence in 2016/17 is par-
ticularly strong for Boxes b - ¢ and the ER influence is strong
for Boxes c - d. Figures 13e and g show in 2017/18 the MJO
influence is strong for Box-e and the ER influence is strong
in Boxes ¢ - d. The temporal modulation of MJO is quite
different between these two year. In winter 2016/17, the area
of influence is mainly located at SCS, while the main area
of influence in winter 2017/18 is at equatorial MC. SCS is
almost away from MJO during the peak precipitation period
in winter 2017. The contrast may be due to strong northerly
wind over the SCS in winter 2017/18 (figure not shown).
Besides, the Kelvin and MRG/TD influences in 2016/17 is
stronger than in 2017/18, and their contributions are compa-
rable to the climatological mean (Figs. 10b, d). Kelvin waves
mainly influence equatorial MC during the peak precipitation
event (Figs. 13b, f) and ER and MT (Figs. 13b - d and f - h)
influence off-equatorial regions including SCS and Philip-
pine (Boxes ¢ - d, Figs. 13c, d, g, h). The temporal character-
istics is also similar to the climatological mean.

The influence of MJO and CCEWs in individual years
on the peak events can be clearly seen in the Hovmoller
diagrams of daily precipitation in Fig. 14. The dates in the
Hovmoller diagrams are determined on the basis of the me-
dian and inter-quartile range of the occurrence time of the
peak events. The Pentad O in each diagram corresponds to
the lower quartile of the occurrence time of the peak event
at all grid points within each box area of which the longitude
boundaries are marked by the light grey lines. The MJO and
CCEWs identified based on the procedure described in sec-
tion 2.2 are indicated in the black (MJO), blue (Kelvin),
red (ER), and purple (MRG/TD) with the convective phase
in dashed and suppressed phase in solid contours. Over-
all, we see much busier wave activity in 2016/17 than in
2017/18, while the precipitation intensity in 2017/18 winter
is stronger. Box-a (Fig. 14a), which covers Taiwan, is in
the subtropical region that shows less influence of the tropi-
cal waves compared with other box areas. The peak events
in 2016/17 winter are influenced by MRG/TD (Pentad -1
~ 0 in Fig. 14a, corresponding to 22 November to 1 De-
cember) and Kelvin waves (Pentad 2 in Fig. 14a, 2 - 6 De-
cember). The Box-a peak events in 2017/18 are weak and
show little influence by the waves. The ER modulation can
be identified at Pentad 0 (7 - 11 November) in Fig. 14b.
The MRG/TD and Kelvin waves modulation despite their
weakness can be identified at Pentad 1 and 6, respectively.
Figures 14c, e, d, and f present a very interesting contrast
between Box-b and Box-c areas during these two winters.
Figures 14c and d show precipitation in the Box-b area
peak events are more clearly influenced by the eastward
propagating waves such as MJO and Kelvin waves than the
westward moving waves, although the waves are weak in
2017/18 winter. In contrast to Box-b, peak events in Box-
¢ are more clearly influenced by westward propagating
waves. Comparing Figs. 14d and f we find that the eastward

moving disturbances (no specific type of waves was identi-
fied) that induced the peak events in Box-b also triggered
some rain in Box-c during the Pentad O - 1 (17 - 26 Decem-
ber) (Fig. 14f) but much weaker than the rain induced by
the westward moving disturbances and ER waves during the
Pentad 1 - 4 (22 December to 10 January). It is even more
evident in Figs. 14g and h that the westward moving distur-
bances or waves showed strong influence on the precipita-
tion in Box-d area. On the other hand, Figs. 14i and j show
for Box-e both eastward and westward propagating distur-
bances/waves can modulate strong rainfall in this area. The
above results show large geographic difference in the mod-
ulation of peak precipitation events by MJO and CCEWs
waves. As it was mentioned before that the area-mean Box-
e peak in 2016/17 was delayed for about 10 pentads than the
climatological mean, although the grid point peaks occurred
within the time period very close to the climatological men.
Figure 14i shows the scattered occurrence of precipitation
events during the entire period of the figure, which is quite
a contrast to Fig. 15 which shows the features of area-mean
Box-e peak that occurred around the 10th to the 12th Pen-
tad in 2017. Figure 15 shows that the late occurrence of the
area-mean peak precipitation over Box-e was resulted from
strong Kelvin and ER modulation. For the first area-mean
peak event that occurred during Pentad 6 (26 - 30 January)
in 2017 a Kelvin wave moved from the Indian Ocean east-
ward to Box-e area and brought significant amount of rain-
fall over the entire region. For the second area-mean peak
event that occurred during Pentad 10 (15 - 19 February)
in 2017 a westward moving ER wave brought significant
amount of rainfall over the region that overwhelmed the
suppressed phase of the MJO. The ER wave merged with
the Kelvin wave over western Indian Ocean and resulted in
large rainfall event that persisted from three pentads. The
rainfall spatial patterns within Box-e area during these two
peak periods are similar, while the first peak saw active pre-
cipitation over the equatorial belt from 10°S to 5°N but the
second peak saw active precipitation over 5 - 10°N over the
Philippine Sea. The large area precipitation is clearly asso-
ciated with the CCEWs.

6. SUMMARY AND CONCLUDING REMARKS

We have shown that the precipitation over the SCS-
MC region during the wet period (November to February)
of the boreal winter half year has distinct temporal and re-
gional characteristics associated with the seasonal cycle. A
new term “‘sub-seasonal peak precipitation event” is intro-
duced in this study in order to focus the analysis on provid-
ing useful observational evidence to assist S2S prediction.
Using the cases in the SCSTIMX winters we have demon-
strated that the peak precipitation events at each grid as well
as computed as an area-mean can be influenced different-
ly by MJO and CCEWs. Although MJO and CCEWs can
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Fig. 15. (a) Similar to Fig. 14 but for the period from 1 January to 16 March in 2017. Two peaks of the area mean precipitation shown in Fig. 12e
(blue line) are marked on the right boundary. The geographical distribution of the precipitation and CCEWs averaged over the time are presented in
(b) for the first peak (26 - 30 January 2017) and (c) for the second peak (15 - 19 February 2017).
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influence the timing and intensity of the peak precipitation,
the seasonal cycle and topography effects are important to
the local peak event. Also, large geographical difference
within the SCS-MC region is observed. The precipitation
intensity during the 2017/18 peak event on average is stron-
ger than normal, especially over central SCS (Boxes b - d),
the Philippines and the western Philippine Sea areas, which
is resulted from the strong modulation of the ER wave. The
peak precipitation over Box-e (western Borneo and the
SCS between Sumatra and Borneo) in 2016/17 winter was
modulated by MJO and three types of CCEWs, while the
winter maximum of the summed precipitation over entire
Box-e area was delayed for three weeks compared with the
climatology. Convection over Box-e was enhanced by Kel-
vin waves (Fig. 14i). However, the area-mean rainfall peak
was delayed until a large area of the convection is enhanced
by the Kelvin and ER waves (Fig. 15). Our findings in this
study suggests the importance of understanding the MJO
and CCEW modulation on the SCS-MC precipitation to im-
prove S2S prediction in the region.

It is worth noting that the mean precipitation intensity
averaged over the days with convective CCEWs is stron-
ger than the intensity without the modulation. Therefore,
even for short-range weather forecast, accurately predict the
waves is important for precipitation prediction.

The dynamic process associated with CCEWs and its
influence on precipitation has been studied by many authors.
Roundy and Frank (2004) analysed OLR and precipitable
water (PW) data and found that the CCEW modes control
much of the variance of tropical convection, suppressing or
enhancing regional convection. Precipitable water associ-
ated with ER, MRG, and TD-type waves or disturbances
also produce meridional advection across regions of strong
PW gradients. Tulich and Kiladis (2012) used a WRF model
and satellite rainfall data to study the coupling process of
convection and inertio-gravity-wave and documented its
importance in the context of mesoscale squall lines. Yasu-
naga and Mapes (2012) explored the modulations of con-
vective versus stratiform rain, rain system size, and column
water vapor by CCEWs based on multiyear satellite data.
They found Kelvin and inertia-gravity waves have strong
influence on mesoscale convection systems (MCSs) ac-
companied with stratiform rain, while the more rotational
ER, MRG, and TD-type waves or disturbances show strong
modulation on scattered convection. MJOs have the unique
characteristics of both rotational and divergent component,
which modulate stratiform rainfall and smaller-sized pre-
cipitation features, convective rainfall. From column water
vapor composites, they also found that the more rotational
wave types modulate the moisture field more than do the
more divergent waves.

Other than the dynamic processes, the diurnal cycle
and waves interaction is also a crucial influential factor on
precipitation. Most studies examine the modulation of di-

urnal cycle by MJO. The mean diurnal amplitude of land
precipitation is enhanced ahead of the MJO convection
envelope, while the precipitation over the coastal ocean is
largely suppressed (e.g., Peatman et al. 2014; Hung and Sui
2018). Chen et al. (2019) analysed the convectively active
Kelvin waves during December 2016 and revealed that the
diurnal cycle hotspots over the land were modulated de-
pending on the background wind and terrain effects, and the
enhanced coastal convection organizations were found in
specific coastal areas. It is beyond the scope of the current
study to carry out detailed analysis or simulation of the dy-
namic process associated with CCEWs and its influence on
precipitation variability. More research is needed in this di-
rection for improving our understanding on S2S prediction
model capability and predictability. The analysis procedure
presented in this paper can be used in real-time precipita-
tion, MJO and CCEWs monitoring and S2S model predic-
tion verification over the SCS-MC region.
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