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The Intra-Seasonal Oscillation of Precipitation §'30 Over the
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Abstract water isotopes-climate correlations are used to reconstruct paleoclimate from various natural
archives. Intra-seasonal oscillation is one of the major atmospheric patterns that modulate the ratio of
precipitation isotope in low latitudes, yet their spatial and temporal distribution patterns are unclear. Here we
presented a detailed analysis of how the intra-seasonal oscillations (MJO, Madden-Julian Oscillation, and
BSISO, Boreal Summer Intra-seasonal Oscillation) modulate precipitation 8'®0 and vapor 830 over the Asian
monsoon region and the equatorial region. This analysis found consistent intra-seasonal variations between
the ISO and rain 5'80. We interpret it as the ISO regulating the active and inactive convective systems on the
regional scale, leading to the intra-seasonal oscillations in precipitation §'30, with amplitudes from 4%o up
to 15%o. The MJO (BSISO) leads to eastward (northeastward) propagation of §'30 intra-seasonal oscillations
in the Asian equatorial (monsoon) region, coinciding with the spatial patterns of OLR oscillations, reflecting
the response of precipitation/vapor 830 to the oscillation of large-scale convective activity or accumulated
depletion of regional precipitation. We proved that the amplitudes of intra-seasonal variation of precipitation
880 are comparable to seasonal variations, and both of them are the main patterns for precipitation 530

in study regions. Our results are conducive to the accurate interpretation of 8'30 in climate proxies such as
precipitation, ice cores, tree cellulose, cave stalagmites, et al. on the intra-seasonal scale in this region.

Plain Language Summary Periodicity is a phenomenon in which similar characteristics or states
of things reappear steadily and continuously. The Tropical Intra-seasonal Oscillation (Andersen et al., 2004,
https://doi.org/10.1038/nature02805) is the reappearance of a large-scale envelope of more abundant convective
rain systems moving eastward in the tropical regions with a typical oscillatory period of 30-60 days. The ratios
of H,'30 and HDO vary during the cycle of continuous circulation of water in the atmosphere, and therefore
are widely used as proxies for climate records. We used the measured data of precipitation or vapor isotopes to
reveal that the propagation of ISO can be recorded by the ratio of H,'®0 covering Asian tropical and monsoon
regions. Furthermore, the increased (decreased) ISO intensity leads to the increased (decreased) amplitude of
convection intensity, which results in the increased (decreased) amplitude of the H,'80 ratio in precipitation or
vapor.

1. Introduction

Understanding the spatiotemporal patterns of stable water isotopes in precipitation and vapor is important for
the reconstruction of paleoclimate from various isotope archives, large-scale atmospheric circulation, hydro-
logical cycles, and ecology studies. Specifically, unraveling the controls on stable isotopologues of tropical
rainfall is critical for the extraction of paleoclimate information from tropical ice core (Permana et al., 2016;
Thompson et al., 2000; Vimeux et al., 2005), stalagmite (Cheng et al., 2019; Murgulet & Aharon, 2008; Sinha
et al., 2015; Tan et al., 2019; H. Zhang et al., 2018) and tree ring records (Islam et al., 2021; Liu et al., 2017;
Ramesh et al., 1989). Yet, the interpretations of these isotope signals from archives are in the argument. The
reconstruction of paleoclimate changes from Tibetan ice cores (Thompson et al., 1997) is challenged either by
the inconsistency of the isotope record (Pang et al., 2020) or by the different interpretations of climate controls
(Brown et al., 2006). Earlier studies focused on the local effects on precipitation isotopes, such as local air
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temperature and precipitation amount in the tropical and low-latitude regions (Araguas-Araguas et al., 1998;
Dansgaard, 1964). However, more recent studies have emphasized the strong signal of large regional atmospheric
circulation on precipitation isotopes (Lekshmy et al., 2014; Rahul et al., 2016; D. Wang et al., 2020), for example,
the ENSO signal in precipitation (Cai et al., 2017; Vuille & Werner, 2005; H. Yang et al., 2016), ice core record
(Shao et al., 2017; X. Yang, Yao, et al., 2018) and tree ring as well (Liu et al., 2017). The signal of atmospheric
circulation is probably holding for an even longer time scale in ice core isotope records (Porter et al., 2021).

The spatial and temporal patterns of precipitation 8'80 on seasonal and inter-annual scales covering the Asian
monsoon and tropical regions have been discussed in recent years. Seasonally, the sharp drop in precipitation
880 in the early summer in monsoonal Asia is related to the atmospheric circulation pattern with the strong
monsoon convection precipitation, the high cloud top and the low condensation temperature (Cai & Tian, 2016)
corresponding to the summer monsoon onset and northward migration of the Intertropical Convergence Zone
(ITCZ) (Cai et al., 2018; X. Yang et al., 2012). On the inter-annual scale, the precipitation d-value contains
information about the El Nifio—Southern Oscillation and the Intertropical Convergence Zone in the Asian tropical
region (He, Goodkin, Jackisch, et al., 2018), and in association with the East Asian summer and winter monsoon
intensity in the monsoon region (Kurita et al., 2015). On the large spatial scales, the positive CTP (cloud top pres-
sure) anomalies in the central Indo-Pacific within the weak Walker circulation (El Nifio) are associated with posi-
tive 8'3%0 anomalies (Cai & Tian, 2016). How the pattern of precipitation isotope is influenced by intra-seasonal
oscillations (Andersen et al., 2004) should also be addressed, as the ISO is the major pattern to modulate the
level of convective activity in the low latitude region on the intra-seasonal time scale. The underlying processes
resulting in isotopic fractionation during the aforementioned time scales are based on the Rayleigh processes
(Dansgaard, 1964) under the equilibrium and based on the kinetic fractionation from evaporation to precipitation.

The intra-seasonal oscillations (Andersen et al., 2004) have two patterns: the Madden-Julian Oscillation (MJO,
during the DJFMA) (Madden & Julian, 1972) and the Boreal Summer Intra-seasonal Oscillation (BSISO, during
the JJASO) (Kikuchi, 2021). MJO consists of large-scale coupled patterns in atmospheric circulation and deep
convection (C. Zhang, 2005), which can affect precipitation on a global scale and serve as a prominent source of
monsoon intra-seasonal fluctuations (Donald et al., 2006; C. Zhang, 2013). BSISO displays a more complicated
spatiotemporal evolution than MJO, characterized by northward propagation over the northern Indian Ocean and
western North Pacific as well as eastward propagation along the equator during boreal summer (Goswami &
Mohan, 2001; Sperber et al., 2000). The ISO also has a wide range of low-frequency and low-pressure convective
oscillations superimposed on the Intertropical Convergence Zone (ITCZ) (Jiang et al., 2020; T. Li, 2014), and has
the widest coverage and highest amplitude between Asia and Australia. Considering those features, the ISO may
exert its influence on stable isotopes in vapor or precipitation in a wide region by modulating convective activity
on the propagation path eastward and poleward.

Earlier studies have revealed that the 80 depletion in monsoon rain is related to large-scale organized convec-
tion (Lekshmy et al., 2014) and appeared to be linked with the monsoon intra-seasonal variability or oscillation
in addition to synoptic scale fluctuations (Chakraborty et al., 2016; Risi et al., 2008; Sengupta et al., 2020). It
is reported that the Indian summer monsoon rainfall §'80 of southwestern India captures not only the local or
upstream convective activities but reflects the rainfall pattern of a large domain (Lekshmy et al., 2019). The
dilution of rainfall §'®0 accompanying the increased proportion of large-scale stratiform cloud cover of the
deep convective system during the MJO onset period (Kurita et al., 2011). The isotopic variation in precipitation
and variability in monsoon conditions, associated with the presence of large convective envelopes propagating
through the north Australia on intra-seasonal or longer timescales (Zwart et al., 2016). These earlier findings
allow for a further discussion of the intra-seasonal pattern of precipitation or vapor isotopes comprehensively
over the southern Asian monsoon and equatorial regions.

This paper aims to address how the ISO is linked with the frequency and intensity of the intra-seasonal oscillation
in precipitation and vapor 8'30 across the Asian equatorial region and monsoon region, with an emphasis on
the spatial coherence and variability of the two regions. Also, we will discuss their spatial impact on the water
isotopes and the possible underlying mechanism with the MJO and BSISO propagation, together with the spatial
and intra-seasonal oscillations of outgoing longwave radiation (OLR), precipitation, vapor flux, and convective
system events. As the major 5'80 pattern of tropical regions, the reveal of §'30 intra-seasonal oscillation is one
of the research results for the Coordinated Research Project of the IAEA (International Atomic Energy Agency),
Stable Isotopes in Precipitation and Paleoclimatic Archives in Tropical Areas to Improve Regional Hydrological
and Climatic Impact Models (https://www.iaea.org/projects/crp/f31004).
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Figure 1. The geographical location of stations (marked in solid red dots). The number after the site name represents the
amplitude threshold (twice the standard deviation, 26) of the intra-seasonal oscillation of precipitation 8'80 (%o) at each site
during the study period.

2. Data and Methods
2.1. The Geographical Location

The study region includes the southern part of the Asian monsoon and the equatorial region (the Maritime
Continent) (Figure 1). The average annual precipitation is generally over 800 mm, with seasonality influenced by
the summer monsoon and ITCZ. We used the daily measured 5'80 data from 18 precipitation stations and one
near-ground vapor station (Table S1 in Supporting Information S1). Stations in the monsoon region are affected
by the BSISO, while stations in the equatorial region can be affected by both the MJO and BSISO.

2.2. Precipitation and Vapor Stable Isotope Data

In the equatorial region, we used the precipitation isotope data of Singapore, Mulu, PORT (Port site), TPR
(Tembagapura), and GRS (Grasberg). In the South Asia monsoon region, the precipitation isotope measurement
sites we used are Port Blair, Kharagpur, Barisal, Siraha, Diktel, Lukla, Nyalam, and Nuxia. In the Southeast Asia
monsoon region, the precipitation isotope data of Ho Chi Minh City and Manila are used in this paper. In the
East Asia monsoon region, we used the precipitation isotope data of Guangzhou, Nanjing, Nagoya, and the vapor
isotope date of Qianyanzhou. Except for the data periods of PORT, TPR, and GRS, which are for 2013 and 2015,
the data of other stations are for 2014.

In addition, the data from IASI (Infrared Atmospheric Sounding Interferometer) is used to provide grid data of
8D, specific humidity, and air temperature of three cloud-free layers in the troposphere with a spatial resolution
of 1° X 1° by scanning the globe twice every morning and evening starting from October 2014 (Diekmann
etal., 2021).

2.3. Meteorological Data

The interpolated outgoing longwave radiation (OLR) data with a spatial resolution of 2.5° X 2.5° are used for the
proxy index of convective intensity. The daily reanalysis climate data (¢ wind, v wind, and specific humidity) of
ERAS with a spatial resolution of 0.25° X 0.25° are used for the analysis of meteorological background field. The
phases and indexes PCx or PCy of BSISO and MJO (Wheeler & Hendon, 2004) are represented the cycle and
intensity of ISO. The EEOF coefficients (principal components, PCx or PCy) of the MJO or BSISO mode at any
given time can be obtained by projecting the intra-seasonal time-filtered OLR fields onto each mode (Kikuchi
et al., 2012). In addition, we used the typhoon track and intensity data in the northwest Pacific Ocean and precip-
itation data GPCP (1° x 1°), the latter is used to calculate the regional precipitation.
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2.4. Methods

The criteria for defining significant intra-seasonal oscillations of §'80 and OLR are determined from their respec-
tive means (u) and one standard deviation (16) (beyond the range of u + 1o) (Lekshmy et al., 2019). The PCx
or PCy index is used for judging the intensity of BSISO or MJO. We perform the student's-z test to determine
whether the two mean values of precipitation §'30 are statistically different or not under the 0.05 significance
level. The lead-lag correlation between two station 8'30 series is used to diagnose the strength of spatial and
temporal coherence quantitatively.

To analyze the periodic spectra of MJO and BSISO, we use the 10-80 days band-pass filtering function, bw_band-
pass_filter (the Butterworth bandpass filter), of NCL software (https://www.ncl.ucar.edu/Document/Functions/
Built-in/bw_bandpass_filter.shtml), to draw the spatiotemporal band-pass filtering features of the OLR anomaly
over the study region. The purpose of bandpass filtering on OLR is to highlight the OLR anomaly signals on the
intra-seasonal time scale (Sengupta et al., 2020). We used the daily wind field at 850 hPa (ERAS data) to identify
the Indian summer monsoon system. When the streamline of the wind field has a circular distribution in the Bay
of Bengal and surrounding land, we can judge the formation of a monsoon depression.

To attenuate the high-frequency fluctuations of 880 caused by synoptic-scale fluctuations and highlight the
intra-seasonal scale variations, we made a 9-day running average process for the daily §'30 data of all stations. In
this paper, the amplitude of each separate oscillation is calculated by the difference between the average values
of the two shoulders of the oscillation curve and the trough value, and the amplitude of the intra-seasonal oscil-
lations over the whole study period is defined as y + 1o.

3. Results
3.1. Influence of the MJO and BSISO on Precipitation §'80 Across the Equatorial Asian Stations

The convective systems of the ISO propagate eastward and poleward from the equatorial region both in the boreal
winter and summer seasons (T. Li, 2014). Intra-seasonal rainfall 80 variability, which is particularly large
at northern Borneo with up to 16%o, is closely associated with the MJO, the dominant mode of intra-seasonal
climatic variability in the tropics during winter, and exhibits influences of both local and regional atmospheric
fractionation processes (Moerman et al., 2013). Here we first performed an analysis of the intra-seasonal varia-
tions of precipitation 8'®0 influenced by the MJO activities at two stations located in the equatorial Asia region.

Figure 2a shows the daily (scatter) and 9-day running average (blue curve) precipitation §'80 at the two stations
(PORT and TPR) in eastern Indonesia combined with the phases and PCx index of MJO during 2013. Six distinct
intra-seasonal oscillations of precipitation §'80 are identified from the two stations (the trough of the §'%0 oscil-
lation is marked in vertical shadows). Except for the fifth oscillation at PORT, the vibrations of §'30 at all the
other five dilution processes are over one standard deviation.

The oscillation of precipitation §'80 at the two stations is roughly in phase with each other as they are close in
distance (85 km) with the same longitude but a large altitude contrast (9 m a.s.l. and 1,900 m a.s.l.). The phases
of the MJO are also presented in the picture as a comparison with the precipitation §'80 oscillations. The one
standard deviations of 8'80 in PORT and TPR are 3.2%o and 3.9%o respectively (Figure 2a), and the amplitude
of precipitation 8'#0 variations during the active phase of the MJO is from 3.8%o to 6.3%0 (PORT) and 4.7%o to
9%o (TPR) (Figure 2c) respectively.

The six precipitation §'80 oscillations correspond to the six cycles of the MJO phase (panel 1 in Figure 2a). The
low periods of 8'80 intra-seasonal oscillations appear in phases 4, 5, and 6 of the MJO, as the central convective
region moved from the Maritime Continent to the Western Pacific (Table S2 and Figure S1 in Supporting Infor-
mation S1), corresponding to the convective patterns covering the Indonesian archipelago (the trough period of
PCx of the MJO).

With the influence of the movement of the ITCZ and the fact that two stations are located in the southern equato-
rial belt, the precipitation §'80 at the two stations is roughly at higher levels (with averages of —4.8%o and —8.5%0)
without significant intra-seasonal oscillation from July to October 2013. The six significant intra-seasonal oscil-
lations appear in the lower precipitation §'%0 (with averages of —8.5%0 and —13.3%0) during the other months
of 2013 (Figure 2a), corresponding to the obvious influence of the OLR anomaly oscillation zone (Figure 2b).
Figure 2b shows the temporal variations of the band OLR anomaly between 10°S and 0°S in the equatorial region
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of Asia. The six lower precipitation §'30 events are in periods with lower OLR anomalies, the sign of strong
convective systems. This occurrence indicates the lower precipitation isotope ratios at the two equatorial stations
are associated with the propagation of the convective system belts from west to east in the intra-seasonal oscilla-
tions. We compared the amplitude of precipitation §'®0 and OLR in the six oscillation events (Figure 2c) and see
that the average local grid OLR oscillation is 40 W/m?, corresponding to the average 8'30 oscillations of 5.5%o
and 6.8%o for TPR and PORT, respectively. We noticed that the 1st and 2nd oscillation events have lower OLR
amplitude than the 3rd event, while the §'80 fluctuation in the 3rd event is larger than the former two. The likely
reason is that there exists a strong persistent convection zone (blue band in Figure 2b) in the upper stream region
of the station during the 1st and 2nd events, while the persistent negative OLR anomaly is less strong during the
3rd event.

As the seasonal north-south movement of the ITCZ can influence the intra-seasonal oscillation pattern of precip-
itation isotopes, following we will discuss the intra-seasonal oscillation of precipitation §'%0 at Mulu station on
the northern side of the equator.

There are nine complete ISO phase cycles (both BSISO and MJO modes) from 26 January 2013 to 7 February
2014 (Figure 3), accompanied by 11 oscillations of precipitation 8'%0 and eight dilution processes of precipita-
tion 8'80 exceeding one standard deviation. The 5th and 6th, 8th and 9th §'30 oscillations occurred in two longer
period cycles of ISO activity (57 and 49 days, respectively). The lower precipitation §'80 periods within the
intra-seasonal oscillation usually occur at phases 2, 3, 4, and 5 of ISO, one phase (5 days approximately) ahead
of the PORT and TPR sites (Figure 2a). All the 11 §'30 oscillation events correspond to the fluctuations of OLR
anomaly bands propagating to the Mulu site (Figure 3b).

Compared with TPR and PORT stations, the significant intra-seasonal oscillation of precipitation §'%0 to the north
of the equator is found throughout the whole year without obvious seasonal differences (Figure 3a). To quantita-
tively explore the influence of the oscillation intensity of ISO on the precipitation §'80, we made correlation scatter
graphs between 8'30 and the PCx of two ISO modes (Figure 3c). Significant positive correlations are found between
PCx of BSISO and §'%0, indicating that both the BSISO and MJO can significantly affect the intra-seasonal oscilla-
tion of precipitation isotopes (with large magnitudes from —3.9%o to —11.7%o) in that region throughout the year.

3.2. The Pattern of Precipitation and Vapor 880 Affected by the Propagation of BSISO at the Asian
Monsoon Stations

3.2.1. The Overview of Precipitation/Vapor 880 Oscillation Across the Stations

The BSISO is predominant in the JJASO, whereas the MJO is in the DJFMA, while May and November are
transitional months (Kikuchi, 2021; Kikuchi et al., 2012). Therefore, we study the intra-seasonal variation of
precipitation and vapor 8'30 as a response to BSISO propagation from May to October. Here, we include May as
the onset month of the Asian summer monsoon.

We plot the graphs showing the temporal variations of daily precipitation and vapor 8'30 at five stations in south-
ern Asia together with the cycles of BSISO as a comparison (Figure 4). The five stations have relatively scattered
spatial distribution for the purpose to show the overall characteristics of precipitation §'80 intra-seasonal oscil-
lations in the study regions. From May to October 2014, the six BSISO events were roughly in phase with the
precipitation §'30 oscillations. The slight phase difference in precipitation 8'30 is related to the locations of these
stations and the propagation of BSISO from south to north. From phases 1 to 8 of the BSISO, the central convec-
tive region propagate across the equatorial Indian Ocean, the Bay of Bengal, the Indian & Maritime continent,
the Western North Pacific, and lastly to the Eastern North Pacific Ocean (Table S2 in Supporting Information S1)
(Kikuchi et al., 2012). The convective band of the BSISO spread from the southwest to the northeast in the
Asian monsoon region (Figure S1 in Supporting Information S1). In addition, the fluctuation of the convective
band with northwest-southeast trending is presented, which respectively corresponds to the activity of monsoon
depressions (Goswami, 1987; Goswami et al., 2003), monsoon cloud clusters and tropical cyclones (Figure S2
in Supporting Information S1) from the Indian subcontinent to the northwest Pacific Ocean via Indochina Penin-
sula. The rainfall/vapor isotopes show signatures of monsoon depressions, which has been presented in previous
studies (Midhun et al., 2013, 2018). The phase of the §'%0 negative anomaly in the northern station (Qianyan-
zhou) lagged the southern station (Singapore) (Figure 4). In the fifth oscillation as shown in Figure 4a, the arrival
date and the trough value of §'0 oscillation at each station are Singapore (29 August, —11.3%0), Nyalam (11
September, —18.5%0), Guangzhou (11 September, —9.3%0), and Qianyanzhou (18 September, —17.3%0). As the
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Figure 3. The daily (scatter) 5'%0 at Mulu, Eastern Malaysia, compared with the phase and PCx cycles of Madden-Julian
Oscillation (MJO) and Boreal Summer Intra-seasonal Oscillation (BSISO) during 2013 (a), the orange envelope showing the
range of data within y + 1o (band —3.9%0——11.7%o), the top numbers 1-11, and the vertical red dashed line marking the
depleted phase of Mulu §'80. The average outgoing longwave radiation (OLR) anomaly from the equator to 10°N, processed
by band-pass filtering in 10-80 days (Hovmoller diagram) from January 2013 to February 2014 (shaded, in W/m?), the
vertical black dashed line marking the longitude of the Mulu station (b), the blue band marking numbers 1-11 with yellow
slanted dashed arrows showing the propagation of convective activities (negative OLR anomaly), matching the depleted
phase of Mulu 8'30 marked numbers. The two scatter plots show the Mulu precipitation §'80 versus PCx of MJO (during
NDIJFMAM) and PCx of BSISO (during MJJASON) (c).

convective phase of BSISO propagated from Singapore to Qianyanzhou, precipitation or vapor 8'%0 fluctuated in
phase with the oscillation of OLR, and the propagation duration was about 20 days. The BSISO exerts regulation
effect on the frequency and intensity of convective systems both in South Asia and East Asia when the convective
phase is present. Although these precipitation or vapor 8'30 between two stations (such as Nyalam and Qianyan-
zhou) are not affected by the same convective system, they are regulated by the same one BSISO cycle.

3.2.2. Precipitation/Vapor §'®0 Variation With the Propagation of the BSISO Along the Four Spatial
Transects

As the pattern of tropical ISO propagates both northward and eastward in the boreal summer in association with
OLR (S. Wang et al., 2018), here we provide an approach to diagnose how precipitation 8'30 responses to the
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Figure 4. The daily (scatter) and 9-day running average precipitation 5'30 (a) and the outgoing longwave radiation (OLR) value (b) at Singapore, Nyalam, Guangzhou,
Nagoya, and Qianyanzhou (vapor §'%0), and the phase of Boreal Summer Intra-seasonal Oscillation (BSISO) from May to October 2014. The slanted dashed lines with
arrows are low-value phases of precipitation §'80 and OLR concerning the BSISO propagation events (the red line represented the precipitation 8'30 reaching the 16
level). The short horizontal dashed lines represent the 4 + 1o level of §'%0 and OLR at each station. The lag of phase in both precipitation §'*0 and OLR reflects the
BSISO propagation from the equatorial region to the northern monsoon region.

BSISO phase change spatially and temporally by analyzing the coherent oscillations of rainfall or near-ground
vapor isotope along four profiles.

Profile 1 represents the south-north propagation of BSISO from the Bay of Bengal to the southern Tibetan
Plateau, and here we have precipitation 5'0 oscillations at four stations: Port Blair, Barisal, Nyalam, and Nuxia.

We can identify six precipitation 8'80 depletion events from those seasonal 8'0 series at the four stations (Figure 5a),
roughly coherent with the six occurrences of negative OLR anomaly bands in Figure 6a. We see a gradual propagation
of the negative OLR anomaly belt from the equatorial region to around 30°N with a lag of a couple of days, leading
to a slight mismatch in the phase change of precipitation §'80 at the four stations. The responses of the intra-seasonal
oscillation of precipitation 8'80 differ in their variation magnitude at the four stations. Nyalam and Nuxia have signif-
icant negative average precipitation 8'30 (—9.9%o and —9.3%0) compared with Barisal and Port Blair (—4.5%0 and
—3.0%0) from May to October 2014 (under the student's 7 test at 0.05 levels, Tables S3 and S4 in Supporting Infor-
mation S1). The amplitude of the precipitation §'80 oscillation at the two southern stations (Port Blair and Barisal)
is less pronounced about 5% (Figure 5a; Table S3 in Supporting Information S1). But the northern stations (Nyalam
and Nuxia) on the southern slope of the Himalaya have the higher and more pronounced precipitation 8'30 amplitude
of about 10%0. We also found a phenomenon that the two oceanic stations have the largest OLR oscillation while
having the least precipitation §'®0 fluctuations. Whereas the two plateau stations have the least OLR oscillation but
larger intra-seasonal §'%0 fluctuations. We explain this as the weak fractionation during the initial stage of Rayleigh
distillation in the moisture source region for the tropical stations, which can be supported by the higher precipitation
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8'80 at the two stations (from positive to about —8%0) and more depleted precipitation §'0 from over 0%o to as
low as —16%o at the two plateau stations. Quite a few recent works confirmed that the precipitation isotope is a
combined effect of the on-route rainout fractionation on the southern Tibetan Plateau. In particular, the strong convec-
tion precipitation in the upstream region of the southern Tibetan Plateau produced extremely depleted water isotopes
(Cai et al., 2018; Dong et al., 2016). This effect enlarges the intra-seasonal oscillation signal in the later precipitation.

Profile 2 is another south-north propagation of BSISO along the Central Indonesia Archipelago, the East Indo-
china Peninsula, and the South China Sea to South China. Here we have four stations with precipitation/vapor
8'30 data in this profile: Singapore, Ho Chi Minh City, Guangzhou, and Qianyanzhou.
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Figures 5b and 6b are the temporal variations of 8§'30 at the four stations in 2014 and the time-latitude diagram of
the OLR anomaly. Three of those stations (Singapore, Ho Chi Minh City, and Guangzhou) have a similar range of
precipitation §'80 of roughly between —2%o and —8%o. Qianyanzhou, the most northern and inland vapor station,
has depleted vapor §'80 within —12%o to —20%. We can identify six strong continuous north-south negative
OLR anomaly bands from June to September, and the amplitude of the OLR oscillation could be as high as about
70 W/m?, corresponding to the oscillations of precipitation or vapor 8'30 in the range of about 6%o.

Profile 3 is a west-to-east propagation path of the BSISO near the equatorial belt with two stations, Singapore and
Mulu. Most of the precipitation §'%0 values at the two stations are in the range from —2%o to —10%o (Figure 5c¢).
There are six low 880 bands with strong synchronization between the two stations, and the amplitude of each
oscillation is significantly consistent due to the relatively short distance (Figure 5c). Figure 6¢ shows the temporal
propagation of the filtered OLR anomaly in the latitude zone from 0° to 10°N. The six negative OLR bands at
the two stations are in strong east-west continuity and are synchronous with the six lower 830 events, as shown
in Figure 5Sc.

Figures 5c and 6¢ also show that BSISO has fluctuations in both frequency and strength in the equatorial region.
However, we also found that the larger coherent depletion of precipitation §'80 at the two stations as in events 1,
4, and 5 (Figure 5c) has no corresponding agreement in the lower OLR cells (Figure 6c).

Profile 4 is another west-east belt at 20°N-35°N in the Asian monsoon region. There are three stations along
this profile: Nyalam, Guangzhou, and Nagoya. The continuity of the negative OLR cells is interrupted by the
frequent higher OLR cells (Figure 6d), as compared with profile 3 (Figure 6¢). There are three negative OLR
cell centers roughly surrounding the meridian of the three stations (Figure 6d). The discontinuity and isolation
of the negative OLR cells probably produced poor coherence variations with the precipitation §'0 oscillations
at the three stations. The east two stations show weaker §'80 intra-seasonal oscillation even though the temporal
negative OLR vibrations are stronger.

These analyses demonstrate that the intra-seasonal oscillation of precipitation §'%0 in these regions is largely
driven by the south-north direction process of the BSISO visualized on the OLR anomaly signal in Asian monsoon
regions during boreal summer. The continued east-west distribution of the OLR anomaly is corresponding to the
intra-seasonal oscillations of precipitation 8'®0 in the equatorial region.

3.3. The Oscillation of the Specific Convective Systems and Precipitation 60 During BSISO
Propagation

Another issue is the convective activity on synoptic scales and related meteorological background conditions,
which are linked to the intra-seasonal oscillation of precipitation isotopes. These specific convective systems
include monsoon depressions, West Pacific tropical cyclones, Sumatra squalls, shear lines, the Meiyu-Baiu front,
monsoon clusters, and so on (Figure S3 in Supporting Information S1). In this section, we will discuss the rela-
tionship among the BSISO, the activities of monsoon depressions and tropical cyclones, the vapor flux in the
monsoon region, and precipitation §'30 oscillations at Nyalam and Manila. As the MD (monsoon depression) is
the major contributor to the Indian summer monsoon rainfall (Yoon & Huang, 2012), and the TC (tropical cycle)
or typhoons are the most violent convective systems affecting the northwest Pacific region. We have plotted the
movement paths of the MD and TC centers from May to October 2014 (Figure S2 in Supporting Information S1).

Figure 7a shows that the four MDs occurred intensively in July and three MDs occurred from late August to
early September, corresponding to phases 4, 5, and 6 of the BSISO. The arrival of MD results in precipitation
8180 depletion of over 10%o at Nyalam and maintains low levels during periods with frequent MDs. This result
suggests that the convective phase of the BSISO leads to an increased number of MDs, which are the main precip-
itation systems that cause the intra-seasonal oscillation of summer precipitation 8'30 in this region (Figure 7a).

There are six BSISO processes from May to October 2014 (Figure 7a). The zonal vapor flux in South Asia
(South Asia uq, Figure S5 in Supporting Information S1) showed intra-seasonal oscillations during the 2nd to
5th BSISO cycle. The Southeast Asia uq represents the zonal vapor flux from the Indian Ocean to the Western
Pacific Ocean and has a high correlation (r = 0.87) with the South Asia uq. During BSISO phases 4-7 (shaded
box in Figure 7a), the increasing South Asia uq represents the enhancement of vapor transport from Somalia to
the Asian monsoon region, resulting in the active period of the South Asian monsoon depression and the West
Pacific tropical cyclone. At the same time, the precipitation 8'80 in Nyalam and Manila decreased and remained

WANG ET AL.

11 of 20

85U8017 SUOWIWIOD BATee1D) 3|l (dde ayy Aq pausenob ae s O ‘8sN JO Sa|nJ 10y ARldiTauIjUO A1 UO (SUORIPUCD-pUe-SWB) L0 A8 1M ARe.q 1 [eulU0//SdnY) SUORIPUD pue swis | 8y} &8s *[€202/2T/90] Uo Areiqiauluo A8 1M ‘NSNISYINOA!E [BHOd Aq 698880ArEZ02/620T 0T/10p/W0d A8 M Areiq 1 puljuo'sqndnfey/sdiy Wwo.j pepeojumoq ‘2T ‘€202 ‘96686912



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2023JD038869

(a)

¢ Nyalam_5%®0

==Nyalam_05*0_9 day run

10 1

BSISO_phase
wn

= BSISO_phase
—Manila_5"0

= Monsoon Depression

—South_Asia_uq

= Northwest Pacific Typhoon

—Southeast_Asia_uq

200

150

~
S
0 7 100 <
x
S
8 =
< -5 4 r50 8
2 g
0 I
c -10 ro @
2 B
=]
2 E
s -15 A r -50 g
g . " 2
82049 . eemmmTTTT B~ emTTTTTTS -~ Lo - -100
— A7 s ol ——— (e o [ "
| — N N -, - -" - —/’
-25 s S — —= T S —— -150
2014/5/1 2014/6/1 2014/711 2014/8/1 2014/9/1 2014/10/1
(b) y = -0.0165x - 5.3982 y=-28x+828 y=0.6x-11.4
[o] . R=0.29 N =88 200 R=034N=78 120 R=0.87N=184
o3 . . ., o . T
S 3 o PRI S
o -4 g-, .&:- : % S 80
= o 100 =
< = < 40
w -8 < . C et !
o} £ L L S o
@ =] @
£ 2 . - Lo £
3 w S -40
k- . 3
-16 = T T J -100 T T T ] 80 +—T——T—T—T— 71—
-100 o 100 200 -30 20 -10 o 10 -80 -40 O 40 80 120 160200

Manila_5"0 /%o

Nyalam_5"0 /%o

South_Asia_uq

Figure 7. Daily variation of precipitation §'®0 at Nyalam and Manila, phase of BSISO, zonal vapor flux (uq) in the region of South and Southeast Asia, and the
duration of the Monsoon Depression and Northwest Pacific Typhoon (a). The marked numbers 1-6 represent the six times of the Boreal Summer Intra-seasonal
Oscillation event, and the bottom oval red dashed circles represent the active periods of monsoon low pressure and typhoon. The scatter plots between Southeast Asia
(60°E—90°E, 5°N-20°N) uq and precipitation 8'%0 of Manila, between South Asia (105°E—120°E, 10°N-20°N) uq and precipitation '30 of Nyalam, between South
Asia uq and Southeast Asia uq on the daily scale (b).

low. The precipitation §'80 in Manila and Nyalam is significantly correlated with the intensity of zonal monsoon
vapor transport. The above results indicate that BSISO, by adjusting the meteorological background conditions,
leads to the intra-seasonal oscillation of the regional convective activity and the ratio of precipitation isotopes.

4. Discussion
4.1. The Intra-Seasonal Oscillation Amplitude and Phase of Precipitation §'50

The intra-seasonal oscillation of precipitation or vapor 5'80 can be modulated by the BSISO or MJO (Figure S4
in Supporting Information S1), while the amplitude and phase of §!%0 have spatial heterogeneity.

To address this spatial difference, we made a comprehensive comparison (Figure 8a; Table S3 in Supporting Infor-
mation S1) to show the mean values () and one standard deviation (16) of precipitation 8'80 at stations in different
regions. The 1o values vary from 3.3%o to 4.2%o0 (mean amplitude of 2¢ from 6.6%o to 8.2%0) at the equatorial
station, higher than the 1o of Southeast and East Asian monsoon regions (with 2.4%¢—3.1%0). While in the South
Asian region, there is a wide range of 1o values among different stations, varying from 2.3%o to 6.3%o. To study the
linkage between the average precipitation 8'30 and the magnitude of 5'80 variations, we made a correlation analysis
between one standard deviation (16) and the mean values (1) of precipitation §'30 for all stations, and the negative
correlation (r = 0.57, n = 18, p < 0.05) is significant (Figure 8b). This indicates more depleted precipitation §'0
is accompanied by large intra-seasonal oscillation. The underlying mechanism is analogous in that the depletion
of the heavy precipitation isotope in low latitudes results from the inter-annual or seasonal variation of convective
activity (Cai & Tian, 2016; Lekshmy et al., 2014). As a result, the region with stronger convective activity (the more
depleted process of precipitation isotope) has stronger intra-seasonal oscillation of precipitation isotope as well.

The comparison of the amplitudes of the intra-seasonal and seasonal oscillations of precipitation §'30 at different
stations in different regions is shown in Figure 8c. We found that the ratios of intra-seasonal oscillation amplitude
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correlation scatter for one standard deviation and the average precipitation 8'30 at all stations (b). The series diagram of
seasonal variation, intra-seasonal variation, and the ratio between intra-seasonal variation and seasonal variation for 11
stations during 2014 (except PORT is for 2013) (c). The calculated period of intra-seasonal variation is from May to October,
while for the whole year at Singapore, Mulu, and PORT. The seasonal variation is defined as the maximum value minus the
minimum value on the monthly scale, and the intra-seasonal variation is defined as two times of one standard deviation.

to seasonal oscillation amplitude of precipitation 8'30 at these stations vary from 0.69 to 1.16, indicating the
comparable significance between the seasonal and intra-seasonal precipitation §'30 oscillation.

As precipitation itself has a strong signal of intra-seasonal oscillation, following we will discuss the relationship
between the rainfall amount along the propagation of the convective cloud bands (Sengupta et al., 2020) and the
intra-seasonal oscillation of precipitation isotopes. Here we selected nine stations to reveal the intra-seasonal
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Figure 9. The daily precipitation §'80 of Diktel, Lukla, Nyalam, and Nuxia; the 9-day running average precipitation with a lag of 5 days (area plot in dark blue); the
value after band-pass filtering of precipitation (region average value over 80°E—95°E and 17°N-27°N, red dotted box 1 in the Figure S9 in Supporting Information S1),
the periods of monsoon depression and the phase of Boreal Summer Intra-seasonal Oscillation (a), the top numbers 1-6 represent the period of abundant rainfall
corresponding to the period 1-6 in Figure 6a. The scatter plots between regional precipitation amount and §'%0 of Diktel, Lukla, Nyalam, and Nuxia on the daily scale (b).

oscillation of average precipitation in the surrounding region and its relationship with the intra-seasonal oscil-
lation of precipitation 8'%0 (Figure S9 in Supporting Information S1). The surrounding region refers to the
upstream direction of ISO propagation and climatic mean vapor transport, and the meridional distance is 10°, and
the horizontal distance is 10-20°.

The Southern Asia stations are Nyalam, Nuxia (Figure 9), Diktel, and Lukla, and the calculated region of precip-
itation is shown in region 1 (17°N-27°N, 80°E—95°E, Figure S9 in Supporting Information S1) on the south
side of the sites. We plotted the intra-seasonal oscillations of precipitation §'30 at the four stations and the 9-day
running regional average precipitation amount with a lag of 5 days and conducted correlation analysis during
2014 (Figure 9b).

The regional mean precipitation in region 1 has obvious components of intra—seasonal oscilaltions on 10-20 days
and 30-60 days, and the latter component corresponds to the BSISO. There is a significant correlation (P < 0.01)
between precipitation §'%0 and regional precipitation amount at the four stations (Figure 9b). Figure 9 indi-
cates that the BSISO produces the intra-seasonal oscillation in both precipitation amount and 8'30 by regulating
convective activities dominated by monsoon depression. The earlier study also found that the cumulative rainfall
(during the low OLR anomaly) over the BOB has a negative correlation (R = —0.71, N = 16) with precipitation
8'30 at Kharagpur (the northern shore of the Bay of Bengal) during 16 convective phases (Sengupta et al., 2020).
Here we included both the convective and the non-convective phase, and highlight that there is a solid relation-
ship of intra-seasonal oscillation pattern between precipitation amount and the 8§'%0.

We also made the correlation analysis between the regional average precipitation amount and the precipitation
8180 of the other eight stations (Figures S7-S9 in Supporting Information S1). We found that the average precip-
itation of the eight regions is also regulated by the intra-seasonal oscillation, and the precipitation §'%0 had a
significant negative correlation (P < 0.01) with regional precipitation amount (TPR, R = 0.50; Mulu, R = 0.54;
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Singapore, R = 0.45; Ho Chi Minh City, R = 0.44; Manila, R = 0.53; Guangzhou, R = 0.28; Nanjing, R = 0.41;
Nagoya, R = 0.34).

4.2. The Different Intra-Seasonal Oscillation Patterns Between Asian Equatorial and Monsoon Regions

In the equatorial region, the intra-seasonal oscillation is the main pattern of precipitation isotope variation,
and each phase cycle of the MJO or BSISO corresponds to a fluctuation of precipitation §'®0, OLR anom-
aly (Figures 2 and 3), and regional precipitation amount (Figure S6 in Supporting Information S1). Also, the
intra-seasonal precipitation 8'80 amplitude is parallel with the amplitude of the MJO or BSISO (PCx, OLR,
and the regional precipitation amount) in different seasons (Figure 3). In the northern hemisphere (Singapore
and Mulu station), the intra-seasonal oscillation of precipitation §'80 can be affected by both MJO and BSISO
modes and exists throughout the whole year with no obvious seasonal variation (Figure 3). While in the southern
hemisphere (PORT stations), the intra-seasonal oscillation of precipitation §'30 is mainly affected by MJO mode,
with weaker seasonal variation from July to October and stronger in other months (Figure 2).

The intra-seasonal oscillation of precipitation isotopes in the Asian monsoon region is much related to the seasonal
precipitation pattern. In the South Asian monsoon region, the intra-seasonal oscillation of precipitation isotopes
is highly consistent with the occurrence of the summer monsoon (June—September), and the BSISO of its influ-
ence mode is called MISO (Monsoon intra-seasonal oscillation) (Sengupta et al., 2020). While in Ho Chi Minh
City and Manila of Southeast Asia, the intra-seasonal oscillation of precipitation isotopes can be significantly
extended from June to December with the extended rainy season (Figure S7 in Supporting Information S1). In the
East Asian monsoon region (Guangzhou and Nanjing), the intra-seasonal oscillation of precipitation isotopes can
last from March to November (Figure S8 in Supporting Information S1). In Nagoya, the coastal station toward
the northwest Pacific, the intra-seasonal oscillation of precipitation isotope can extend to the whole year with
uniform seasonal precipitation (Figure S8 in Supporting Information S1).

In the Asian monsoon region, the intra-seasonal oscillation of precipitation isotopes is modulated by the BSISO
or MISO during the boreal summer (Sengupta et al., 2020). The oscillation of precipitation §'80 reflects the
synchronous oscillation of monsoon vapor transport intensity, regional convective system activity (Figure 7), and
regional precipitation amount (Figure 10), superimposed on the seasonal and inter-annual variation. In the equa-
torial region, the intra-seasonal oscillation is the main pattern for the precipitation §'80 (Figure 3). These patterns
are further superimposed on the inter-annual pattern of precipitation isotopes affected by the ENSO (Belgaman
et al., 2016; Permana et al., 2016).

The depletion of precipitation isotopes is related to the convection process in upstream along the moisture
trajectories. Therefore, we performed lag correlation analysis on precipitation §'30 between different stations
(Figure 10).

With the propagation of the MJO and BSISO, there is a lag between the timing of these intra-seasonal isotope
signals between different stations (Figure S4 in Supporting Information S1). The average number of days between
the timing of these events can be estimated by the maximum correlation coefficient in the lag correlation analysis.
These correlation analyses show that the precipitation §'80 series in Mulu is 4 days behind that in Singapore, the
precipitation 8'80 series in Nyalam is 5 days behind that in Barisal, and the §'80 series in Manila is 9 days later
that in Ho Chi Minh City. However, we found the lag correlation between precipitation §'80 series in East Asia is
poor and is not presented here. The continuity of OLR anomaly fluctuation is stronger in South Asia (Figure 6a)
and the equatorial region (Figure 6¢), but weaker in East Asia (Figure 6b), which is likely the reason for the
difference in precipitation 8'30 lag correlation between these regions.

4.3. The Intra-Seasonal Oscillation of Precipitation §'%0 Pattern and the Climate Implication

The ratio of stable isotope in modern precipitation is used for the interpretation and validation of climate and
hydrological models, and paleoclimatic archives in tropical regions. The dominant factors influencing precip-
itation 8'80 variation may vary from minutes (He, Goodkin, Kurita, et al., 2018) to inter-annual time scales
in Asia equatorial and monsoon regions (Cai & Tian, 2016; He, Goodkin, Jackisch, et al., 2018; Lekshmy
et al., 2019), making this endeavor for such a purpose in argument. The MJO plays a critical role in connect-
ing or bridging weather and climate, involved in scale interactions across a wide range of spectrum from the
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Figure 10. The scatter relation between two station precipitation 8'30 series, but with a lag of few days: Singapore and Mulu (lag 4 days) (a), Barisal and Nyalam (lag
5 days) (b), Ho Chi Minh City and Manila (lag 9 days) (c) from May to October 2014.

diurnal cycle to the inter-annual variability (C. Zhang, 2013). The intra-seasonal oscillation of precipitation/
vapor 880 plays the similarly important role in the study of 5'80 between the synoptic and the inter-seasonal
time scales as well. On the synoptic scale, the low-5'80 phase represented the positive anomaly of convective
activity during an intra-seasonal cycle (Figure 7). On the seasonal scale, the low-8'30 season corresponds to the
stronger intra-seasonal oscillation of precipitation §'%0 (Figures 2 and 9), and the amplitude between seasonal
and intra-seasonal scales is comparable (Figure 8).

In addition, as the comprehensive performance modulated by the atmospheric intra-seasonal oscillations,
the evolution of precipitation 8'%0 (Figure 3) can faithfully record the intensity and phase of atmospheric
intra-seasonal oscillations in different regions. The MJO signal has been recorded in the proxy derived from a
natural archive of giant clam shells (Yan et al., 2021). Similarly, the precipitation-related climate archives such
as soil, vegetation, ice cores, stalagmites, and other sediments have the potential to rebuild the intra-seasonal
oscillation signal superimposed on seasonal and inter-annual cycles. This is an additional index for the study
of the MJO or BSISO yet, and it is also conducive to the study of the modern process of precipitation isotopes.

The intra-seasonal oscillation patterns of stable water isotopes are recorded in the data of vapor scanned by
satellites as well. By analyzing the intra-seasonal oscillation of vapor 8D from IASI, the pattern of vapor 8D on
the global scale can be identified. The distributions of negative vapor 8D anomaly appear at 2950, 4,220, and
6,380 m a. s. 1. above the Eastern Indian Ocean and Indonesian Archipelago during the spring of 2015 with the
convective phase of MJO (Figure S10 in Supporting Information S1). The vapor 8D in the convective phase is
40%o to 90%0 lower than in the non-convective phase. The activity of MJO leads to the east-west contrast pattern
for vapor 8D between the convective active and inactive regions from the equatorial Indian Ocean to the Pacific
Ocean in our results, which is also found in the study of TES data (Hurley et al., 2019).
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5. Conclusions

In this study, we discussed the intra-seasonal oscillation pattern of precipitation or vapor 5'80 covering the Asian
monsoon and equatorial regions. We found different behavior of the intra-seasonal response in precipitation and/
or vapor 8'30 in both the lasting months and varying magnitude between the two regions.

The stations in the southern equator are mainly affected by the MJO modes, and the precipitation 5'80 has obvi-
ous intra-seasonal oscillations from December to May, and the dilution period of precipitation §'80 corresponds
to phases 4, 5, and 6 of the MJO, with average amplitude from 6.2%o to 7.8%o. The stations in the northern equa-
tor can be affected by both the MJO (DJFMA) and the BSISO (JJASO) modes, and the precipitation 5'%0 has
intra-seasonal oscillations throughout the year with average amplitude from 6.2%o to 7%o. The dilution precipita-
tion 880 periods are at phases 2, 3, 4, and 5 of the ISO.

In the Asian monsoon stations, the precipitation 8'80 has a significant intra-seasonal oscillation pattern during
the rainy season with average amplitudes ranging from 4.6%o to 12.6%o. In the convective phase of BSISO, the
region influenced by the dilution precipitation §'®0 moves northward with the northward transmission of the
convective zone. During phases 4, 5, and 6 of BSISO, more monsoon depression and tropical cyclone events
appear in the South Asia monsoon region and Southwest Pacific Ocean, respectively, with more monsoon zonal
vapor flux, leading to the dilution phase of precipitation §'30 within the intra-seasonal oscillation pattern in
Asian monsoon regions.

The intra-seasonal oscillation amplitude of precipitation 8'®0 had an obvious negative correlation with the aver-
age precipitation 530 covering the stations. This indicated that the intra-seasonal oscillation of precipitation
830 was stronger in regions with stronger convective activity. Moreover, the intra-seasonal oscillation of precip-
itation 5'%0 can correspond to the intra-seasonal oscillation of precipitation amount in the upstream region.
Except for the East Asian monsoon region, the precipitation 580 has significant lag correlation between the
stations in the direction of ISO propagation, which may be related to the propagation of continuous OLR anomaly
belt in these regions.

Data Availability Statement

The precipitation 8'80 data for Nyalam can retrieve from the Supporting Information S1 file (Table S5) of this
article. The precipitation §'®0 data for Nuxia and Guangzhou are downloaded from the National Tibetan Plateau
Data Center, China (http://data.tpdc.ac.cn/zh-hans) (X. Yang, Davis, et al., 2018). The vapor §'80 data for Qian-
yanzhou (27m AGL) is from the Stable Water Vapor Isotope Database, Yale University (https://vapor-isotope.
yale.edu). The 8'80 data for Siraha, Diktel, and Lukla from the supplementary file of Acharya et al. (2020),
(https://doi.org/10.1016/j.quaint.2020.09.052). The §'80 data for PORT (Port site), TPR (Tembagapura), and
GRS (Grasberg) are from the Byrd Polar and Climate Research Center, Ohio State University (https://byrd.
osu.edu/research/groups/ice-core-paleoclimatology/data) (Permana et al., 2016). The §'80 data for Barisal,
Port Blair, Nagoya, Mulu, Singapore, and Ho Chi Minh City are from the database of the IAEA's Coordinated
Research Project (CRP) F31004 (https://figshare.com/s/fdfabb43a844cad530a5) (Munksgaard et al., 2019). The
8'30 data of Manila, Kharagpur, and Nanjing are from the data share of earlier literature (https://nhess.coper-
nicus.org/articles/22/213/2022/nhess-22-213-2022-supplement.pdf,  https://link.springer.com/article/10.1007/
s00382-020-05344-w#additional-information, and https://data.tpdc.ac.cn/en/data/d117f51c-b47f-4bfd-9030-
0c54£15067ct/) (Jackisch et al., 2022; Y. Li et al., 2020; Sengupta et al., 2020; Xu et al., 2021). Except for the
data periods of PORT, TPR, and GRS, which are for 2013 and 2015, the data of other stations are for 2014.
The interpolated outgoing longwave radiation (OLR) data (Liebmann & Smith, 1996) are from the Physical
Sciences Laboratory of NOAA (https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html). The daily reanalysis
climate data (# wind, v wind, and specific humidity) are from ERAS (https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-pressure-levels?tab=form), with a spatial resolution of 0.25° x 0.25°. The phases and
indexes PCy or PCy of BSISO and MJO are from the International Climate Research Center (http://iprc.soest.
hawaii.edu/users/kazuyosh/Bimodal_ISO.html). The typhoon track and intensity data for the northwest Pacific
Ocean are from the website of Typhoon Online (https://www.typhoon.org.cn/). The regional precipitation data
are from the GPCP (https://www.ncei.noaa.gov/products/global-precipitation-climatology-project). The satellite
data of 8D from the global and multi-annual MUSICA IASI {H2O, 8D} pair data set (https://radar.kit.edu/radar/
en/dataset/elgWmcoTbvouxnmm.Regular%2B1%25C2%25B0x1%25C2%25B0%2Bre-gridded%2BMUSICA %-
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