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Abstract: The influence of the Madden-Julian oscillation (MJO) on precipitation over the Tibetan
Plateau (TP) during boreal summer is investigated using observational and reanalysis data during
1980-2020. The results show that summer precipitation over most areas of the eastern TP increases
(decreases) in MJO Phases 1-2 (5-6), especially when the eastward-propagating MJO active convection
is located over the Indian Ocean (Western Pacific) in Phase 2 (6). The most significant negative
precipitation anomalies in Phase 4 (8) are located over the southern (northeastern) TP. Moreover, MJO
has a relatively weakened effect on the TP summer precipitation in Phases 3 and 7 when its convection
migrates to the eastern Indian Ocean and the western—central Pacific, respectively. The MJO-phase
dependence of the TP summer precipitation anomalies is closely associated with the anomalous
atmospheric circulation and evolution of the horizontal moisture flux convergence directly induced
by MJO. When the MJO convection centers are located over the western Indian Ocean and the Pacific,
high-level anticyclonic and low-level cyclonic anomalous circulations over the TP are excited. In
contrast, when MJO locates over the Indian Ocean and the Maritime Continent, its diabatic heating
can inspire high-level cyclonic and low-level anticyclonic circulation anomalies over the TP. The
vertical motions and moisture transport from the Bay of Bengal caused by the MJO-excited large-scale
circulation can modulate the TP summer precipitation. This study advances the understanding of the
TP intraseasonal variability.

Keywords: MJO; Tibetan Plateau; summer precipitation; influence; teleconnection

1. Introduction

The Madden-Julian oscillation (MJO) is the dominant mode of tropical atmospheric
intraseasonal (20-100-day) variability [1-3]. It is a planetary-scale circulation—convection-
coupled system existing in the troposphere, moving eastward, slowly, with a phase speed
of approximately 5 m s~! [4-11]. MJO plays an important role in modulating global
weather and climate [12-14], such as typhoons [15], extreme precipitation [16-19], and
the South China Sea summer monsoon onset [20], and has a close association with the El
Nino-Southern oscillation (ENSO) [21-24].

Previous studies demonstrated that the intraseasonal variation in precipitation in differ-
ent regions of Asia is closely associated with MJO [16,25-29]. For example, Xavier et al. [16]
suggested that convectively active (suppressed) MJO phases increase (decrease) the
probability of extreme rainfall events over Southeast Asia in November-March.
Muhammad et al. [25] indicated that the horizontal moisture flux convergence induced
by MJO leads to an increased (decreased) probability of extreme precipitation events in
Indonesia. Zhang et al. [26] revealed that when the MJO deep convection is located over
the Indian Ocean, the Rossby waves forced by MJO can propagate through the westerly
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waveguide to the southeastern China, causing higher-than-normal summer precipitation;
when MJO is over the western Pacific, the northward shift of meridional circulation with
anomalous descents to the north will weaken precipitation in situ. Jia et al. [27] reported
that MJO can significantly influence the precipitation in South China during boreal winter.
More specifically, in the subtropical region, MJO may influence the northward water vapor
transport from the Bay of Bengal and South China Sea by modulating the south trough and
the western Pacific subtropical high, while the far-reaching impacts of MJO on the middle—
high latitudes come into being through exciting the tropical-extratropical teleconnections.
Previous studies found that subseasonal precipitation variations over the southwestern
China including the Tibetan Plateau (TP) may also be associated with MJO that regulates
moist air source from the Bay of Bengal [28].

The TP is well known as the third pole of the world and the Asian water tower, and
its precipitation plays a key role in energetic and hydrological cycles over Asia [30,31].
TP precipitation has profound seasonal and regional variations [32], and as previous
studies have demonstrated, it is not only influenced by the intense thermal heating and
topography of the TP but also by the large-scale circulation of the Asian monsoon and
westerly jet [33-36]. Particularly, large-scale climate modes, such as ENSO, can influence
the spatial distributions of precipitation over the TP [37-39].

However, the variations in the TP precipitation on the intraseasonal time scale and
their possible associations with MJO have received less attention. Among a few previous
works that mentioned the MJO-TP precipitation relation, Li et al. [40] suggested that the
day-to-day variations in boreal winter TP precipitation show some MJO phase-dependent
characterizations. They found that the TP rains more frequently than normal in MJO Phases
8-1, while in Phases 4-5, less-than-normal rainfall might be expected. Zhao et al. [41]
showed that MJO can significantly influence the TP low vortex during boreal summer
by adjusting mid-latitude atmospheric circulations, which are important in affecting TP
summer precipitation. Ren and Shen [42] also mentioned that MJO may have some potential
impacts on the TP precipitation.

Despite these previous studies, we note that the possible relation of the TP precipitation
with MJO during boreal summer and the underlying mechanisms are still elusive. In this
regard, we put forward the major scientific question to be addressed in this paper: To what
extent and how the TP summer precipitation can be influenced by MJO? Following previous
studies [26-28], we diagnose the atmospheric circulation and moisture transport processes
in different MJO phases to understand the underlying mechanisms of MJO influencing the
TP summer precipitation. The results will be reported in Section 3 after the introduction of
data and methods in Section 2. We summarize and discuss our main results in Section 4.

2. Data and Methods

Daily precipitation observed from more than 2400 stations in China for the period
of 1980-2020 was used in this study. This data product was provided by the National
Meteorological Information Center of China Meteorological Administration and has been
subjected to quality control to ensure accuracy. We select 91 stations over the TP for our
study. Besides the station products, we also used daily gridded precipitation on a °
grid during 1980-2020 from the China regional grid observation dataset CN05.1. Daily
outgoing longwave radiation (OLR) with a horizontal resolution of 2.5° x 2.5° during
1980-2020 from the National Oceanic and Atmospheric Administration was used as a proxy
of convective activity in the tropics and subtropics [43]. The fifth generation of ECMWF
reanalysis (ERAS) data [44] was used to describe the large-scale circulation characteristics,
including zonal and meridional winds (1 and v) and specific humidity (g), with a horizontal
resolution of 1.5° x 1.5° and 37 pressure levels covering the period of 1980-2020. The
original hourly data were further averaged to create the daily mean datasets.

The daily real-time multivariate MJO (RMM) index [45] from the Australian Bureau of
Meteorology (http:/ /www.bom.gov.au/climate/mjo/, accessed on 9 January 2022) was
employed to describe the MJO characteristics and has been widely employed in opera-
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tional predictions and scientific research [19,46—49]. The RMM index has two components
(i.e., RMM1 and RMM2) that are derived by the multivariate empirical orthogonal function
analysis of equatorially (15° S-15° N) averaged OLR and zonal winds at 850 and 200 hPa.
Based on the RMM indices, one can divide the MJO life cycle into eight phases, which
indicate that the MJO convective center propagates eastward along the equator from the
Western Hemisphere and Africa (Phases 8, 1) to the Indian Ocean (IO; Phases 2, 3), the Mar-
itime Continent (MC; Phases 4, 5) and the Western Pacific (WP; Phases 6, 7). A strong MJO
is identified when the RMM amplitude (VRMM12 + RMM22) exceeds unit one. Otherwise,
it is a weak MJO.

The daily anomalies of each field during 1980-2020 were obtained by removing the
climatological annual cycle and its first four harmonics. We analyzed the boreal summer
season from June to August (JJA) when the convective center of MJO shifts northward
and likely affects the TP precipitation more than in other seasons. Phase composite tech-
niques [50,51] were used here to represent the MJO phase-dependent evolution of large-
scale convection and circulation. Two-tailed Student’s t-test at the 95% confidence level
was adopted to evaluate the significance of composite results by comparing against the
climatological mean.

In addition, we used the RMM indices to perform a bilinear regression analysis
to analyze the contribution of MJO to the TP summer precipitation. Let y be the raw
precipitation anomalies and § be the regressed precipitation anomalies against the RMM
indices. Then, we derive the complex correlation coefficient (R) between # and y as follows:

R— Yie1(yi— 2?) (#; —9) 2 )
VI~ 9 B 0 9)
where ¥ is the time mean of y and i denotes the time (in days).

The variance contribution rate (Rat) is used to measure the contribution of MJO to
the TP precipitation:

Rat = R? 2)

Based on Equations (1) and (2), we could quantify the MJO/RMM contribution to the
TP summer precipitation. The significance of R is assessed based on Student’s t-test.

3. Results
3.1. The Importance of MJO Influence on the TP Summer Precipitation

Before exploring the influence of MJO on TP precipitation during boreal summer, it is
necessary to examine the climatological features of precipitation over the TP. In Figure 1a,
we show the monthly variation in climatological precipitation over the TP for the period of
1980-2020. As we can see, the TP precipitation has obvious seasonal variation, among which
the boreal summer season (JJA) has the most rainfall—much more than November-March.
At the same time, it can be seen from the spatial distribution of climatological summer
precipitation that the TP summer precipitation has distinct spatial variation (Figure 1b).
The precipitation increases from west to east and from north to south, with the maximum
rainfall occurring over the southeast corner of the TP, and this may be closely related to
topographic effects.

To track the signal of the eastward-propagating MJO convection, we give the composite
patterns of OLR anomalies for each MJO phase during boreal summer in Figure 2. The
location of the MJO convection center shown here is quite consistent with our traditional
understanding, which is explained in Section 2, and we will not repeat it. Note that the MJO
convection in summer has a significant northward shift in addition to the basic eastward
transmission characteristics.
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Figure 1. (a) Monthly variation in total rainfall and (b) spatial pattern of climatological summer (JJA)
precipitation over TP during 1980-2020.
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Figure 2. Composite patterns of OLR anomalies (shading) (W m~2) in MJO Phases 1-8 (a-h). The
dots indicate that the values are statistically significant at the 95% confidence level. The thick black
curves illustrate TP.

Considering that the northward shift of MJO convection in summer likely affects the
TP precipitation, we analyzed the percentage of the total precipitation during the MJO
days relative to the summer means (Figure 3). Table 1 shows the case numbers of MJO
phases in JJA. In general, the percentage can reach 70% over the TP. In Phases 1-2, the
distribution of percentage is more uniform over the eastern TP, ranging from 90% to 120%.
In Phase 3, the percentage over the eastern part decreases, while the west is larger. In
Phase 4, the percentage is higher over the northeastern TP and lower over the western and
southern parts. The distribution of Phases 5-8 is basically opposite to that of Phases 1-4.
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The percentage in Phases 5-6 over the eastern TP is between 80% and 110%, about 10%
lower than in Phases 1-2.
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Figure 3. The percentage of total precipitation during the MJO days relative to the summer means in
M]JO Phases 1-8 (a-h) over TP during 1980-2020.

Table 1. The case numbers of MJO phases in JJA.

Phase 1

Phase 2

Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8

496

371

180 190 242 275 179 182

As a result, we can obtain an idea that the influence of MJO on TP precipitation
is extremely important and sensitive to seasonal evolution. In the following, we try to
understand the influence of MJO on the TP precipitation during boreal summer and its
potential mechanism.

3.2. Potential Impacts of MJO on the TP Summer Precipitation

First, we address how much the TP summer precipitation variability can be attributed
to MJO/RMM. Using the station precipitation observations, we derive the spatial distribu-
tion of R in Figure 4. It can be found that there is a certain linear relationship between MJO
and the TP summer precipitation. The correlation coefficients can reach 0.14 over the TP
except for the northeastern area. However, the impact of MJO on the summer precipitation
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over the TP is extremely inhomogeneous, which is relatively stronger over the southeastern
TP, showing significant correlations and the variance contribution rate are above 0.2 and
4% respectively. The result is consistent with the study of Ren and Shen [42].

45°N

40°N

35°N

30°N

65°E  70°E  75°E 80°E 85°E 90°E 95°E 100°E 105°E

0.12 0.14 0.16 0.18 0.20 0.22

Figure 4. MJO/RMM contribution to the total precipitation variability over TP during boreal summer
of 1980-2020. The color circles show the R values derived based on Equation (1). The blue triangles
indicate significant R values at the 95% confidence level based on the Student’s t-test.

To investigate the responses of the TP precipitation to the eastward-propagating MJO
convection, we firstly examine the TP summer precipitation patterns affected by MJO in
different phases in Figures 5 and 6. Here, we use the results of gridded data to compare
with the observational precipitation distribution and give the significance test. In general,
there is more precipitation over the eastern TP but less over the western TP during Phases
1-2. The maximum of positive anomalous precipitation is located over the southern TP. The
precipitation pattern in Phase 3 shows negative and positive anomalies over the eastern
and western TP, respectively. In Phase 4, positive precipitation anomalies can be observed
over the northeastern TP while negative anomalies can be observed in other regions. The
distributions of precipitation anomalies in Phases 5-8 exhibit nearly the opposite pattern to
those in Phases 1-4.

The above analyses suggest that the summer precipitation over most of the eastern TP
increases (decreases) in MJO Phases 1-2 (5-6), especially when MJO propagates to IO and
WP in Phases 2 and 6. The influence of MJO on the TP summer precipitation weakens when
its convection center migrates to the eastern IO in Phase 3 and the western—central Pacific
in Phase 7. As the MJO convection moves into MC in Phase 4 and the central Pacific in
Phase 8, the summer precipitation over the western and eastern TP is abnormally deficient,
respectively. The response of the TP summer precipitation to MJO is inhomogeneous,
possibly due to the strong topographic effects of the TP. MJO impacts over the eastern TP
are greater than that over the west and the most prominent over the south part and eastern
edge of the TP. Meanwhile, the weak influence of MJO on the western TP may be due to
the lack of observational stations.

To further understand the relationship between the MJO activity and TP summer pre-
cipitation, we diagnose spatial distribution characteristics of the corresponding convection
over the TP (Figure 2). In Phase 1, when MJO convective heating appears in Africa and
the western IO, the east of the TP is dominated by enhanced convection and the west by
suppressed convection. As the diabatic heating of MJO travels eastward into the IO, the
negative OLR anomalies tend to be the strongest in Phase 2, and meanwhile, the positive
OLR anomalies shrink and weaken. The variation in OLR anomalies is consistent with
that of the precipitation anomalies in Figures 5 and 6. In Phase 3, the eastern TP shows
suppressed convection, while enhanced convection can be observed over the western TP.
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In Phase 4, the whole TP is mainly occupied by suppressed convection, with its center
located in the south of the TP. The anomalous convection patterns in Phases 5-8 are nearly
contrary to those in Phases 1-4. On the basis of the above analyses, it can be found that the
enhanced convective activities are consistent with the positive precipitation anomalies and

vice versa.
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Figure 5. Composites of the station (dots) precipitation anomalies (mm/day) in MJO Phases 1-8 (a-h)
over TP in boreal summer during 1980-2020.
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Figure 6. Composites of CN05.1-gridded precipitation anomalies (mm) in MJO Phases 1-8 (a-h) over
TP in boreal summer during 1980-2020. Dots indicate values are statistically significant at the 95%
confidence level.

3.3. Mechanism of MJO Influencing the TP Summer Precipitation

To investigate the mechanisms by which MJO affects the spatiotemporal distributions
of the TP summer precipitation, we firstly examine the evolution of large-scale atmospheric
circulation anomalies excited by MJO and their links to the summer precipitation over the
TP. Figures 7 and 8 present the patterns of the 200 and 500 hPa circulation anomalies for
each phase of MJO during summer, representing the upper- and lower-level troposphere
over the TP, respectively. Clearly, upper-level anomalous anticyclonic circulation over the
TP is directly associated with the diabatic heating of enhanced MJO convection over the
tropical western 10 in Phase 1 (Figure 7a), where the southwesterly on the west flank of the
anticyclone diverges from the tropics to the eastern TP. Meanwhile, there are anomalous
cyclones and convergence on the lower level, which increases the heating pump effect
and induces the anomalous ascending motion and enhanced convection over the eastern
TP. Influenced jointly by southwestern warm and humid air, as well as northeastern
cold air, there would be more precipitation over the eastern TP, whereas the western TP
receives less precipitation due to the northerly wind anomalies. As the MJO-enhanced
convection moves northeastward and further strengthens (Figure 2b), the MJO-related
anomalous circulation and ascending motion reach their peaks in Phase 2, corresponding
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to the maximum of positive precipitation anomalies. The circulation pattern, as initiated
from MJO convective heating, is characterized by anomalous cyclone and convergence at
the upper level when it continues eastward to the central IO. The lower-level anomalous
anticyclone and divergence, corresponding to the descending motion over the eastern TP
in Phase 3, is unfavorable for precipitation and, thus, causes negative TP precipitation
anomalies there. The opposite conditions appear over the western TP. In Phase 4, the
teleconnection atmospheric circulation extends to the western TP, with its center over the
south. At the same time, note that the northeastern TP is influenced by southerlies due to
the obstruction of MC, which can transport the warm and wet flow from the low-latitude
ocean northward into this region, contributing to more precipitation.
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Figure 7. Composite patterns of the 200 hPa divergence (shading; 10~® s~1) and horizontal wind
(vectors; m/s) anomalies in MJO Phases 1-8 (a-h). The dots indicate that values are statistically
significant at the 95% confidence level. The notations with C and A indicate anomalous cyclone and
anticyclone, respectively.

From Phases 5 to 6, the anomalous circulation moves eastward and strengthens, follow-
ing the MJO convection leaving the IO and entering the MC and the WP. Correspondingly,
the decrease in precipitation tends to reach its maxima over the eastern TP in Phase 6.
When MJO is located over the WP (Phase 7), suppressed convection dominates in the IO.
Diabatic heating over the Pacific can force anomalous anticyclone and divergence in the
upper troposphere and anomalous cyclone and convergence on the lower level over the
northern TP, forming the ascending motion and developed convection, and is conducive
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to precipitation. On the contrary, the opposite anomalous circulation and precipitation in
the southern TP are due to diabatic cooling over the IO. In Phase 8, with the decaying of
M]JO-enhanced convection, the response of atmospheric circulation over the TP gradually
weakens, which becomes complicated by the control of anomalous anticyclone on both
upper and lower levels. However, the still-evident high-level convergence and low-level
divergence cause the descending motion and, thus, deficient precipitation over TP.
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Figure 8. Composite patterns of the 500 hPa divergence (shading; 107® s~1) and horizontal wind
(vectors; m/s) anomalies in MJO Phases 1-8 (a-h). The dots indicate that values are statistically
significant at the 95% confidence level. The notations with C and A indicate anomalous cyclone and
anticyclone, respectively.
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On the basis of these analyses, we find the upper- and lower-level anomalous cir-
culations directly excited by the MJO convection are tightly coupled and exhibit a quasi-
baroclinic structure in the troposphere over the TP. The anomalous ascending (descending)
motion caused by such a configuration is in good agreement with the enhanced (sup-
pressed) convection and positive (negative) precipitation anomalies. In general, when MJO
is located over the western IO and the Pacific, its convective heating inspires an anomalous
anticyclone in the upper troposphere and an anomalous cyclone at the lower level over
the TP, and the convection anomalies over the IO and the MC tend to excite the opposite
anomalous circulation patterns.

In addition to strong upward motion, abundant moisture is another necessary condi-
tion for the development of precipitation. The convergence of moisture will result in more
precipitation over the TP as usual. To explore the role of water vapor in MJO impacting
the TP summer precipitation, we will examine the evolution of moisture associated with
MJO using the patterns of 500 hPa horizontal moisture flux and its divergence anomalies
(Figure 9). Moreover, the composites of 850 hPa moisture anomalies in MJO Phases 1-2
and 4-5 are shown in Figure 10 to illustrate the source of moisture over the TP. During
Phases 1-2, strong moisture divergence can be observed in the Bay of Bengal and the Indian
peninsula, the anomalous water vapor from the Bay of Bengal transports northwestward
and reaches the Indian Peninsula and is then carried by the southwesterly anomalous
water vapor flux to the southern TP (Figure 10a,b). As a result, the enhanced moisture
converges in this region and forms a moisture channel (Figure 9a,b). Abundant moisture
and the ascending motion caused by the MJO-excited circulation contribute to the enhanced
convection and increased precipitation anomalies over the eastern TP. In the following two
phases, abnormal northeasterlies in the east of the anticyclone block the transport of water
vapor, and the moisture over the TP spreads southward, forming the divergence of water
vapor and is unfavorable for precipitation over the TP. Meanwhile, it should be noted that
the abnormal southerlies can carry moisture from the tropical ocean to the northeastern TP
in Phase 4, causing more precipitation over this region.

When the MJO convection migrates to the MC in Phase 5, the water vapor from the
Bay of Bengal will also be transported into the Indochina Peninsula and then to the TP
along with the southeasterlies (Figure 10d). The features in Phase 6 are opposite to those
in Phase 2. It can be clearly seen that a part of the anomalous water vapor over the TP is
transported northward into the northern TP, and another part is transported southward and
accumulates with moisture from the Bay of Bengal at the southern edge of the TP, resulting
in moisture diverging over the central TP and converging over the northern and southern TP.
In Phase 7, under the influence of southerlies at the southeastern part of the cyclone, water
vapor gathered over the southern TP was transported northward, forming the opposite
pattern of anomalous moisture and precipitation over the southern and northern TP. At
the demise of the MJO convection, the abnormal northeasterlies in Phase 8 cut off the
northward moisture transport, and the water vapor over the northern TP was transported
into the southwest, resulting in decreased precipitation over the northeastern and increased
precipitation over the southwestern TP. The above analyses indicate that the evolution
of water vapor transport coming from the Bay of Bengal plays an essential role in MJO
influencing the TP summer precipitation.
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Figure 9. Composite patterns of the 500 hPa anomalous horizontal moisture fluxes (vectors;
kg m~ ! s72) and their divergence (shading; 10~10 kg m~2 s72) in MJO Phases 1-8 (a=h). The dots
indicate values that are statistically significant at the 95% confidence level. The thick black curves
show the Tibetan Plateau.
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Figure 10. Composite patterns of the 850 hPa anomalous horizontal moisture fluxes (vectors;
kg m~!s72) and their divergence (shading; 1077 kg m~2 s72) in MJO Phases (a,b) 1-2 and (c,d)
4-5. The dots indicate that values are statistically significant at the 95% confidence level. The thick
black curves show the Tibetan Plateau.

4. Summary and Discussions

In this study, we examined the influence of MJO on TP precipitation during boreal sum-
mer based on observational data from 91 stations and reanalysis products. We found that
MJO has a considerable impact on the summer precipitation over the TP. The distribution
of the TP summer precipitation undergoes significant variations as the convective center of
MJO propagates eastward from the tropical IO to the WP. There is increased (decreased)
precipitation over most areas of the eastern TP in MJO Phases 1-2 (5-6), especially when
the MJO-enhanced convection is located over the IO and the WP (Phases 2 and 6). Phases
4 and 8 have the most dominant negative precipitation anomalies over the southern and
northeastern TP, respectively. However, the response of the TP summer precipitation to
the MJO convection becomes weaker in Phases 3 and 7, when the eastward-propagating
MJO-enhanced convection is located over the eastern IO and the western—central Pacific.
Meanwhile, the enhanced convection in each MJO phase is highly in conjunction with
the positive precipitation anomalies, and the suppressed convection is consistent with the
negative precipitation anomalies over the TP.

We further investigated the mechanism of MJO impacting the TP summer precipi-
tation. The diabatic heating of MJO-enhanced convection over the western 10 and the
Pacific directly excites the high-level anomalous anticyclone and low-level anomalous
cyclone over the TP, while the convection over the 10 and the MC forces the opposite
circulation anomalies. The coupling of the upper- and lower-level anomalous divergence
and circulations exhibits a quasi-baroclinic structure in the troposphere over the TP, which
can induce the vertical motions and convergence of the horizontal moisture fluxes orig-
inating from the Bay of Bengal associated with the TP precipitation. The moisture flux
convergence (divergence) combined with the ascending (descending) motion induced by
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the MJO convection contributes to the increased (decreased) precipitation anomalies over
the TP.

This study advances our understanding of the relationship between MJO and the TP
summer precipitation on the intraseasonal time scale and suggests the mechanism of such
an MJO influence. Our results indicate that MJO provides the predictability source for the
summer precipitation over the TP, and we might refer to the locations of the eastward-
propagating MJO convection to predict the possible contemporaneous distribution of the
TP summer precipitation. However, numerical experiments are needed to prove this
hypothesis. We note that the impacts of MJO on the summer precipitation are largely
inhomogeneous over the TP. However, the original cause of this phenomenon is not clear.
Consequently, related works in the future should be conducted to investigate this scientific
question, which is important for better understanding the influences of MJO on weather and
climate over the TP. Because convectively coupled equatorial waves (CCEWs), equatorial
waves and background mean flow, such as ENSO and TP uplift can affect the propagation
and intensity of the MJO convection [52-54], it is interesting to unravel the potential role
of these factors in MJO influence on TP precipitation. In addition, because precipitation
over the TP can also be affected by other factors, a more in-depth study is necessary in
future work.
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