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Abstract: Based on the China Meteorological Administration (CMA) best-track data, the ERA5
reanalysis, and the Global Precipitation Measurement (GPM) precipitation data, this paper analyzes
the reasons for the heavy rainfall event of Super Typhoon Rammasun in 2014, and the results are as
follows: (1) Rammasun was blocked by the western Pacific subtropical high (WPSH), the continental
high, and the mid-latitude westerly trough. Such a stable circulation pattern maintained the vortex
circulation of Rammasun. (2) During the period of landfall, the southwest summer monsoon surge
was reinforced due to the dramatic increase of the zonal wind and the cross-equatorial flow near
108° E. The results of the dynamic monsoon surge index (DMSI) and boundary water vapor budget
(BWVB) show that the monsoon surge kept providing abundant water vapor for Rammasun, which
led to the enhanced rainfall. (3) The East Asian monsoon manifested an obvious low-frequency
oscillation with a main period of 20-40 days in the summer of 2014, which propagated northward
significantly. When the low-frequency oscillation reached the extremely active phase, the monsoon
surge hit the maximum and influenced the circulation of Rammasun. Meanwhile, the convergence
and water vapor flux associated with the low-frequency oscillation significantly contributed to the
heavy rainfall.

Keywords: landfalling typhoon; monsoon surge; enhanced rainfall

1. Introduction

A tropical cyclone (TC, known as a typhoon over the western North Pacific) is one
of the most important synoptic systems of tropical and subtropical ocean and land. Since
1949, an average of more than seven typhoons have made landfall in China every year,
which can produce serious loss of life and property. Many extreme rainfall records of China
are connected with typhoon activities [1]. The landfall of Typhoon Nina (1975) caused
24 h accumulated precipitation of more than 1000 mm in Henan Province [2], which is still
the maximum 24 h rainfall record in mainland China. Although Typhoon Morakot (2009)
did not break the 24 h rainfall record on Taiwan Island, it still produced precipitation of
2855 mm in the whole process and caused great damage there [3].

The rainstorm of a typhoon is affected by complex processes including multiscale
systems. The East Asian summer monsoon (EASM) season is concurrent with the active
typhoon season, and the EASM is a major factor of typhoon precipitation. Typhoons in
the western North Pacific are mostly associated with monsoons, which have an important
impact on the lifetime of typhoons. Many previous studies have explored the relationship
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between monsoons and typhoons [3-11]. The rainfall of a typhoon is mainly associated
with its intensity and structure. Several existing studies have demonstrated that there is a
positive relationship between typhoon rainfall and its intensity [12-14]. Wang and Zhou [5]
suggested that the variability of monsoon systems have a positive effect on the rapid
intensification of typhoons in the western Pacific and South China Sea. The adjustment of
the East Asian monsoon in the South China Sea provides a more favorable environmental
condition for the rapid intensification of typhoons from early July to mid-July during the
Meiyu season [10]. Under the influence of the southwesterly monsoon flow, typhoons
can easily produce comparatively active and long-lasting outer rainbands or mesoscale
convective systems [3,8,9]. The asymmetric, long-lasting rainbands, mainly resulting from
the convergence between the monsoon flow and the vortex circulation, possibly contribute
40% to 50% of typhoon precipitation [6]. When a typhoon is approaching the land or
making landfall, the long-lasting rainband, together with the slowdown of the typhoon
movement, causes heavy precipitation over land. The rainfall associated with a typhoon is
related to the summer monsoon, mainly via the flux of moist and unstable air [15]. When
the monsoon breaks out, water vapor and heat will be transported into the circulation of
the typhoon, which is conducive to heavy rainfall [16]. Due to the low-frequency oscillation
of the EASM, the monsoon surge exhibits obvious northward propagation in the South
China Sea, which could impact typhoon circulation dramatically. From 1980 to 2017, a
clear increasing tendency of precipitation associated with strong typhoons was observed in
southern China, which was mainly caused by sufficient water vapor supply [17]. Hence,
the typhoon-monsoon interaction, especially that related to intense typhoons, needs to be
further explored.

In 2014, Rammasun formed on 12 July about 210 km west of Guam. Then, it moved
northwestward as a severe tropical storm and landed in the Philippines on 15 July as
a severe typhoon. After that, Rammasun quickly gained strength and became a super
typhoon on 18 July and then made landfall again in Hainan Island, China. With its move-
ment, Rammasun struck Guangdong and Guangxi Province subsequently [18]. During
Rammasun’s landfall in Hainan, the intra-seasonal oscillation of monsoons reached an
extremely active phase and was closely related to the significantly enhanced monsoon
surge, which suggests that the monsoon surge might have had a positive relationship with
the enhanced rainfall of Rammasun. There have been many studies on the reasons for the
sudden intensification of Rammasun in the South China Sea and the heavy rainfall brought
to Hainan. Throughout all the studies, more consideration has been given to the high
and low altitude situation, vertical wind distribution, water vapor transport and typhoon
structure, while less detailed research has been completed on the EASM surge [19,20].

It is well known that the South China Sea-Western North Pacific region has significant
intra-seasonal oscillations of 30-60 days [21,22] and low-frequency oscillations of about
20 days [23], which are directly related to global atmospheric and oceanic changes, such
as the East Asian summer wind and ENSO [24,25]. Many studies have pointed out that
the development of tropical cyclones is closely related to the low-frequency oscillations
in the atmosphere [26,27]. However, few studies have combined low-frequency oscilla-
tions with monsoon surges to explore the connection with the intensely enhanced rainfall
of Rammasun.

In order to further understand the relationship between the monsoon surge, low-
frequency oscillation of the EASM and the intensely enhanced rainfall of Rammasun and
provide informative results for future forecast studies of landfalling TC precipitation, this
paper analyzes the large-scale environmental field of Rammasun. The low-frequency
oscillation in the South China Sea-Western North Pacific region has been used to figure
out monsoon surge, and the relationship between monsoon surge and typhoon rainstorm
increase is discussed by using low-frequency oscillation propagation. In addition, the
vortex-removal method has also been utilized to stress the impact of the monsoon surge,
thus casting light on the mechanisms behind the interaction between the monsoon surge
and the heavy rainfall event.
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This paper is organized as follows: Section 2 describes the data and methods. Section 3
gives an overview of Super Typhoon Rammasun, including the path and the characteristics
of heavy rainfall during its landing in Hainan. Section 4 discusses the possible reasons for
the heavy rainfall event based on fields of basic atmospheric elements including geopo-
tential height field, water vapor transportation and convergence. Section 5 looks into the
low-frequency oscillation and monsoon surge during the landfall period in detail and
analyzes the association between low-frequency wind field without TC circulation and
water vapor transposition, so as to find out how a monsoon surge impacts enhanced rainfall.
Finally, discussion and conclusions are presented in Section 6.

2. Data and Methods
2.1. Data

The basic details of Super Typhoon Rammasun, including the center position and
intensity, were obtained from the Shanghai Typhoon Institute (STI) of the China Meteoro-
logical Administration (CMA) best-track dataset [28,29]. Compared with other best-track
datasets, the STI/CMA dataset also includes the observational data of typhoons when they
are close to China.

The precipitation of Rammasun was derived from the Integrated Multi-satellite Re-
trievals for the Global Precipitation Measurement (GPM) Mission (IMERG) product. The
Global Precipitation Measurement (GPM) mission [30] comprises an international network
of satellites to provide the next generation of global observations of rain and snow [30,31].
Built upon the success of the widely used TMPA products, the newly released Integrated
Multi-satellite Retrievals for GPM (IMERG) products [32-34] continue to make improve-
ments in areas such as spatial and temporal resolutions, snowfall estimates, etc., which will
be valuable for research and applications around the world [35]. Half-hourly Integrated
Multi-satellite final-run for GPM (IMERG-V06) is utilized in this article. Final-run data
means the data has been corrected by real data at the ground station. The correlation
coefficient is 0.83 for the GPM data and the real data at the ground station, which is better
than the IMERG data, during Rammasun landfall [36]. The accuracy of GPM is closer to
the real precipitation data. Additionally, compared with March-December 2014 3-hourly
TRMM data (3B42V7), the correlation between IMERG data and real rainfall data is higher.
The IMERG data has reasonable agreement with the real data. Furthermore, the IMERG
data is valuable for regions lacking precipitation-measuring instruments on the Earth’s
surface [35].

The circulation features and other environmental conditions were directly derived
from the European Centre for Medium-Range Weather Forecasts ERA5 reanalysis data
with a spatial resolution of 0.25° x 0.25° [37]. Compared with the previous ERA-Interim
reanalysis, this new dataset has some significant improvements, as it boasts an enhanced
horizontal resolution of 31 km and has hourly outputs throughout. The ERA5 data also
incorporates more historical observations, especially satellite data, into an advanced data
assimilation model system to improve accuracy and assesses atmospheric uncertainties by
using an ensemble reanalysis product, for the first time, consisting of 10 sources with a
temporal resolution of 3 h [37].

In the current study, both the reanalysis data and precipitation data were sorted out
with a 6 h temporal interval (00 UTC, 06 UTC, 12 UTC, and 18 UTC) to match the temporal
resolution of the best-track dataset. It should be noted that the IMERG precipitation was
accumulated in the 6 h interval.

2.2. Method

With the background monsoon circulation, the monsoon surge is highly associated
with low-level jet and contributes to heavy rainfalls. According to the definition from
the Glossary of Meteorology of the American Meteorological Society, the monsoon surge
refers to the temporary extension of monsoon flow into a region not normally dominated
by persistent monsoon flow. A monsoon surge is generally calculated as the mean wind
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components in a selected region [38,39]. A dynamic monsoon surge index (DMSI) has been
used considering the east-to-west movement of typhoons in the western North Pacific [11].
The DMSI has been defined as follows:

1 N
DMSI = — Y Usso [x(—400)—(—10°)/ Y(—20°)—0° )
N =3

where Ugs) represents the 850 hPa zonal wind, x(_4p°)_(_19°) means the longitudinal range
from 40° to 10° in the west of the typhoon center, y(_»p°)_¢- refers to the latitudinal range
from 20° to 0° in the south of the typhoon center, and N is the grid number in the region.

This paper also investigates the evolution of water vapor budget along the four (east,
west, south, and north) boundaries of the rectangular region with side lengths of 11° from
the center of Rammasun to determine the water vapor transportation to TC on an 850 hPa
level. The specific calculation for BWVB was defined as:

k

k
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where the right-hand side of Equation (2) is separated into four terms which refer to the
water vapor flows into the selected zone from the southern, northern, western, and eastern
boundaries. k and n are the number of grids along the meridional and zonal directions in
the selected zone, and Al is the grid spacing on each boundary.

TCs have prominent impacts on different temporal and spatial scale environments.
By contrasting the TC-removed field with the original reanalysis data, previous studies
have already indicated that TC can contribute more than 50% to the intraseasonal variance
of vorticity and enhance both kinetic energy and vorticity near the track of TC in the
western North Pacific [40,41]. In order to reduce the effect of TC on the low-frequency
oscillation, the circulation of Rammasun was subtracted from the reanalysis data following
the vortex-removal method in Galarneau and Davis [42]. This technique calculates the
TC-related rotational and divergent winds within the given radius (usually 500 km) of the
TC domain based on the TC-related stream function and velocity potential through the
Helmholtz equations. After solving the Helmholtz equation, the TC-related rotational and
divergent winds are excluded from the original dataset to get the non-TC wind field.

After removing the TC vortex, power spectrum analysis and bandpass filter were
used to separate the wind associated with low-frequency oscillations from the TC-removed
zonal wind. The power spectrum analysis is a method applied to the variation of a
particular dataset to compute its frequency spectrum [43]. The spectrum of a specific signal
indicates the relative magnitude of its frequency on the total signals. In this study, the
power spectrum analysis extracted the most important temporal-scale oscillation in the
TC-removed reanalysis dataset, while the bandpass filter transmitted the signal of specific
frequency wind and blocked the signals of lower and higher frequency wind.

In short, Figure 1 shows the main research process, including every methodology we
have proposed, of our study.
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Figure 1. The flowchart of the methods used in this study.

3. Overview of the Super Typhoon Rammasun

Super Typhoon Rammasun, the ninth typhoon in the 2014 western North Pacific
typhoon season, is the most intense tropical cyclone to make landfall in China since 1949.
After forming to the east of the Philippines over the western North Pacific on 12 July,
Rammasun moved westward and intensified to the stage of severe typhoon before its
first landfall in the Philippines. After crossing the mid-Philippines, it entered the South
China Sea and reintensified rapidly due to the favorable environmental conditions there. It
reached the maximum intensity of its lifetime near Hainan Island in the early morning of
18 July. At 15:30 BJT (7:30 UTC) on the same day, Rammasun landed in the Wenchang city
of Hainan with a maximum wind of more than 70 m/s. After moving across Hainan Island
and Qiongzhou Strait, Rammasun made the third and fourth landfall of its lifetime over
mainland China, and finally weakened and dissipated at Guangxi Province on 20 July.

This study mainly focuses on the precipitation enhancement during Rammasun’s
second landfall in Hainan Island. Figure 2 shows the 6 h accumulated rainfall distribution
of Rammasun from 00 UTC to 18 UTC on 18 July. Before Rammasun’s landfall in Hainan
Island, the inner-core structure of Rammasun was well-organized and the rainfall was
mainly compact near the typhoon center (Figure 2a). Since the second landfall in Hainan
at 7:30 UTC on 18 July, the precipitation of the inner core lost its compactness and began
weakening (Figure 2b). During Rammasun’s propagation through Hainan Island, the
near-center precipitation was much weaker than the terrain-forced rainfall over the west of
Hainan Island (Figure 2c). The maximum rainfall tended to occur on the left side of the
motion, which differs from the result of a previous study [44], possibly contributed by the
influence of the terrain and monsoon. Considering the difference of rainfall distribution
between different periods, the rainfall enhancement was divided into two stages based
on whether Rammasun made landfall or not. In the first stage of rainfall enhancement
(from 18 UTC 17 July to 06 UTC 18 July), the enhancement of precipitation was mainly
distributed around the track of Rammasun, possibly due to the rapid intensification of this
super typhoon (Figure 2d). At this stage, Rammasun had not made landfall in Hainan yet,
but the circulation had already began influencing Hainan, with the 6 h rainfall intensity
reaching no more than 40 mm. At the second stage, Rammasun landed on Hainan, and
the rainfall was enhanced rapidly mainly over the left-side area of its path, making the 6 h
cumulative precipitation in the northeastern region of Hainan Island gradually increase
to more than 140 mm (Figure 2b,c). A precipitation increase of about 120 mm can thus be
observed compared to the result of the previous period (Figure 2f).

The compact, extreme, and sudden precipitation caused by the landfalling Super
Typhoon Rammasun led to huge property damage and casualties. In general, the analysis
of TC precipitation starts from the environmental field, including the 500 hPa geopotential
height field and the 850 hPa wind field. The interaction of the low- and mid-latitude
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systems and their reasonable spatial and temporal distribution are crucial for the intensity
of TC and the increase of heavy rainfall [45]. It is also believed that if a TC that makes
landfall is continuously associated with low-level jet, it will lead to persistent heavy rainfall
from the TC. The air on the mainland is warm and the temperature of the low-level jet is
low before TC landfall. As the TC is moving to the mainland, the warm air on the mainland
is forced by the peripheral airflow of the tropical cyclone and starts to spread southward.
After the low-level jet warms up by crossing the warm air, the warm advection to the TC
significantly enhances. With other favorable dynamic conditions, a large-scale continuous
heavy rainfall will form. This model has been verified many times in operations. Thus, the
environmental field is a key feature associated with the sudden precipitation caused by
landfalling Super Typhoon Rammasun [11].
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Figure 2. The 6 h accumulated precipitation (shading, unit: mm) and tracks of Rammasun (a) from
00 UTC to 06 UTC 18 July, (b) from 06 UTC to 12 UTC 18 July, and (c) from 12 UTC to 18 UTC 18 July;
this is the same as (a—c) but for rainfall difference (shading, unit: mm) of Rammasun (d) between
the precipitation from 18 UTC 17 July to 00 UTC 18 July and that from 06 UTC to 12 UTC 17 July,
(e) between the precipitation from 00 UTC to 06 UTC 18 July and that from 12 UTC to 18 UTC 17 July,
and (f) between the precipitation from 06 UTC to 12 UTC 18 July and that from 18 UTC 18 July to 00
UTC 19 July.

4. Possible Reasons for the Heavy Rainfall
4.1. The 500 hPa Geopotential Height Field

To find out how the circulation impacted the extreme rainfall, the 500 hPa geopotential
height field was analyzed. During the landfall period of Rammasun, the western Pacific
subtropical high (WPSH) extended significantly westward, with a ridge point reaching
around 113° E and a double ridge pattern forming (Figure 3a,b). The mid-latitude westerly
trough developed eastward, preventing the subtropical high from moving westward. A
low-pressure zone formed between the continental high and the subtropical high. After its
landfall, Rammasun was located in the low-pressure zone, forming a relatively stable pat-
tern featuring “a trough in the north and a vortex in the south” (Figure 3b,c) together with
the mid-latitude westerly trough. Such a saddle-shaped circulation pattern could hinder
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the motion of Rammasun and slow down the translation speed, thereby providing suitable
conditions for the maintenance of circulation, which was conducive to enhanced rainfall [7].
Nevertheless, to cause huge precipitation, like Rammasun, this kind of geopotential height
field only provides a favorable necessary condition while a large amount of water vapor
transport [46], which is related to the wind field and specific humidity, is required.
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Figure 3. The 850 hPa wind field (vector, units: m- s~!) and the 500 hPa geopotential height field
(units: dagpm; the heavy solid line indicates the area of WPSH) at (a) 18 UTC 17 July; (b) 00 UTC 18

July; (¢) 06 UTC 18 July; (d) 12 UTC 18 July. The shading shows the wind speed greater than or equal

to 12 m-s— L.

4.2. Characteristics of Wind Field and Water Vapor Flux

Before Rammasun made landfall in Hainan Island, the southwestern side of Ram-
masun had been affected by the southwest monsoon from the South China Sea. During
the landfall of Rammasun, the cross-equatorial air current on 105° E and the Somali jet
gradually increased with time, forming a continuous low-level jet at 20° N which further
developed the southwest monsoon in the South China Sea (Figure 3c). Furthermore, the
wind field is significantly associated with water vapor transportation, which is even more
vital to the heavy rainfall.

From 00 UTC to 06 UTC on 18 July, a complete water vapor transport belt initially
formed from the Arabian Sea to the South China Sea under the influence of the combination
of two cross-equatorial air currents. Water vapor, transported along with its circulation
to the northeastern side of Hainan Island, where the precipitation increase hit the maxi-
mum, was injected into Rammasun. Thus, a rainfall enhancement was produced in this
area (Figure 4c,d), and the water vapor was supplemented to compensate for the energy
attenuation as well [47], which played an important role in the occurrence of heavy rainfall.
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Figure 4. The 850 hPa water flux (vector, units: g-s_1 hPa~! -em~1) at (a) 18 UTC 17 July; (b) 00 UTC
18 July; (c) 06 UTC 18 July; (d) 12 UTC 18 July. The shading shows the water vapor flux greater than
orequal to 12 g-s~1-hPa~t-cm 1.

The direction of the water vapor flux is only related to the ambient wind field while
the magnitude of the water vapor flux is not only related to specific humidity, but also
determined by the wind speed. If low wind speed occurs, no water vapor transport belt
will formed even when the specific humidity is large. Therefore, the gradual formation
of the water vapor transport belt with a westward direction in Figure 4c,d is determined
by the enhancing zonal wind. Figure 5 shows the time-latitude cross section of 850 hPa
zonal wind and wind vector. It can be seen that the westerly wind had not strengthened
to more than 9 m/s before 15 July, and the area with relatively large values was located
at around 7° N. However, after 15 July, the westerly wind increased above 9 m/s in the
southern part of the South China Sea. Besides, a large-value area appeared and continued
to expand, spreading to around 15° N on 17-18 July, where it reached the Rammasun
circulation and was merged into the vortex circulation of Rammasun. This was of great
significance to maintaining the intensity of Rammasun and bringing massive water vapor
into the circulation, thus contributing to the heavy rainfall event.
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Figure 5. Time-latitude cross section of 850 hPa zonal wind vectors on 111° E from 13 July to 21 July
(units: m s~1; the shading shows the zonal wind greater than or equal to 6 m s 1.

4.3. Dynamic Monsoon Surge Index and Boundary Water Vapor Budget

The DMS], as defined in Section 2, represents the intensity of a monsoon during the
movement of a typhoon. To figure out the water vapor budgets on different orientations
of Rammasun, the BWVB has also been introduced in Section 2, which reveals the water
vapor budgets of four boundaries of Rammasun during its lifetime.

Figure 6 shows the evolution of DMSI and BWVB during the Rammasun lifetime. The
DMSI increased continuously for three days before the heavy rainfall event. At this time,
the inflows on the south and west boundaries enhanced, while an outflow increased rapidly
on the north boundary. Subsequently, several hours after the heavy rainfall event emerged
on 19 July, the growth rate of the DMSI dropped sharply. Simultaneously, the inflows on
the south and west boundaries declined as well, but the overall inflow was maintained at a
relatively high value due to a strengthened inflow on the east boundary.

The consistent evolution between DMSI and BWVP certifies that the enhanced rainfall
of Rammasun was related to the intensity of the monsoon. Before the heavy rainfall event
emerged, the monsoon had strengthened continuously, as shown by the increasing speed
of the southwest wind near the region of Rammasun, but it had not reached an extremely
active phase. The enhanced wind from the Pacific Ocean brought abundant water vapor
inflow to the west and south boundaries of Rammasun, providing a favorable water
vapor condition for the subsequent rainfall enhancement in Hainan. When the monsoon
reached an extremely active phase, the southwest wind near the region of Rammasun
increased to a peak, and so did the water vapor inflows to the west and south boundaries
of Rammasun. At this time, Rammasun arrived at Hainan, and the heavy rainfall event
occurred. It is noteworthy that the water vapor inflow intensified rapidly on the south
boundary before 19 July. However, the zonal wind cannot interpret this phenomenon
since the vapor transportation on the south boundary is related to the meridional wind
according to Equation (2). Thus, the cross-equatorial airflow is analyzed below, especially
its importance to the variation of the south boundary.
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Figure 6. The BWVB (units: kg m~! s71) and DMSI during the lifetime of Rammasun.

The south wind to the south of a TC turns to the southeast, injecting into the circulation
of Rammasun. If the flow carries a large amount of heat, momentum, and water vapor
from the tropical ocean, a favorable condition for typhoon development will be provided
on the south boundary. The cross-equatorial airflow around 100° E showed a significant
eastward propagation process (Figure 7). On 18 July, the positive meridional wind anomaly
increased. Around 108° E, there was a cross-equatorial airflow which was enhanced to
more than 5 m/s. This further developed the southwest monsoon to the south boundary
of Rammasun, contributing to the increasing BWVB and intensity of the monsoon. The
enhancement of zonal and meridional winds can be summarized as the enhancement of
the southeast monsoon. There will be a dramatic increase in precipitation in the TC making
landfall when the strongest northward propagation of the EASM surge occurs [7].
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Figure 7. Time-longitude sections of 850 hPa meridional wind anomaly along the equator from
13 July to 21 July (units: m s~!; the shading indicates the positive anomaly).

5. Impact of the Southwest Monsoon Surge on the Heavy Rainfall of Landfalling
Rammasun at Hainan

5.1. Characteristics of the Low-Frequency Oscillation of the East Asian Summer Monsoon Surge
The different phases of intraseasonal oscillations have different effects on the monsoon
surge. Since the area, 105~115° E, 12~20° N, in the northern South China Sea is located to
the southwest of the landfalling typhoon and the path of the southwest monsoon, the zonal
wind in this area can represent the southeast monsoon and will inject into the circulation of
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Rammasun, exhibiting a positive relationship with the intensity of Rammasun. Thus, in
this study, the power spectrum analysis was applied to the 850 hPa mean zonal wind in
the area to study the lower tropospheric zonal wind in the northern South China Sea from
May to September 2014. The 850 hPa wind in the summer of 2014 was mainly dominated
by a 20-40 days low-frequency oscillation (Figure 8). Band-pass filtering of the average
zonal wind in this area (Figure 9) has shown that the low-level zonal wind of EASM on the
850 hPa level had a low-frequency oscillation with a period of 20-40 days. The peak period
(17-18 July) refers to an extremely active phase of the low-frequency oscillation at the time
of the heaviest rainfall in Hainan. This result indicates that the low-frequency oscillation
definitely played an important role in the heavy rainfall during the landfall of Rammasun.
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Figure 8. Power spectrum analysis of smoothed zonal wind on 850 hPa in the northern South
China Sea (105~115° E, 12~20° N) during May—September 2014 (the red dotted line indicates 95%
confidence).
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Figure 9. The 2040 d bandpass filtered time curve of 850 hPa zonal wind over the north of the South
China Sea (105~115° E, 12~20° N) during May—September 2014 (units: m s7h.

The low-frequency zonal wind can strengthen the intensity and propagation of the
monsoon surge. Thus, according to the 2040 days filtered zonal wind on 850 hPa along
111° E in 2014 (Figure 10), the monsoon surge had an obvious northward propagation
process from early to late July. In early July, the negative low-frequency oscillation center
in low-latitude regions changed to a positive one, representing the emergence of a new
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monsoon surge. At the same time, the low-frequency west wind began to propagate
northward and reached about 18° N around 18 July, when it was located at the south side of
Rammasun. The monsoon surge was strongest at this time, which corresponds to the heavy
rainfall in Hainan. Due to the strong monsoon surge, continuous inflow intruded into the
southern circulation of Rammasun, which favored the maintenance of the circulation and
the heavy rainfall. So far, it has been tentatively proved that the monsoon surge was closely
connected with the heavy rain event in Hainan. The low-frequency wind field and vapor
transportation will be further analyzed in the next part.

30°Nfm

25°N

20°N

Latitude
=
=
=z

10°N

5°N

Ouior — Julos  Juios Juill3  Jullz . Julzl  Julzs  Jui29
Date

S g

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 10. Time-latitude sections of 20-40 d filtered 850 hPa zonal wind without TC along 111° E in
2014 (units: m s~1; the shading donates the low-frequency westerly greater than 0.5 m s~ 1).

5.2. Characteristics of Low-Frequency Water Vapor Flux

In this study, we investigated the low-frequency wind field before the extremely active
phase in mid-July 2014. It has been found that the low-frequency west wind had low
intensity and was located mainly at the central and southern parts of the South China Sea,
and no obvious convergence existed. Then, the low-frequency west wind in the southern
region increased gradually as its position moved northward, and the low-frequency south
wind near 108° E also began to grow, which was connected with the west wind airflow. In
the extremely active phase, the low-frequency west wind propagated northward, and South
China was controlled by the low-frequency cyclonic circulation. The convergence zone near
Hainan Island contributed to the heavy rainfall event occurring in Hainan. Considering the
water vapor transportation, the convergence zone of the low-frequency water vapor flux
located at Hainan in the early phase of mid-July got weaker and smaller, while the EASM
developed towards the active phase. With the strengthening of the southwest monsoon, the
low-frequency water vapor transportation from the Bay of Bengal intensified, extending to
the South China Sea near Hainan. During the extremely active phase, the monsoon surge
reached its maximum. The west wind and water vapor transportation in the north of the
Indochina Peninsula and the South China Sea strengthened tremendously and their ranges
expanded. As a result, the powerful water vapor convergence zone controlled the area
around Hainan Island (Figure 11).

The EASM has an obvious characteristic of northward propagation, which is associated
with the low-frequency wind field. The landfalling process of Rammasun co-occurred
with the northward propagation process of the EASM, and the extremely active period of
monsoon surge corresponded to the strongest increase in heavy rainfall in Hainan. During
the summer of 2014, the lower-tropospheric zonal wind in the northern South China Sea was
dominated by a 2040 days low-frequency oscillation. When the low-frequency oscillation
was in an extremely active phase, the water vapor transportation was greatly strengthened
and its range was expanded, providing adequate water vapor flux near Hainan Island for
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the rainfall enhancement. The monsoon surge associated with the low-frequency oscillation
of the EASM plays an important role in the occurrence of extreme heavy rainfall.

aon2034018 —-_Tg_:f_crffl-,'iw“
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Figure 11. The 850 hPa low-frequency water vapor flux without TC (vector; units: units:
g-s_l«hPa_l-cm_l) and its divergence on July 18 (shading denotes the flux convergence; units:
107g-s -hPa l.em~2).

6. Summary and Conclusions

Super Typhoon Rammasun caused torrential rainfall after it landed in Hainan, which is
rare in history. This paper mainly explores the related large-scale environmental circulation,
the reasons for this heavy rainfall and the relationships between the southwest monsoon
surge and the heavy rainfall.

The 500 hPa synoptic circulation conditions before and during the landfall of Ramma-
sun were relatively stable. After the landfall, Rammasun was located at the low-pressure
zone between the continental high and the WPSH. Together with the eastward movement
of the westerly trough, a pattern featuring a north trough and a south vortex formed. On its
west boundary, the WPSH exhibited a “double ridge” pattern conducive to the maintenance
of typhoon circulation, which was favorable to the heavy rainfall and decreasing translation
speed of Rammasun.

The cross-equatorial wind and zonal wind on 850 hPa enhanced significantly, which
was associated with the strengthened monsoon surge. The enhanced winds supplied large
amounts of heat and water vapor into Rammasun’s circulation. Additionally, analyses of
DMSI and BWVB provided more details on the impact of the monsoon surge. The DMSI
and the water vapor inflows on the west and south boundaries increased rapidly before the
peak of the monsoon and the emergence of the heavy rainfall event. The evolution patterns
of the cross-equatorial wind, the zonal wind, and the intensity of the monsoon have been
found to be consistent during the same period.

The EASM in 2014 had an obvious 20-40 days low-frequency oscillation which fea-
tured a significant northward propagation. When the low-frequency oscillation reached an
extremely active phase, the monsoon surge was strongest and intruded into Rammasun’s
circulation, which concurred with the fiercely heavy rainfall in Hainan. The convergence of
low-frequency air currents, the water vapor transportation and the low-frequency water va-
por flux convergence in Hainan also brought more water vapor momentum to Rammasun,
which was undoubtedly a crucial factor for the heavy rainfall as well.

Our conclusion indicates that the monsoon surge had a prominent effect on the
extreme precipitation and rainfall enhancement during the landfall of Rammasun. However,
there are several limitations in our study. Firstly, the variabilities of the intra-seasonal
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oscillation, including monsoon surge and monsoon trough, cannot be perfectly predicted.
The major challenge of prediction lies in producing more reliable forecasts of water vapor
transportation towards monsoon-influenced typhoons [3]. Further efforts are still required
to explore the multiscale interaction between monsoons and typhoons. Secondly, not all TCs
are associated with monsoon surges. If the low-frequency oscillation is in an inactive phase,
the impact of a monsoon surge on landfall TC precipitation will no longer be as described
in the conclusions in this paper. Therefore, how to accurately forecast the monsoon surge
before typhoon landfall is one of the future research directions. Finally, the accuracy of the
method we have utilized to remove TC circulation from the wind field still needs to be
improved in future studies.
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