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ABSTRACT

The characteristics of tropical cyclone (TC) extreme rainfall events over Hainan Island from 1969 to 2014 are analyzed
from the viewpoint of the TC maximum daily rainfall (TMDR) using daily station precipitation data from the Meteorological
Information Center of the China Meteorological Administration, TC best-track data from the Shanghai Typhoon Institute,
and NCEP/NCAR reanalysis data. The frequencies of the TMDR reaching 50, 100 and 250 mm show a decreasing trend
[−0.7 (10 yr)−1], a weak decreasing trend [−0.2 (10 yr)−1] and a weak increasing trend [0.1 (10 yr)−1], respectively. For
seasonal variations, the TMDR of all intensity grades mainly occurs from July to October, with the frequencies of TMDR
> 50 mm and > 100 mm peaking in September and the frequency of TMDR > 250 mm [TC extreme rainstorm (TCER) events]
peaking in August and September. The western region (Changjiang) of the Island is always the rainfall center, independent
of the intensity or frequencies of different intensity grades. The causes of TCERs are also explored and the results show that
topography plays a key role in the characteristics of the rainfall events. TCERs are easily induced on the windward slopes
of Wuzhi Mountain, with the coordination of TC tracks and TC wind structure. A slower speed of movement, a stronger TC
intensity and a farther westward track are all conducive to extreme rainfall events. A weaker northwestern Pacific subtropical
high is likely to make the 500-hPa steering flow weaker and results in slower TC movement, whereas a stronger South China
Sea summer monsoon can carry a higher moisture flux. These two environmental factors are both favorable for TCERs.
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1. Introduction
The influences of tropical cyclones (TCs) may vary re-

gionally. TCs can bring abundant precipitation to dry regions,
mitigating local droughts, but can also result in fierce winds
and heavy precipitation, resulting in serious secondary dis-
asters. Humans are more concerned about the latter effects,
which pose a threat to both life and property. Many extreme
rainfall events have been caused by TCs, with the potential
risk of triggering floods, the overflow of rivers, and mud-
slides. It is therefore important to study the characteristics
and mechanisms of extreme rainfall events caused by TCs.
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Relevant studies have examined the temporal variations
in extreme rainfall events caused by TCs. In China, the fre-
quency of extreme rainfall events caused by TCs peaked in
the 1970s and the number of stations observing these events
reached its peak in the 1960s (Zhao and Wang, 2012). In
southern China, more hourly extreme rainstorms induced by
TCs occurred in the 1980s, while fewer occurred in the 1960s
and the 1990s (Mao et al., 1996). TC extreme rainstorm
(TCER) events (defined in section 2.2) occur every year in
southern China, with an average, maximum, minimum and
standard deviation of 15, 28, 5 and 6.7 yr−1, respectively
(Mao et al., 1996). TC-induced hourly extreme rainstorms
occur from May to November in southern China, most fre-
quently (30.7% of the total number of events) occurring in
July (Mao et al., 1996).
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A number of studies have shown that the triggering mech-
anisms of TC extreme rainfall events are not only determined
by the characteristics of the TC, but are also governed by
other factors, such as the topography, interactions between
multi-scale circulation systems, and the formation and prop-
agation of vortex Rossby waves and gravity inertia waves
(Chen and Ding, 1979; Chen et al., 2002). Moisture con-
vergence forced by high terrain has been shown to be an
important factor in the enhancement of rainstorms (Powell,
1982; Lin et al., 2002; Chan and Liang, 2003; Duan and
Chen, 2005; Duan et al., 2006; Gao et al., 2009; Tsai and
Lee, 2009; Yang et al., 2011; Yu and Cheng, 2013; Yue et
al., 2015). Planetary-scale systems, such as the ITCZ, the
northwestern Pacific subtropical high (NWPSH), longwave
troughs and ridges, and the jet stream, also provide favor-
able backgrounds for TC extreme rainfall events (Bosart and
Lackmann, 1995; Qiu, 1997; Sun and Zhao, 2000; Zhang et
al., 2001; Dong et al., 2006, 2010; Baek et al., 2013; Chen et
al., 2014). Likewise, synoptic-scale and mesoscale systems
enhance TC extreme rainfall events (Franklin et al., 2006;
Atallah et al., 2007; Sawada and Iwasaki, 2010; Bao et al.,
2015; Richard et al., 2015; Xu and Du, 2015). Some stud-
ies have shown that vortex Rossby waves and gravity inertia
waves are active both before and during TC extreme rain-
fall events (Montgomery and Kallenbach, 1997; Chow et al.,
2002; Yu, 2002). This suggests that many factors can cause
TC extreme rainfall events, but that the causes may differ in
different areas. Hainan Island is one of the most vulnerable
places to be affected by TCs. Therefore, the specific factors
that are important for Hainan Island deserve further research.

TC extreme rainfall events have been studied previously
in the Hainan area. For example, Mao et al. (1996) reported
that TCERs in Hainan tended to concentrate in the southwest
quadrant of the typhoon. Both the frequency and accumu-
lated amount of TC-induced extreme rainfall events have in-
creased significantly in Hainan in the last 40 years (Wu et
al., 2007). Cai et al. (2012) showed that the southwest mon-
soon and the terrain both contributed to the TC extreme rain-
fall events induced by typhoon Nesat in 2011. Other studies
have also highlighted the important role of the topography of
Hainan Island in inducing TC extreme rainfall events (Duan
et al., 2006; Huang et al., 2010).

However, existing studies of TC extreme rainfall events
have tended to focus on specific examples; the interannual
variability and spatial distribution of TC extreme rainfall
events in Hainan require further research. The similarities of
weather conditions conducive to TC extreme rainfall events
are worth studying. This paper reports the characteristics of
TC extreme rainfall events on Hainan Island and considers
the physical mechanisms underlying these events.

2. Data and methodology
2.1. Data

Daily precipitation data for Hainan Island are obtained
from the Meteorological Information Center of the China

Meteorological Administration for the period 1958–2014. A
day is defined as 1200 UTC on the previous day to 1200
UTC on the same day. The best-track dataset for TCs in
the Northwest Pacific (Ying et al., 2014) is provided by the
Shanghai Typhoon Institute of the China Meteorological Ad-
ministration. This dataset includes the positions and max-
imum winds near the centers of TCs at 6-h intervals from
1949 to 2014. NCEP reanalysis data (2.5◦ × 2.5◦ horizontal
grid spacing; four times each day, including horizontal wind,
specific humidity and geopotential height) from 1948 to
2014 (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.
reanalysis.pressure.html) are adopted in this study. The per-
centage of days with missing data for all 18 stations is calcu-
lated. If this percentage exceeds 2.0% for a particular year,
then the data for this year are ignored. The percentages are
all < 2.0% after 1969, and therefore the period 1969–2014 is
chosen as the study period.

Figure 1 shows how the elevation on Hainan Island in-
creases gradually from the coast to the interior region. Wuzhi
Mountain, with a height of 1867.1 m, is the highest point on
the island. The local meteorological service divides Hainan
Island into five subregions based on the topography and fore-
casting records: the northern region, the western region, the
eastern region, the central region, and the southern region
(Fig. 1). Haikou, Chengmai, Ding’an and Lin’gao stations
are in the northern region; Danzhou, Baisha, Changjiang
and Dongfang stations are in the western region; Wenchang,
Qionghai and Wanning stations are in the eastern region; Tun-
chang, Qiongzhong and Wuzhishan stations are in the central
region; and Sanya, Lingshui, Baoting and Ledong stations are
in the southern region.

2.2. Methodology
An objective synoptic analysis technique, a dynamic

composite analysis, and a TC track similarity method are ap-
plied in this study. The objective synoptic analysis technique,
proposed by Ren et al. (2001, 2007, 2011), is utilized to par-
tition the TC-induced rainfall from the total rainfall based on
station observations.

Because TCs are moving systems, we perform a dynamic
composite analysis (Gray, 1981; Li et al., 2004) that synthe-
sizes atmospheric variables by tracing the centers of progres-
sive TCs. This technique extracts the common features of
circulation over the whole lifetime of the TC. The dynamic
composite analysis is modified as follows: (a) extending the
dynamic composite analysis to the environmental field; and
(b) positioning the composite environmental field using the
average position of the centers of the composited TCs.

The TC track similarity method (Ren et al., 2017) is con-
ducted to objectively select TCs in similar tracks. Taking the
area surrounded by any two tracks and the two line segments
connecting the first two points and the last two points as the
measuring criteria for similarity, this method gives full con-
sideration to the position information of the whole lifetime of
the TC.

This study focuses on the maximum amount of daily rain-
fall on Hainan Island caused by TCs, where each TC corre-
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Fig. 1. Location of meteorological observation stations and topography (units: m) of Hainan Island.

sponds to one data point representing the TC maximum daily
rainfall (TMDR), and pays particular attention to TC extreme
rainstorm (TCER) events. The TC extreme rainfall events
considered here include TC rainstorm events (100 mm > DR
(daily rainfall) > 50 mm), TC heavy rainstorm events (250
mm > DR > 100 mm), and TCER events (DR > 250 mm).

3. Characteristics of TC extreme rainfall
events

A total of 385 TCs affected Hainan Island from 1969 to
2014 (Fig. 2), defined as when precipitation caused by a TC
is recorded by at least one of the 18 observation stations on
Hainan Island. Among these 385 TCs, the rainfall of 113
(29.4%) TCs is below that of a rainstorm (50 mm). Eighty-
eight (22.9%) and 145 (37.7%) TCs cause rainstorms and

Fig. 2. Grade-frequency distribution of TMDR events over
Hainan Island from 1969 to 2014.

heavy rainstorms, respectively. The remaining 39 (10.1%)
TCs create extreme rainstorms. The total percentages for all
kinds of rainfall are > 100% due to rounding. Heavy rain-
storms contribute the largest percentage value.

Figure 3 shows the interannual and interdecadal varia-
tions in the TMDR in Hainan from 1969 to 2014. The fre-
quency of the TMDR reaching 50 mm decreases at a rate of
0.7 (10 yr)−1 at the 0.01 significance level (Fig. 3a). The nine-
point moving average shows a quasi-20-year oscillation, with
decreasing tendencies in the 1970s and 1990s and increas-
ing tendencies in the 1980s and 2000s. The occurrence of
TMDR reaching 100 mm shows a weaker decreasing trend of
0.3 (10 yr)−1, which is not statistically significant. By con-
trast, the frequency of the TMDR reaching 250 mm shows a
weak positive trend [0.1 (10 yr)−1], which is not statistically
significant. Figure 3c shows that more extreme rainstorms
(DR > 250 mm) occurred during the most recent 10 years.
This analysis illustrates that rainfall achieving the level of
rainstorm (DR > 50 mm) has decreased in the past 46 years,
whereas extreme rainstorms (DR > 250 mm) have increased,
especially after 2004.

The frequency of TMDR > 50 mm over Hainan shows
obvious seasonal characteristics (Fig. 4). TMDR > 50 mm
may occur from April to December, but is mostly concen-
trated in July–October (79.8%) because typhoons occur more
frequently in this season, with a maximum in September
(22.8%). TMDR > 100 mm mainly occurs from May to
November and is also concentrated in July–October (82.6%),
reaching a peak in September (24.5%). TMDR > 250 mm
(TCERs) occurs in May and July–November, centered in
July–October (92.3%), with the most frequent occurrence in
August and September (25.6% in each of these two months).
These results are different from the analysis of Mao et
al. (1996). It is possible that TCERs are showing a recent
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Fig. 3. Variations with time of TMDR statistics over Hainan Is-
land from 1969 to 2014. Frequencies of daily rainfall of (a)
> 50, (b) > 100 and (c) > 250 mm.

tendency to shift into autumn, or the research data and time
periods may be different. Further analysis is needed. Events
with different intensity grades of TMDR are all concentrated
in summer to autumn. The most common three months of
TMDR > 50 mm and > 100 mm are July, August and Septem-
ber, with the maximum in September. TMDR > 250 mm is
more frequent in August, September and October, with the
highest frequency in August and September.

Figure 5 shows the spatial distribution of TMDR statis-
tics over Hainan Island for the period 1969–2014. Figure 5a

Fig. 4. Seasonal variations of TMDR statistics over Hainan Is-
land from 1969 to 2014.

shows the distribution of the maximum TMDR of all 18 sta-
tions during the period 1969–2014. The recorded minimum
is 210 mm and the maximum 644.6 mm, and each station
reaches the TMDR during this period; the rainfall maxima
are all > 100 mm. Rainfall > 450 mm occurs along the north-
ern edge of Wuzhi Mountain from the western region to the
eastern region, with the peak rainfall (644.6 mm) in the west-
ern region (Changjiang).

The frequency distributions of different grades of inten-
sity (Figs. 5b–d) show that the western region (Changjiang)
is always the rainfall frequency center for all intensities of
rainfall, whereas the northern (Lin’gao) and central regions
(Wuzhishan) are the secondary frequency centers for two
(TMDR > 50 mm and TMDR > 100 mm) of the three grades
of intensity.

Based on differences between areas, TCERs on Hainan
Island can be divided into five distribution types. TMDR
areas in the northern region, western region, eastern region,
central region and southern region are called the northern re-
gion type, western region type, eastern region type, central
region type and southern region type, respectively.

4. Effect of TC track and topography on
TCER events

Figure 5 shows strong local features of TMDR maxima
and frequencies of all rainfall intensity grades. In order to
analyze its inducement, formation causes of TC extreme rain-
fall, especially TCERs, are explored. The causes of the for-
mation of TCERs in each subregion of Fig. 1 are explored
based on the TC track and the topography of Hainan Island.
Then, the structures of TCs are studied by taking the western
region type as a case study, because the TMDR of this type is
more typical and stronger.

The results show that, for the five rainfall types (Fig. 6),
the corresponding TCs mostly move to the west-northwest
or northwest on or near Hainan Island on days with extreme
rainstorms, although each rainfall type has its own charac-
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Fig. 5. Geographical distribution of TMDR statistics over Hainan Island from 1969 to 2014. (a) Maximum rainfall
(units: mm), and frequency of daily rainfall of (b) > 50, (c) > 100 and (d) > 250 mm.

teristics. The western region type of TMDR has the highest
number (14) of TCs, followed by the northern region type
(eight TCs) and central region type (seven TCs). The num-
bers of southern region (six TCs) and eastern region (four
TCs) types are lower. The TCs causing northern region–type
TCERs move west-northwest, mostly making landfall north
of Wuzhi Mountain and only once making landfall on the
southern coast. These TCs, with only one exception, travel
over Hainan Island on the north side of Wuzhi Mountain.
The average path begins over the sea east of Hainan Island
(112.6◦E), passes through northern Wenchang to northeast-
ern Haikou, Qiongzhou Strait and the southwestern Leizhou
Peninsula, before reaching Beibu Gulf (109.3◦E). The av-
erage horizontal wind over Hainan Island at 850 hPa is
northerly (not shown) for the northern region–type TMDR
events. Thus, the northern region is on the onshore side of
the average TC track, which could enhance precipitation in
the northern region as a result of frictional convergence. The

northern region is also in close proximity to the average TC
track and is therefore affected by the eyewall, which is often
associated with heavy rainfall. Therefore, the position of the
northern region may explain why the TMDR is high here.

The TC tracks of the western region type are more con-
centrated and make landfall along the band between the north
of Wuzhi Mountain and the Leizhou Peninsula. They also
move west-northwest, but their western components are more
obvious. The TC tracks of the western region type TCs over
the island are also to the north of Wuzhi Mountain, except
for one TC. Compared with the average track of the northern
region type, that of the western region type has a larger west-
ern component and a position farther west, beginning in the
sea to the east of Hainan Island (111.4◦E), moving through
north-central Wenchang, northern Haikou, Qiongzhou Strait,
and reaching the Beibu Gulf (107.8◦ E). The average hori-
zontal wind of the western region type over Hainan Island at
850 hPa is northwesterly (not shown). Therefore, the western
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Fig. 6. TC tracks of different rainfall types on extreme rainstorm days over Hainan Island during 1969–2014 (arrows indicate
the direction of movement of TCs and thick dashed lines represent the average TC tracks): (a) northern region type; (b) western
region type; (c) eastern region type; (d) central region type; (e) southern region type.

region locates on the onshore side of the average TC track,
which could enhance precipitation in the western region as
a result of frictional convergence. The western region is lo-
cated on the windward slope of Wuzhi Mountain in this case,
which may enhance rainfall in the western region via friction
and blocking effects.

The TC tracks of the eastern region type have no signif-
icant regularity and they are farther to the east and south.
The tracks over the island pass through the southern half of
Hainan Island. The average horizontal wind of the eastern
region–type TCs over Hainan Island at 850 hPa is northeast-
erly (not shown). Therefore, the eastern region is also on the
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onshore side or on the windward slope of Wuzhi Mountain.
The directions of movement of the central region–type

TCs are consistent and are mostly west-northwest. Tracks
over the island are evenly distributed in the different subre-
gions and the average TC track passes through the central
mountain subregion.

The TC tracks of the southern region type are relatively
farther south and are scattered. The average TC track passes
through the southern region, which means that most of the
southern region is in close proximity to the onshore side of
Wuzhi Mountain or on the windward slope of the mountain.

Thus, the different positions of TC tracks relative to
Wuzhi Mountain can result in different areas of TCERs.
Strong rainfall areas often occur in closer proximity to TCs,
on the onshore flow sides of TCs, or on the windward slopes
of Wuzhi Mountain, which is consistent with the results of
Duan et al. (2006) and Huang et al. (2010).

Figure 5 shows that, over the 46-year period, the extreme
values and frequencies of all grades of intensity of TMDR are
highest in western Changjiang, which varies a lot from the
adjacent stations. However, the distances from Changjiang
to the TC centers do not favor the induction of strong rainfall
(Fig. 7). The TCs with TMDR centers being in the west-
ern region of Hainan Island are in close proximity to the
northern region of Hainan Island, or even pass through the
northern region of Hainan Island, although the distances from
Changjiang to the tracks of these TCs are greater. Therefore,
strong rainfall in Changjiang may be closely associated with
the terrain because rainfall on the windward slopes is often
very different from that on the leeward slopes. Changjiang
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Fig. 7. Average TC track (thick dashed line with arrow) and
composite horizontal wind field at 850 hPa (vectors; units:
m s−1) on extreme rainstorm days for western region–type TCs
(black dot represents the position of Changjiang station).

is located on the northwestern slope of Wuzhi Mountain in
a gap between two mountains running east–west (Fig. 1).
Changjiang is usually to the northwest or southwest of TCs,
so the horizontal wind at low levels in Changjiang is either
northwesterly or southwesterly (Fig. 7), placing Changjiang
on the windward slope. Therefore, Changjiang is not only af-
fected by wind funneling, but also by the uplifting and block-
ing effects of the two mountains.

The topography of the island (Elsberry, 1994) may also
affect the distribution of heavy rainfall caused by TCs. When
a TC approaches one side of a large island, an induced vor-
tex may be generated on the other side of the island because
of the local strengthening of the relative positive vorticity on
the leeward side of the island or the forcing effect on the lo-
cal circulation at low levels by the island topography. Under
appropriate conditions, the center of the TC at high levels
could couple with this induced vortex. A sudden heavy rain-
fall event might occur where the vortex is generated. Figure
6b shows that most TCs make landfall in the east of Hainan
Island and Changjiang is located in the west of the island,
which may well be in agreement with these results. The
heavy rainfall in Changjiang is probably thus closely related
to the terrain, the TC track, and the wind structure of the TC.

5. Effect of the characteristics of TCs and the
environment on TCER events

The tracks of the western region–type rainfall events are
more consistent and do not diverge as much as the other types
of rainfall events; as such, they have an increased regularity.
Therefore, the western region type is selected to explore the
effects of the characteristics of TCs and environmental fac-
tors on TCERs. Among the 385 TCs affecting Hainan Island
from 1969 to 2014, there are 56 TCs whose TMDR centers
are located in the western region and that induce rainfall > 50
mm. The TC track similarity method is used to select five
strong rainfall TCs and five weak rainfall TCs from these 56
TCs for further analysis.

An appropriate TC is first chosen as the reference TC
based on the TMDR amount. Because the TC associated with
the largest TMDR is an isolated event, it is difficult and in-
appropriate to use it to calculate the TC similarity area index
(TSAI). Therefore, we choose Typhoon Rammasun (2014),
whose TMDR ranks second, as the reference TC. The TSAI
between the reference TC and the other 55 TCs is then cal-
culated and two groups of appropriate TCs are determined.
Using the ranks of TSAI, four TCs with strong rainfall are se-
lected with the reference TC as the strong rainfall TC group,
and five TCs with weak rainfall as the weak rainfall TC
group.

Table 1 compares the strong (weak) western region–type
TCs. For strong-rainfall TCs, the daily rainfall maximum
is 644.6 mm and the minimum is 356.0 mm; whereas, for
weak-rainfall TCs, the maximum rainfall is 185.1 mm and
the minimum is 104.0 mm. Considering that maximum daily
rainfall may occur in June, July, August and September, and
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Table 1. Comparison of the two groups of western region–type TCs
on extreme rainfall days over Hainan Island.

TC name TMDR
(number) (mm) Month

Strong western region–
type TCs

Fitow (0114) 644.6 August
Rammasun (1409) 544.3 July

Sarah (7703) 490.3 July
Willie (9618) 423.1 September
Kate (7311) 356.0 August

Weak western region–
type TCs

Dinah (7406) 185.1 June
S.T.S. (8011) 172.5 August
Jebi (1309) 167.8 August
Faye (8907) 163.4 July
Nina (9511) 104.0 September

the frequencies are fairly even, we can exclude the impact of
seasonal variations. The TC tracks of the two groups are sim-
ilar and both move west-northwest or west through the band
from northern Hainan Island to Leizhou Peninsula, reach-
ing Beibu Gulf, with several TCs making landfall again (not
shown). The distinction between the two groups is that TCs
with strong rainfall move along a track that is farther south
and with slower speed, and then a shorter track (Fig. 8a).

Sometimes, the individual characteristics of TCs may
have important functions in the formation of TCER events.
Figure 8b presents the average values of the TMDR, maxi-
mum wind speed, TC moving speed, and direction deviation
index, for the two groups of strong and weak TCs. The direc-
tion deviation index of a TC is the counterclockwise rotation
angle from due west to the direction of movement in units
of degrees (◦). For example, when a TC travels due west,
its direction deviation index is 0◦, whereas when a TC trav-
els northwest its direction deviation index is 315◦. Figure 8
shows that the TMDR of the two groups varies widely, with
differences > 300 mm, passing the statistical test at a signifi-
cance level of 0.001.

The average maximum wind speed of strong-rainfall TCs
is greater than that of weak-rainfall TCs, with the difference
reaching 6.64 m s−1, which is not statistically significant.
The average moving speed of strong-rainfall TCs is signifi-
cantly slower than that of weak-rainfall TCs, with an absolute
difference of 9.08 km h−1 and relative difference of 61.5%,
which is statistically significant at a level of 0.01. Slower
TC moving speeds favor maintaining precipitation at a cer-
tain place for a longer time, which is likely to cause TCER
events. The average direction deviation index of the strong-
rainfall TC group is larger than that of the weak-rainfall TC
group, which means the westward-moving component of the
strong-TC group is larger and the TC centers are closer to
the western region (Fig. 8a) and are thus conducive to heavy
precipitation in the western region. The intensity, speed and
direction deviation index of the strong-rainfall TC group are
therefore all conducive to heavy or extreme rainfall events.

This analysis detects significant differences between the
characteristics of TCs in the two groups. These differences
are fundamentally related to the local environment, so deeper
analysis of the similarities and differences in the local envi-
ronment between the two groups is required.

One of the main conditions of inducing TCER events
is a steady and continuous supply of moisture. For the dy-
namic composite moisture flux at 850 hPa (Figs. 9a and b),
strong-rainfall TCs are related to a stronger moisture flux,
which provides adequate moisture and leads to the lower at-
mosphere of the future torrential rain zone becoming wetter.
This may accumulate large amounts of unstable energy and
accelerate the convective instability of TCER events. There
are three regions in which the central moisture flux is > 16
g s−1 Pa−1 m−1 as a result of mesoscale pulsations in wind
speed. These pulsations are more important than the low-
level jet itself. It has been observed that a rainstorm is of-
ten accompanied by several centers of maximum wind speed
propagating downstream along the jet axis. For the weak
rainfall TCs, the linked moisture flux values are relatively
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Fig. 8. (a) Average tracks and (b) characteristic statistics of the strong (weak) western region–type TC group on extreme
rainfall days over Hainan Island. I, II, III and IV represent TMDR events (units: 10 mm), the maximum wind speed
(units: m s−1), the speed of movement (units: km h−1) and the direction deviation index (units: 10◦), respectively. The
solid (dashed) line with arrow is the average track of strong (weak) western region–type TCs.
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Fig. 9. Distribution of composite moisture fluxes (units: g s−1 Pa−1 m−1; shaded areas indicate vector magnitude > 8 g
s−1 Pa−1 m−1) for the two western region–type TCs on extreme rainfall days at 850 hPa: (a) strong western region–type
TCs; (b) weak western region–type TCs.

small; the area reaching 8 g s−1 Pa−1 m−1 is smaller and the
values of very few regions are > 16 g s−1 Pa−1 m−1. In the
strong-rainfall TC group, the majority of water vapor is trans-
ported into the wind circulation, whereas a portion of the
water vapor in the weak-rainfall TC group is transported to
the distant ocean. All these conditions may result in stronger
low-level moisture convergence and release more latent heat
to maintain the warm-core structures of strong-rainfall TCs.
The moisture flux divergence difference (not shown) at 850
hPa supports this. The moisture divergence of the strong-
rainfall TC group is larger, with the center value reaching
(9–12) ×10−6 g s−1 Pa−1 m−2, whereas the weak-rainfall TC
group only reaches (6–9) ×10−6 g s−1 Pa−1 m−2. The differ-
ence between them is (4–6) ×10−6 g s−1 Pa−1 m−2. A strong
supply of moisture is therefore an important condition of
TCER events.

TCER events accompany the intensification of the South
China Sea summer monsoon (SCSSM) [defined as the 850-
hPa mean zonal wind over (5–15◦N, 105–120◦E) of the
southern South China Sea during a short period] (Fig. 10).
Both strong- and weak-rainfall TCs have a monsoon surge
before the TMDR event occurs. The SCSSM index gener-
ally begins to increase five days before the TMDR event day,
increases quickly three to four days before the day of the
TMDR event, and reaches the highest value one day before
the TMDR event. After the day of the TMDR event, the SC-
SSM index reduces rapidly. The obvious difference between
strong- and weak-rainfall TCs is the intensity of the SCSSM.
During the period from seven days before to three days af-
ter the day of the TMDR event, the SCSSM index of strong
rainfall TCs is always higher than that of the weak rainfall
TC group. Therefore, the SCSSM has a close relationship
with TMDR events and a strong SCSSM might induce TCER
events.

Figure 11 shows the contrast in the circulation of the
NWPSH at 500 hPa for the two groups of TCs. The area
enclosed by the 5880-gpm line is smaller for strong-rainfall
TCs, which means that the NWPSH is relatively weak. The
zonal distance from the western ridge point to the center of

T

Fig. 10. Daily variation of the composite SCSSM index for the
two western region–type TCs (on the abscissa, 0 represents the
extreme rainfall day).

the TC is about 12◦ of longitude. The NWPSH is squeezed
by the southwesterly jet and the TC circulation, which is not
conducive to the steering role of the NWPSH on the TC track.
The confrontation between the southwestly jet and the NW-
PSH tends to make TCs move slowly, which gives them more
time to cause heavy rain on land. For weak-rainfall TCs, the
NWPSH is stronger, the area surrounded by the 5880-gpm
line is larger, and the zonal distance from the western ridge
point to the center of the TC is only about 7◦ of longitude. In
addition, the wind speed near the NWPSH is larger and the
southeasterly wind southwest of the NWPSH makes the TC
move faster, which reduces the likelihood of strong rainfall
being maintained in a certain area.

The strong zone of westerly winds southwest of the
strong-rainfall TC circulation has a broad range, which has
the benefit of bringing in more moisture. A constant supply
of moisture transported into the circulation of the TC results
in warming, humidification and maintenance of the circula-
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Fig. 11. Distribution of composite horizontal wind (vectors; units: m s−1; shaded areas indicate wind vector magnitudes
> 8 m s−1) and geopotential height (contours; units: gpm; thick solid lines represent the lines of 5880 gpm) fields for
the two western region–type TCs on extreme rainfall days at 500 hPa: (a) strong western region–type TCs; (b) weak
western region–type TCs.

tion of the TC. The strong westerly wind zone of the circula-
tion of weak-rainfall TCs is smaller and brings less moisture
into the circulation of the TC. In addition, some of the mois-
ture is transported to the distant sea by the NWPSH, which is
not conducive to developing strong rainfall events.

No significant difference is found between the two groups
of TCs in the geopotential height field at 100 hPa and wind
divergence at 200 hPa (not shown), indicating that high-level
circulation has little effect on the difference in rainfall be-
tween the two types of TC.

6. Summary and discussion

Characteristics of extreme rainfall events over Hainan Is-
land and their causes are investigated from 1969 to 2014 us-
ing NCEP/NCAR reanalysis data, station precipitation data,
and TC best-track data. The main results are as follows:

(1) During the period 1969–2014, the frequencies of
TMDR events reaching 50, 100 and 250 mm show a signifi-
cantly decreasing trend [−0.7 (10 yr)−1], a weakly decreasing
trend [−0.2 (10 yr)−1] and a weakly increasing trend [0.1 (10
yr)−1], respectively.

(2) In terms of seasonal variations, TMDR events of all
intensity grades occur mainly in July to October, with the fre-
quencies of TMDR events > 50 mm and > 100 mm peaking
in September, whereas the frequency of TMDR events > 250
mm peak in August and September.

(3) In terms of geographical distribution, TMDR events
can occur anywhere over Hainan Island with daily rainfall
maxima > 100 mm. The western region (Changjiang) is al-
ways the rainfall center, independent of the intensity or fre-
quencies of different grades of intensity. The maximum daily
rainfall at Changjiang is 644.6 mm and the frequencies of
events with TMDR > 50 mm, > 100 mm and > 250 mm are

23, 19 and 7, respectively.
(4) Topography plays a key role in the geographical dis-

tribution of TMDR events. With the coordination of the track
and wind structure of TCs, TCER events are easily induced
on the windward slopes of Wuzhi Mountain, especially in the
western region of Changjiang.

(5) Comparison of the strong (weak) western region–type
TCs shows differences in the characteristics and environ-
ments of TCs. A slower moving speed, a stronger TC in-
tensity and a track that is farther west are all conducive to
heavy or extreme rainfall events. In terms of the role of the
environment, a weaker NWPSH is likely to make the 500-hPa
steering flow weaker and results in slower movement of the
TC, whereas a stronger SCSSM can carry a higher moisture
flux. These two environmental factors both favor extreme
rainstorms.

This study has resulted in some meaningful conclusions
on TMDR events, based on which the centers of rainfall
can be determined more accurately and quickly when a TC
moves over or near Hainan Island. However, there are still
some problems and deficiencies that require further analysis.
For instance, this paper focuses on diagnostic analysis, but
the physical mechanisms of some of the conclusions (such
as the role of Wuzhi Mountain) need to be verified through
numerical simulations, which will be carried out in future
research.
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