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Abstract
The trends of four common climate change indices related to extreme precipitation events
during the typhoon season (July–October) from 21 stations in Taiwan are investigated using
a robust nonparametric method. Upward trends in precipitation intensity and 5-day total
precipitation amounts prevail from 1950 to 2010. Longer drought duration is also noted,
in southern Taiwan in particular. Daily precipitation during the typhoon season is further
partitioned into typhoon and monsoon rainfall. Precipitation intensity induced by typhoons
and monsoon systems has both increased over the last 60 years; these two components
collectively contribute to strong upward trend in precipitation intensity.
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1. Introduction

There is a growing interest in knowing changes in
precipitation and temperature extremes as the climate
has become warmer. The changes in extreme events,
such as heavy precipitation and associated floods, heat
waves, and hurricanes (or typhoons), have attracted
a lot of attention because of their devastating conse-
quences on society and economics. Taiwan (Figure 1)
stands out prominently among the tropical regions as
an area in which precipitation extremes have under-
gone a dramatic change over the last 50 years or
so (e.g. Liu et al., 2009). On average, four or five
typhoons pass through the vicinity of Taiwan every
year with various degrees of precipitation-related dam-
age (Tu et al., 2009). One recent extreme event is the
August 2009 typhoon Morakot which wreaked havoc
in Taiwan. This storm produced torrential rain, with
the 3-day accumulated rainfall exceeding 2000 mm
at many gages in southern Taiwan. Tu et al. (2009)
also noted an abrupt increase in the typhoon counts
near Taiwan and in the East China Sea since 2000.
Recently, based on summer rainfall (June–August)
and the linear regression method, Chang et al. (2012)
noted an increasing trend in typhoon rainfall intensity
in Taiwan since 1958.

To make a standard of comparison among differ-
ent regions of the world, a suite of climate change
indices was advocated by the Climate Variability and
Predictability (CLIVAR) program, a component of the
World Climate Research Program under the World
Meteorological Organization (WMO). Because cli-
mate change indices defined by CLIVAR are widely
accepted tools, it is of considerable interest to inves-
tigate changes in precipitation extremes in Taiwan
using the CLIVAR indices so that the results can

Figure 1. Orientation map for Taiwan. Stations are indicated
with numbered site codes that are listed in Table I.

be meaningfully compared with other parts of the
world (e.g. Frich et al., 2002; Alexander et al., 2006).
Unlike Liu et al. (2009) and Chang et al. (2012)
who used different extreme indices, the trends of
four commonly used CLIVAR precipitation indices
in Taiwan are investigated here using daily observa-
tional records since 1950. Instead of the three summer
months (June–August), we focus on the typhoon sea-
son (July through October) when tropical cyclones
are most active in the western North Pacific (Chia
and Ropelewski, 2002). Moreover, a robust nonpara-
metric method is used to test for trends because the

 2013 Royal Meteorological Society



P.-S. Chu, D.-J. Chen and P.-L. Lin

Table I. Station numbers, names, elevation, and the number of years used. Trend values for SDII and R50 during the typhoon
season are also shown.

Site_code Name of station Height (m) Available years
Trend for SDII

(mm day−1 year−1)
Trend for R50
(days year−1)

690 Danshui 19 59 0.12a 0.03b

691 Anbu 825.8 61 0.19a 0.05
693 Zhuzihu 607.1 61 0.12 0
694 Keelung 26.7 61 0.08b 0.03
695 Penjiayu 101.7 61 0.19a 0b

708 Ilan 7.2 56 0.1 0
730 Donjidao 43 46 0.25a 0.03a

735 Penghu 10.7 54 0.08 0
741 Tainan 40.8 48 0.12 0
744 Kaoshiung 2.3 60 0.14a 0.02
748 Chiayi 26.9 41 0.28a 0.07b

749 Taichung 84.04 46 0.03 0.03
753 Alishan 2413.4 61 0.09 0
754 Dawu 8.1 52 0.12 0
755 Yushan 3844.8 59 0.11 0
759 Hengchun 22.1 52 0.07 0
761 Cheng-kung 33.5 52 0.05 0.02
762 Lanyu 324 59 0.05 0
765 Sun Moon Lake 1017.5 60 0.06 0
766 Taitung 9 57 0.13a 0.03
757 Hsinchu 32.8 41 0.1 0

a5% significant level.
b10% significant level.

linear regression method is subject to certain assump-
tions. This paper is organized as follows: Sections
2 and 3 describe the dataset and climate change
indices, respectively; Section 4 discusses the method
and results are presented in Section 5; and Section 6
provides a summary and discussion.

2. Data

Long-term daily rainfall data from the Central Weather
Bureau are available; however, some stations have
missing observations or changing locations over time.
In order to maintain data quality, some criteria are
applied to the climate change indices. This is in
reference to those adopted in Griffiths and Bradley
(2007), Chu et al. (2010a), and others. Table I lists the
station names, their elevations, and data length. There
are 21 stations with data available for at least 41 years
up to 2010, and 7 out of these 21stations even have at
least 60 years of data.

Tropical cyclone (TC) best track data archived
by the Joint Typhoon Warning Center in Honolulu,
Hawaii are used to locate a TC center in the vicinity
of Taiwan for all 6-hourly intervals. Here, we consider
the maximum surface wind over 34 kt as a TC case.
TC thus includes both tropical storms and typhoons.

3. Climate change indices

Four of the 27 indices defined by the WMO/CLIVAR
program are used here. The first index is the sim-
ple daily intensity index (SDII), which is the average

wet-day precipitation intensity. A wet day is taken
as a day with daily precipitation ≥1 mm. The unit
of SDII is millimeter per day. For simplicity, the
SDII is also called the precipitation intensity. The
R50 is the annual number of days with precipitation
≥50 mm and the unit is days. This definition is con-
sistent with the Central Weather Bureau in Taiwan
for heavy rainfall events. R5d is the annual maximum
consecutive 5-day precipitation amounts, with units in
mm, and describes the magnitude of intense precipita-
tion events. The fourth index is the annual maximum
number of consecutive dry days (CDD). The CDD
defines the duration of excessive dryness, and the unit
is days.

4. Methods: nonparametric Mann–Kendall
test and Sen’s method

The trends of the indices are estimated by the non-
parametric rank-based Mann–Kendall test and Sen’s
method. The former tests whether the trend is increas-
ing or decreasing and estimates the significance of
the trend, whereas the latter quantifies the slope of
this trend (Chu et al., 2010a; Garza et al., 2012). The
slopes of all data pairs are calculated and the median
of these slopes is the Sen’s estimator of slope. The
advantage of these two methods is that missing val-
ues are allowed and the data need not conform to any
particular parametric distribution. Furthermore, Sen’s
method is robust against skewed distributions and
outliers.
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Figure 2. Climatological mean value of (a) SDII, mm day−1; (b) R50, days; (c) R5d, mm; and (d) CDD, days from 1950–2010 for
Taiwan.

5. Temporal and spatial characteristics
of climate change indices

In this section, we will focus on the temporal and
spatial characteristics of climate change indices in
Taiwan.

5.1. Spatial patterns of mean and trend
in precipitation extremes

The climatological mean values for the four indices
are shown in Figure 2. On average, the highest rainfall
intensity (Figure 2(a)) is found in the northern, moun-
tainous region, with values slightly >40 mm day−1 at
Anbu and Zhizihu. This is followed by 31.6 mm day−1

for Alishan in the Central Mountain Range (CMR).
For the remaining 18 stations, the SDII lies between

20 and 30 mm day−1. For R50 (Figure 2(b)), Anbu
and Zhizihu again exhibit the largest number of heavy
rainfall days in a year. As expected, the aforemen-
tioned three mountain stations also rank high in the
consecutive 5-day precipitation amounts (Figure 2(c)).
For CDD (Figure 2(d)), the two outer isles—Donjidao
and Penghu—and the western plain stations exhibit
the highest consecutive dry days.

Figure 3(a) displays the trend pattern for SDII. It is
noteworthy that all 21 stations across Taiwan and its
outer isles show an increasing trend in precipitation
intensity and trends at 7 out of these 21 stations
are statistically significant at the 5% level (Table I).
Therefore, increasing precipitation intensity during the
typhoon season is not a local phenomenon but occurs
at the regional level. Moreover, save for Anbu, the
other six stations with significant upward trends are not
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Figure 3. Spatial distribution of the Sen’s slopes for (a) SDII, (b) R50, (c) R5d, and (d) CDD from 1950 to 2010. Triangles and
circles denote the location of stations. Upward (downward) hollow triangles indicate positive (negative) direction of trends and
their size corresponds to the magnitude of trends. Light (solid) filled-in triangles indicate trends significant at the 10% (5%) level.

located at high elevations (Table I). For R50, coastal
and lower elevation stations experienced an increasing
trend but only one station shows a significant trend at
the 5% level (Figure 3(b), Table I).

The pattern of the trend in R5d is marked by
positive trends in the entire region (Figure 3(c)), except
for two coastal stations in eastern Taiwan (Ilan and
Cheng-Kung). Overall, the trend pattern revealed in
the maximum consecutive 5-day precipitation (Fig.
3c) is similar to that for precipitation intensity (Figure
3(a)). Changes in the plain stations seem to be more
uniform and consistent among the three precipitation-
related indices. This is not the case for mountain
stations. For example, no significant slope in R50 is
noted for stations 753, 755, and 765 (Figure 3(b)),
although an upward trend is found in SDII and

R5d (Figure 3(a) and (c)). Therefore, increases in
precipitation intensity and amounts do not necessarily
imply a similar change in the frequency of heavy
rainfall events for high-elevation stations. This point
will be discussed further in the last section. For CDD
(Figure 3(d)), the most pronounced feature is the
prevailing upward trend across Taiwan and this trend
is most significant in southern Taiwan and at high
elevations in the CMR (Alishan and Yushan).

5.2. Trends in typhoon and monsoon rainfall
during the typhoon season

Rainfall in Taiwan during the period from July to
October is contributed by TCs, mesoscale convective
disturbances, or local thunderstorms associated with
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the diurnal cycle of summer heating patterns embed-
ded in the prevailing southwesterly monsoon (Chen
and Chen, 2003; Chen et al., 2007). Chen et al. (2004)
found that the contribution of typhoon rainfall over-
whelms that from convective systems over eastern and
northern Taiwan at the height of summer. For south-
western Taiwan which is on the windward side of the
southwesterly flows, typhoon rainfall is comparable to
that of convective rainfall.

Chen and Chen (2011) partitioned summer rain-
fall in Taiwan into two components: TC rainfall
and seasonal monsoonal rainfall. They defined
TC rainfall days as when a TC center is located
near Taiwan within 2.5◦ in latitude and longitude

(117.5◦E–124.5◦E, 19.5◦N–27.5◦N). The remainder
of the rainfall systems that are not associated with
TCs is termed as seasonal monsoon rainfall. Adopting
Chen and Chen (2011) definition, we will classify a
wet day as either caused by TC or monsoon systems.
Because most typhoons that have impact on Taiwan
within the defined domain are short-lived, we will
focus only on the SDII and R50.

For precipitation induced by TCs, the majority
of stations in Taiwan are marked by positive trends
in SDII (Figure 4(a)), suggestive of increasing
precipitation intensity directly caused by TC-related
systems. Although high precipitation is expected at
high elevations of the CMR (e.g. Alishan) because of

Figure 4. Spatial distribution of the Sen’s slopes for (a) SDII and (b) SDII and (c) R50 from typhoon-induced precipitation, and
(d) R50 from monsoon-induced precipitation. The period of analysis is July–October from 1950 to 2010. Triangles and circles
denote the location of stations. Upward (downward) hollow triangles indicate positive (negative) direction of trends and their size
corresponds to the magnitude of trends. Light (solid) filled-in triangles indicate trends significant at the 10% (5%) level.
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TC wind and terrain interaction, the upward trend in
precipitation intensity induced by TCs is generally not
statistically significant. In Figure 4(b), there is also
an upward trend in precipitation intensity induced
by monsoon systems over the last 60 years. It is
likely that the positive contributions made by the two
components revealed in Figure 4(a) and (b) enhance
the overall signal, rendering a strong and prevailing
upward trend in SDII during the typhoon season
(Figure 3(a)). For heavy precipitation days (Figure
4(c)), most stations show an increasing trend induced
by TCs since 1950. This feature is particularly evident
in northern and southeastern Taiwan. Interestingly,
there is essentially no change in heavy precipitation
days caused by monsoon systems over the last
60 years (Figure 4(d)). Taken together, the increasing
trend in heavy precipitation days observed in Figure
3(b) and Table I is rather weak.

6. Summary and discussion

For the first time, this study uses four climate change
indices defined by the WMO/CLIVAR to document
changes in precipitation extremes during the typhoon
season (July–October) in Taiwan from 1950 to 2010.
Upward trends are noted for precipitation-related
indices (e.g. precipitation intensity) and also for the
drought duration index since 1950. This is indica-
tive of more distinct dry–wet conditions during the
typhoon season in recent years.

Changes among different precipitation indices are
more uniform and consistent for the plain stations.
In contrast, the pattern in R50 for the mountain
stations (Figure 3(b)) is different from that of SDII
and R5D (Figure 3(a) and (c)). It is possible that daily
rainfall >50 mm is not an adequate threshold value
for defining heavy precipitation events in mountain
stations where rainfall is usually high because of the
TC wind–terrain interaction. For southern Taiwan,
the long-term increase in CDD (Figure 3(d)), and
the concurrent increasing precipitation intensity and
magnitude (Figure 3(a) and (c)), is troublesome for the
region where agriculture is a major economic sector.
We also investigate the relative role of TC and non-
TC-related precipitation. An increase in precipitation
intensity induced by TCs and monsoons is noted
(Figure 4(a) and (b)). Heavy rainfall days caused
by TCs have also increased but changes caused by
southwesterly monsoons are rather flat since 1950
(Figure 4(c) and (d)).

Liu et al. (2009) and Shiu et al. (2009) found an
increase in heavy precipitation (>10 mm/h) in Taiwan
for the period 1961–2005 and they suggested this
increase is likely associated with global warming
because under a warm climate the atmosphere can
hold more water vapor. However, the rate of increase
in global-mean precipitation, constrained by radiative
equilibrium considerations, is much slower than that
from global-mean water vapor (∼7% per degree of

surface warming). The latter is consistent with expec-
tations from the Clausius–Clapeyron equation (e.g.
Held and Soden, 2006; Chou and Chen, 2010). Given
the slower rate of observed precipitation increase in
response to global warming, the significant upward
trend in precipitation intensity (Figure 3(a)) cannot be
accounted for only by atmospheric warming. Besides
global warming, Chen and Chen (2011) noted the
impact of the Pacific decadal oscillation (PDO) on
summer (June–August) rainfall trends over Taiwan.
Moreover, TC rainfall exhibits an increasing trend in
Taiwan during the past 50 years, whereas monsoon
rainfall shows a decreasing trend (Chen and Chen,
2011).

Chu et al. (2010b) classified historical TC tracks in
the western North Pacific into eight types. They noted
that a majority of the eight types exhibit an increasing
level of storm days, indicative of longer storm duration
after the identified shifts. Interestingly, steering flows
of TCs have weakened over the subtropical western
North Pacific east of Taiwan and translational speeds
of storms have decreased since 1950 (Chu et al., 2012).
These changes will keep TCs in the main track path
longer in their lifetime and likely cause an upward
trend in TC induced precipitation in Taiwan (Figure
4(a)). Indeed, the longer duration of storms (Chu
et al., 2010b), the slowdown of easterly steering flows,
and increasing track frequency (Tu et al., 2009) are
also postulated as mechanisms for the increase in TC
rainfall intensity affecting Taiwan since 2004 (Chang
et al., 2013).
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