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(Fig. 1) that made landfall on the Taiwan east-coast 
from 1960 to 2010 (67 typhoons). Table 2 is the average 
values of typhoon duration, distance, translation speed, 
ER amount, and total rainfall value during the landfall 
period in each track type. Table 2 indicates that average 
duration time for landfall typhoons with type 2(N) and 
3(C) tracks are about 3 hours longer than that of type 
4(S) tracks, and are likely to produce three to four times 
as much ER. This may be due to the fact that type 2(N) 
and 3(C) tracks are more likely to produce windward 
side rainfall over the slopes of CMR than that of type 

4(S) (Chang et al. 1993). The landfall duration time is 
about the same for type 2(N) and 3(C) tracks; but the 
distance of type 3(C) tracks is about 50 km longer that 
for type 2(N) and 4(S) tracks. The typhoon translation 
speed across Taiwan is slowest for type 2(N) tracks. It 
is possible that the phase-locked precipitation on the 
windward side of mountain slope may produce poten-
tial vorticity tendencies which slow down the general 
northwest moving storm. Table 2 suggests the impor-
tance of the CMR mountain modulation on the ER and 
the total rainfall amount. 

Fig. 9. Spatial distributions of typhoon season accumulated 95th percentile extreme rainfall ((a), (b) and (c)), fre-
quency ((d), (e), and (f)) and averaged rain intensity ((g), (h) and (i)) for the 1960-1976, 1977–1993, and 1994–
2010 decadal periods. The terrain contour is 800 m altitude.
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Figure 11a shows the ER for each typhoon as a 
function of translation speed and typhoon intensity, 
with the typhoon intensity from the CWB typhoon 
database. The typhoon categories are according to 
the Saffir-Simpson Hurricane Scale (Simpson 1974). 
Saffir-Simpson Hurricane Scale is based on wind 
speed that showed expected damage to structures. The 
original idea was to describe the damage to low-cost 
housing along the coastal area but it was also used to 
classify the typhoon strength. Figure 11a suggests that 
the amount of typhoon ER is related to the typhoon 
translation speed but not TC intensity. Moreover, Fig. 

Fig. 10. The annual variation of the typhoon num-
bers (black, dashed is the 6th order regression) 
near Taiwan, the annual total landfall duration 
time (red) and the duration time per typhoon in 
each year (blue) from 1960–2010. The averaged 
values of the total duration and duration per ty-
phoon in the three decadal periods are indicated 
by dashed lines.

Table 2.  The average values of Typhoon duration, distance, translation speed, extreme rainfall 
amount (ERA), and total rainfall during the landfall period. Three columns are for the types 
of CWB tracks: type 2(North, 24°N–25°N), type 3(Center, 23°N–24°N) and type 4(South, 
22°N–23°N).

1960–2010 Type 2(N) Type 3(C) Type 4(S)

Case Number 34 20 13

Duration (hr TY–1)
Distance (km TY–1)

Translation speed (m s–1)
95th percentile ERA (mm TY–1)

99.5th percentile ERA (mm TY–1)
Total rainfall amount (mm TY–1)

8.4
125.3
7.3

957.7
470.1 
1180.3 

8.9
175.3
8.6

809.5
347.1 
1084.5 

5.5
129.5
8.7

264.3
115.0 
438.5 

Fig. 11. (a) Total 95th percentile extreme rainfall 
(mm) as a function of typhoon intensity (max-
imum wind speed) and translation speed from 
1960 to 2010. Rainfall is proportional to the 
circle size; the three decadal periods are shad-
ed differently. (b) The 95th percentile extreme 
rainfall (mm) versus the reciprocal of typhoon 
translation speed (s m1), with colors denoting the 
typhoon intensity from tropical storm to Catego-
ry 5. The dashed line indicates the range of one 
standard deviation.  
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11a indicates that there was more typhoon ER in the 
1994–2010 period, and most of the typhoons had 
slower translation speeds. Figure 11b is the typhoon 
ER amount as a function of translation speed, along 
with the lines of regression and one standard devia-
tion. The reciprocal of translation speed is plotted for 
graphical clarity. It clearly indicates that ER is closely 
related to the translation speed. Most of intense (weak) 
storms are above (below) the regression line in Fig. 
11b. This suggests that intensity may influence ER to 
some extent, but the influence is still smaller than that 
of the translation speed. Overall, Fig. 11 suggests that 
slower translation speed and longer duration time lead 
to larger ER. These results are in general agreement 
with Chien and Kuo (2011), which show that Taiwan 
typhoon total rainfall is closely related to the transla-
tion speed rather than intensity. Recently, Marks (2011, 
personal communication) also noted that Atlantic 

hurricane rainfall is closely related to the duration time 
and translation speed.  

Most of the ER occurs in the typhoon landfall 
period. However there are a few cases of typhoons 
which produce more ER over Taiwan before or after 
the landfall period. We identify these cases using the 
data from 1977 to 2010, as the typhoon positions over 
the ocean are better defined in this period. Figure 12a 
shows a comparison of ER in the pre-landfall and land-
fall period for those typhoon cases with more than 
2,000 mm total rainfall. We identify the pre-landfall 
dominated typhoon as the typhoons that have more ER 
during the pre-landfall period (greater or equal to one 
standard deviation, in the blue color region). Similarly, 
the post-landfall dominated ER cases are identified in 
Fig. 12b. There are four pre-landfall ER dominated 
typhoon cases: Polly (1992), Haitang (2005), Krosa 
(2007), and Sinlaku (2008). Figure 13 depicts the tracks 
of these four typhoons. All four tracks show a similar 
looping pattern and all are north of 23 degrees latitude. 
This type of track looping or southward deflection 
before landfall may lengthen the typhoon duration time 
in the pre-landfall period. Track looping or deflection 
may be due to the interaction of the typhoon circula-
tion with the topography before the landfall. Yeh and 
Elsberry (1993a) showed that the terrain may enhance 
the southward flow on the eastern side of land by the 
channel effect, a result also found by Jian and Wu 

Fig. 12. (a) Pre-landfall 95th percentile extreme 
rainfall (mm) versus the pre-landfall and landfall 
accumulated 95th percentile extreme rainfall 
(mm) from 1977–2010. (b) is similar to (a) ex-
cept for the post-landfall 95th percentile extreme 
rainfall (mm) cases. The solid lines are the aver-
aged ratios; and the dashed lines are the range of 
one standard deviation. 

Fig. 13. Tracks of four pre-landfall dominated 
typhoons from CWB hourly typhoon track data. 
The dots are the positions every three hours.
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(2008). On the other hand, Kuo et al. (2001) suggests 
that the effect of topographic vortex stretching by the 
typhoon circulation across the CMR may cause the 
typhoon vortex to move southward before landfall. 
Yeh et al. (2011) used numerical model experiments 
to study the looping track of Typhoon Haitang (2005), 
and showed that the interaction of the typhoon with a 
typhoon induced secondary vortex may also contribute 
to this looping behavior. 

An example of a post-landfall dominate case is 
Typhoon Morakot (2009), which possessed the highest 
recorded rainfall in Taiwan in the past 51 years. The 
slow translation speed of Typhoon Morakot both 
during landfall and in the post-landfall periods, the 
southwest monsoon supply of moisture, the multiple 
scale interaction with the intra-seasonal oscillation, 
and mesoscale convection in the convergent zone of 
typhoon-monsoon flows are the primary factors for the 
ER events (Ge et al. 2008; Hong et al. 2010; Chien 

and Kuo 2011). In this case, a strong low-level conver-
gence line was caused by the intersection of the north-
westerly circulation of Morakot and the southwestly 
monsoon flow. Figure 14 gives the important features 
of Typhoon Morakot (2009) that produced ER. Note 
that in Fig. 14c, the southwestly monsoon flow extends 
throughout the region from the Bay of Bengal to South 
China Sea.  

Finally, we note that the interaction of typhoon 
circulation with the northeast winter monsoon may 
also lead to ER. This ER scenario usually occurs in 
the months of September and October when a typhoon 
is near the Philippine coast far away from Taiwan. 
An example of typhoon interaction with the winter 
monsoon is Typhoon Megi (2010), which made land-
fall in northeastern Luzon on Oct. 18. After passing 
Luzon Island, Typhoon Megi rapidly regained strength 
in the South China Sea and move northwestward and 
then north-northeastward. The intensity of Typhoon 

Fig. 14. The special features of Typhoon Morakot (2009): (a) track of typhoon Morakot with three hour positioning 
data, (b) 925mb wind vectors and water vapor flux (m s–1 kg kg–1) at 18Z, Aug. 8, 2009, (c) water vapor flux (m 
s–1 kg kg–1) at 925mb at 12Z, Aug. 07, 2009  (water vapor flux is shaded and arrows are the wind vectors), (d) 
CWB composite radar reflectivity at 00Z, Aug. 8, 2009.



Journal of the Meteorological Society of Japan Vol. 90, No. 5734

Megi was decreasing near the south end of Taiwan 
Straits on Oct. 20 with a slow translation speed of 9 km 
hr–1 after Oct. 21. The typhoon track never made land-
fall in Taiwan (Fig. 15a) but still caused severe rain-
fall in northeastern Taiwan on Oct. 21. The ER pattern 
produced is similar to that of Fig. 6a the WI season ER 
pattern. We noticed the presence of strong MCSs over 
northeastern Taiwan (Fig. 15c) in the general conver-
gent region of typhoon circulation and the northeast 
monsoon (Fig. 15b). The torrential rainfall in this case 
was 1,182 mm in 24 hours (Suao station), and the peak 
rain intensity observed was 181.6 mm hr–1. 

5.  Summary

Using CWB hourly precipitation data from 21 

surface stations for a 51-year period (1960–2010), 
we study extreme rainfall (ER) in Taiwan. The ER is 
defined as the 95th percentile intensity of total rain 
events, or equivalently, rain events greater than 9 mm 
hr–1 that contribute 40% of total rain amount in Taiwan. 
Our major findings are: 
(1)	 Approximately 70% of ER occurs in the typhoon 

season (July to October), 20% in the Mei-Yu (MY) 
season (May and June), and the other 10% in the 
remainder of the year. 

(2)	 The MY ER events, while possessing strong 
annual variations, do not have significant decadal 
variation in the 51-year data record.

(3)	 There is a strong correlation between the yearly 
value of TYS ER values and the yearly value of 

Fig. 15. The special features of Typhoon Megi (2010): (a) track of typhoon Megi (2010) from CWB,  (b) 925mb 
wind vectors and water vapor flux (m s–1 kg kg–1) at 12Z, Oct. 21, 2010, (c) CWB composite radar reflectivity at 
20Z, Oct. 21, 2010, (d) CWB daily accumulated rainfall on Oct. 21. The extreme rain intensity of 181.5 mm hr–1 
at Suao station is indicated.
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total ER in Taiwan. The typhoon ER pattern is 
phased locked with the CMR, with peak values of 
ER at the Alishan mountain station. Topographic 
forcing plays a vital role in typhoon ER.

(4)	 There are significant variations in typhoon ER over 
the annual and decadal time scales, with greater 
ER and frequency in the periods of 1960–1976 and 
1994–2010, and less in the 1977–1993 period. In 
particular, the recent 1994–2010 period exhibited 
larger annual variability and had an increase in ER 
of 150 mm yr–1 from the previous decadal period. 
The averaged typhoon rain intensity, however, is 
about the same being 19 mm hr–1 in all the three 
periods. 

(5)	 The typhoon ER is related to typhoon translation 
speed rather than typhoon intensity. Slower speed 
and longer duration time lead to larger ER. Our 
analyses also indicated that the mean duration 
time of typhoons making landfall in Taiwan with 
type 2(N) and 3(C) tracks is about 3 hours longer 
than that of type 4(S) track typhoons in the last 51 
years, and is likely to produce three to four times 
as much ER. 

(6)	 Westward moving typhoon cases, that produce 
greater ER when the typhoon centers were over 
the ocean, are identified. All the pre-landfall domi-
nated typhoons had type 2(N) and 3(C) tracks with 
a southward deflection or looping tracks during 
pre-landfall period.

(7)	 The interactions of summer or winter monsoons 
with typhoons are also important factors that 
contribute to ER in Taiwan. Examples of summer 
monsoon interaction (i.e., Typhoon Morakot 2009) 
and winter monsoon interaction (i.e., Typhoon 
Megi 2010) are discussed. The interaction of 
typhoon circulation and the monsoon flows lead 
to the formation of mesoscale convective systems 
in the convergent area. The mesoscale convection 
is responsible for the ER in Taiwan. The moisture 
supply by the monsoon flow and the slow typhoon 
translation speed near Taiwan are key factors in 
extreme precipitation. 
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