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1. Introduction

The importance of rainfall during typhcoon season in Tawian
cannot be over emphasized. Climatologically, more than half of
the annual rainfall in the southern and eastern parts of Taiwan
eccurs during this season (approximately from July to October) .
If rainfall becomes insufficient during the typhoon and the
antecedent Mei-Yu (may to June) seasons, drought would sure to
come. This was the case for the recent, prolonged and
devastating drought that started from summer 1995 to the first
few months of 1%%6. In fact, drought has been recurrent
troublesome problems for Taiwan. Therefore, development of a
better predictive models with lead times of several months in
advance is necessary for strategic water resources plannings and
management. The cbjectives of this project are (1) to explore
whether there is any predictability of rainfall during typhoon
season using information from the vasgt Pacific Ccean, {2) to
determine the degree (level) of predictability, and (3} to assess
the spatial extent of the predictability.

N

2, Data and data processing

The monthly mean sea-surface temperature {$ST) observations
over the Pacific (50°N-40°S, 120°E-S0°W) from 1954 to 1997 have

been used as the predictor variable. The horizontal resclution



of this dataset is 10° latitude/longitude, yielding 125 grid
points over the Pacific. Long-term monthly rainfall totals from
16 first-order stations over Taiwan, through the courtesy of Mr.
Guay-Hong Chen, are provided by the Central Weather Bureau. The
stationg include Keelung, Taipei, Hginchu, Taichung, Tainan,
Kaohsiung, Hualien, Taitung, Tanshui, Ilan, Jihyuehtan, Alishan,
Chengkung, Tawu, Hengchun, and Penghu. We extract July through
October (JASO! rainfall records from these 16 stations for the
period from 1954 to 1997 (also 44 years). Broadly speaking, the
period from July through October is regarded as the typhoon
season in Taiwan, although the northern portion of the island may
be influenced by other weather systems in the late season.

For each station, rainfall records from July to October for
an individual year are first summed to produce a seasonal (note
that the rainfall seascn extends 4 consecutive months) total for
that year. This total is then normalized by taking the
difference between the individual value and the long-term average
of the seasonal value, and dividing by the standard deviation of
the seasonal series. This normalization procass ensures that
sach series has a zerc mean and a unit variance so that all the
stations have equal opportunity to participate in the prediction
experiments.

Likewise, a similar procedure ig applied to the pre-season



SST. In order to perform statistical forecasting, the predictor
variable at various lead times are considered. The seasons
chosen include a three-month period from January/February/March
(JFM) through April/May/June (AMJ}, just prior to the typhoon
SeAaASOon.

To reduce the large dimensionality of the S$ST and rainfall
fields, an empirical orthogonal function (EOF) analysis is
performed to both the predictor and predictand fields. As listed
in Table 1, the leading cight modes of the S8T account for 76.6%
of the total variance. This represents a 93.6% {(i.e., from 125
te 8) of the data reduction. For rainfall, the leading four
modes which explain 84.6% of the total variance are retained for

the subsequent analyses,

3. EOF analyses of SS8T and rainfall fields

Figure 1 showe the spatial pattern of the first EOF mede of
the AMJ (April/May/June) SST. It is characterized by a dipole
battern in the North Pacific, with a positive value in low
latitudes and negative value in the midlatitudes. The
correspending eigen time series shows large and positive
excursions during most El Nifio years such as 1572, 1983, 1987,
1952, and 1997. Thus, this pattern may resemble an El1 Nifio mode.

For the second mode (Fig. 2}, a large band of negative values



across the subtropical North Pacific is sandwiched by positive
values on both sides of it. The corresponding EOF time series
exhibit a decadal-like variation with smaller negative values
from 1854 to 1976 and larger negative sccores from 1577 to 1997,
The spatial patterns of the first and second ECF modes of
rainfall are shown in Fig. 3. The sign of the leading mode is
the same (positive departures) over the entire island, indicating
that all stations vary in phase. This implies more (less) than
normal rainfall, say, at Keelung, is accompanied by more {(less)
than normal rainfall at Hengchun during the typhoon season. &
noteworthy feature is the largest welghting over the southeastern
part of the island. This eigenmode accounts for 38.1% of the
total variance (Table 1). The second mode explains 29.6% of the
total variance. The spatial pattern of the second mode is quite
different from the first one in the sense that the sign of the
second mode is no longer the same everywhere. In fact, while
stations on the east side of the island show positive values,
negative values prevail over the west side of the island.
Therefore, an east-west asymmetry is noted and this asymmetry may
result from the presence of the lofty Central Mountain Range

which runs approximately from north to south.

4. Coupled variability and prediction experiments



Canonical correlation analysis (CCA) is used as the
prediction model (e.g., Chu and Ee, 1994; Chu, 1998) . CCA
identifies new variables that maximize the interrelationships
between the two data sets (e.g., two or more fields). Thus, ccA
is useful in diagnosing important aspects of the coupled
variability of the two fields. When the predictor variables
precede the predictand field, the CCA can be used to forecast
rainfall, provided the current state of the SST fields are known.

The CCA spatial patterns (maps) and cancnical vector time
series will be presented. The canonical predictor spatial
pattern (the so-called g-map} shows the association between the
sea-surface temperature fields and their canonical component time
series. Likewise, the canonical predictand spatial pattern (the
h-map) indicates the association between the rainfall fields and
their canonical compeonent time series. A third type of the map
is called the hn-map which demonstrates the correlation between
the rainfall fields and the canonical component time series of
the sea-surface temperatures. The hn-maps show the extent to
which rainfall fields are predictable from the sea-surface
temperatures. Through the investigation of the spatial patterns
and their attendant time series of canonical coefficients, it ig
possible to draw inferences about the nature of the coupled

variability of SST and rainfall.



Figure 4 displays the g,,h,, and hn, maps between the AMJ
SST and JASO rainfall, where the subscript 1 dencte the first CCA
mode which accounts for 31% of the coupled variability. For the
g, map, areas of negative loadings are found over the eguatorial
eastern/central Pacific and the northern midlatitudes. However,
large and positive loadings dominate the tropical northwestern
Pacific where most tropical cyclones form. For the h, map,
positive correlations are noted over the northern and eastern
Taiwan while negative correlations are found over the western
plain. Strong correlaticns {e.g., 0.52 for Ilan) indicate areas
where the association between SS5T and rainfall is greatest. In
case of the positive canonical component time scores for both S8T
and rainfall(Fig.5), positive signs in the predictor and
predictand fields imply that the sea-surface temperatures are
warmer and rainfall in the following ssason is higher.
Accordingly, warmer tropical western Pacific during AMJ gives
rise to higher typhoon rainfall for the eastern and northern
Taiwan, particularly for Keelung, Ilan, Chengkung, Hualien, and
Taipei where the correlations are above 0.30. An independent
analysis for the above claim can be found in Figs. 6 and 7, in
which high rainfall at Ilan and Hualien in 1988 are associated
with the positive, pre-season SST anomalies over the western

North Pacific.



Moderate to strong correlations are revealed at Keelung,
Ilan, Hualien, and Taipei in the hn, map, suggesting that this
mode ig a major contributor to the predictability of typhoon
rainfall. Poor forecast skill is expected in regions where
cerrelations are negative.

The second CCA is alsc important because it accounts for
approximately 30% of the joint variability between the SST and
rainfall fields. The g, map (Fig. 8) is characterized by a
dipecle pattern, with negative leoadings over the eastern Pacific
and positive loadings over the western Pacific. The sign for the
h, map is the same for the entire island and Penghu. The hn, map
shows moderate to strong correlations {from 0.33 to 0.48) along
the eastern cocast and Penghu, suggesting that the gsecond mode is
an important contributor to the rainfall predictability during
the typhoon season. This mode alsc contributes somewhat to
rainfall predictability to the rest of the island.

In order to test the overall predictive skill of the CCA
model, & cross validation method is performed. The method is as
follows. The predictor and predictand dataset of N time points
are divided into L segments. A model is developed using the data
of L-1 segments and is then used to hindecast the predictand in
the withdrawn segment. This process is repeated successively by

changing the segment that has been excluded from the model



development. By doing so we obtain N hindcasts, which can be
compared with N cbservations. In this study, a single point is
removed from the entire time series each time and the model is
developed from the remalning 43 years.

Figure 9 shcws the CCA forecast skill, expressed as the
correlaticon coefficient between hindcasts and observations, via
the cross validation method. As expected, skills are high in
areas where values in hn, and hn, are high. For instance,
predictability of rainfall is high for Keelung (0.37)}, Ilan
{0.43), and Hualien (0.36). The southeastern part of Taiwan also
has some skill. The worst skill is found at Taichung {-0.21}.

The aforementioned analyses were based on the 88T for AMJ,
just prior to the typhoon geason. Will a similar skill be
expected as the lead times increase? To answer this guestion,
we have run several experiments by changing the lead times for
the predictor. Accordingly, we have used the SST for various
seascns (i.e., MAM, FMA, and JFM). When the lead times increase
te JFM (January/February/March), moderate skills are still found
in northern Taiwan (Fig. 10). Poor skills are noted for the
scutheastern Taiwan. On the other hand, Penghu has a much higher
skill (0.42) than when the SST of AMJ was used as the predictor.
It is not clear why the predictability increases as the lead

times become longer (against the conventional wisdom which calls



for a drop in the skill with the incréasing lead times).

Because the $8T is known to possess strong persistence,
predictive skills may be increased if the lag effects are
considered in the predictor fields. Combining consecutive SST
over seasons will have the benefit of including the evolutionary
features of SST. Therefore, we have combined sea-surface
temperatures over two consecutive 3-month periocd (JFM AMJ) in the
extended EOF (EECF) analysis. Compared to the previous case when
the AMJ SST was employed (Fig. 9), Fig. 11 shows a slightly
higher cross-validation skill for Keelung (from 0.37 to 0.40),
Ilan{0.43 to 0.45), Hualien (0.36 to 0.38), and Penhgu (0.20 to.’
0.31) when the EEQF analysis is used. Furthermore, the
notorious, negative skill from Taichung down to Kachsiung shown

earlier in Fig. 9 has improved somewhat .
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Tablel. Percentage of variance explained by eigenvectors of S§T EOF .

i ) E3 Ef | 55 E6 E7 ES
Tndividual 324 123 G4 &7 52 43 34 73
Cumulative 324 437 540 608 66.0 70.2 737 T6E

Percentage of variance explained by eigenvectors of Rainfall EOF .

El E2 E3 E4

Individual 38.1 286 10.2 6.7

Cu_mu}ative 38.1 67.7 719 84.6
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