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Abstract

This study investigates the seasonal march patterns of rainfall in the Philippines from 1951 to 2012 and their long-term
variability. In order to clarify the dominant patterns in the seasonal march of rainfall, an empirical orthogonal function
(EOF) analysis was applied to pentad rainfall data of 30 stations. For the first EOF mode (EOF1), we obtained a pattern
related to the summer rainy season. We then applied cluster analysis to the time coefficients of EOF1 in each year to
classify the seasonal patterns of the summer rainy season. As a result, the patterns were classified into six clusters. We
found a long-term change in the pattern appearances with three anomalous patterns frequently observed since the
1990s: (1) a pattern that has an indistinct dry season and a prolonged peak rainfall, (2) a pattern that has a distinct dry
season and an earlier withdrawal of the summer rainy season, resulting in a shortened rainy season, and (3) a pattern
with a distinct dry season as well as delayed onset and withdrawal of the summer rainy season. This study also shows
the relations between these three patterns and the lower atmospheric circulation at the 850 hPa level around the
Philippines. Consequently, large positive and negative anomalies in geopotential height were observed around the
Philippines for the distinct and indistinct dry seasons, respectively. The duration and condition of the dry season
were greatly affected by the strength and location of the subtropical high especially for February–March. It is also
noteworthy that the timing of the onset (withdrawal) of the summer rainy season is clearly related to that of the onset
of the westerly (northerly) wind in the zonal (meridional) component around the Philippines. Further, the duration and
amount of peak rainfall were directly influenced by the strength of the westerly winds in the zonal component. These
three anomalous patterns tended to appear in the years when the warm or cold event of the El Niño–Southern
Oscillation (ENSO) occurred. This study suggests that the long-term variability in the seasonal march of rainfall is
considerably influenced by the variability in ENSO.
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Introduction
The climate of the Philippines is characterized by a large
volume and seasonality of rainfall (Coronas 1920; Flores
and Balagot 1969). The seasonality of rainfall is more
extreme than that of temperature and is influenced
mainly by the Asian monsoon, tropical cyclones, and the
orographic effect. Cayanan et al. (2011) argued that

heavy rainfall in western Luzon is induced by both the
location and the track of the tropical cyclones during
June–September and the orographic effect. Kubota and
Wang (2009) estimated that the tropical-cyclone-induced
rainfall ratio from July to October exceeds 50% in
northern Luzon. Moreover, the mean seasonal march of
rainfall amount clearly differs between the western and
eastern coastal regions of the Philippines because of the
Asian monsoon and the orographic effect, as shown by
station rainfall data reported by Akasaka et al. (2007) and
by the satellite data by Chang et al. (2005). Both the
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rainfall amount and the seasonality of rainfall are
important factors for the agriculture and economics of the
Philippines. This is because the seasonal march of rainfall
is characterized by not only the seasonal rainfall amount
but also the onset, peak, withdrawal periods, and duration
of the rainy season, which influence planting decisions
and the timing of harvesting in the cultivation calendar.
Therefore, whether the seasonal march of rainfall will
change with future global warming is of great concern to
the Philippines. To answer this question with a prognostic
analysis, we must first investigate the past interannual and
long-term variability in the seasonal march of rainfall and
its causes.
Recent studies have explored interannual variability of

the onset of the summer rainy season or the summer
monsoon in or around the Philippines since the late
twentieth century. Moron et al. (2009) used rainfall data
collected at 76 stations between 1977 and 2004 and data
from the Climate Prediction Center Merged Analysis of
Precipitation (CMAP) from 1979 to 2005 to study the
spatial and temporal variability of the onset of the
summer monsoon and to assess the seasonal predict-
ability of local onset dates. They identified important
climatic factors that are essential for the prediction of
the onset: the sea surface temperature (SST) over the
tropical Pacific and Indian Oceans in March and the
wind field at the 850 hPa level in May. Akasaka (2010)
studied the interannual variability of the onset of the
summer rainy season throughout the Philippines using
daily rainfall data collected at 39 stations between 1961
and 2000. The author pointed out that the onset was
consistently delayed after the mid-1970s and that long-
term changes in the onset might be related to the timing
of the shift in the location of the western edge of the
subtropical high over the Philippines. Kajikawa and
Wang (2012) studied interdecadal changes in the South
China Sea (SCS) summer monsoon onset for the period
of 1979–2008. They pointed out that the relatively early
onset of the SCS appeared during 1994–2008 and that
the onset processes were closely connected to the north-
ward seasonal march of the intertropical convergence
zone, the enhanced intraseasonal variability, and the
number of tropical cyclones over the western North
Pacific (WNP) and SCS. However, the interannual
variability in the seasonal march of rainfall, including
not only the onset but also the withdrawal and duration
of the rainy season, has been scarcely discussed in earlier
studies. The purpose of this study is to elucidate the
interannual variability in the seasonal march patterns of
rainfall in the Philippines since the late twentieth
century. This study also aims to reveal the relationship
between interannual variations in the seasonal march of
rainfall and the low-level atmospheric circulation around
the Philippines.

In addition, it is well known that the seasonality of
rainfall in the Philippines is largely affected by the El
Niño–Southern Oscillation (ENSO) (Lyon et al. 2006;
Lyon and Camargo 2009; Moron et al. 2009). For
example, Ropelewski and Halpert (1987) showed that
the El Niño brings about drier conditions around the
Philippines between June and November. Using daily
rainfall data collected at 35 stations between 1950 and
2010, Villafuerte et al. (2014) also indicated that signifi-
cantly drier (wetter) conditions appear in the Philippines
during the seasons of the El Niño (La Niña) close to the
mature ENSO. Cruz et al. (2013) reported a decreasing
trend in the southwest monsoon rainfall (June–September)
in the Philippines between 1961 and 2010 and suggested a
change in climate related to the long-term variability in
ENSO. Moreover, Kubota et al. (2016) investigated the
longer term variability in the Pacific–Japan (PJ) pattern
and its relation to the climates of East Asia and the WNP
summer monsoon from 1897 to 2013. They pointed out
that the ENSO–PJ relationship had varied on interdecadal
time scales and contributed to the interdecadal modulation
of climate in the summer of the WNP. However, the vari-
ation of the seasonal march pattern of rainfall in relation to
ENSO has rarely been studied. This study also discusses
the relationship between the interannual and long-term
variability in the seasonal march patterns of rainfall
and ENSO.
The data and methodology used in this study are de-

scribed in the next section. The dominant pattern in the
spatial and temporal variability of rainfall and its classifi-
cation are presented. Furthermore, we reveal the charac-
teristics of each seasonal march pattern of the summer
rainy season and its relationship with low-level atmos-
pheric circulation. Finally, we discuss the relationship
with ENSO and present a summary of the findings of
this study.

Methods/Experimental
In this study, we used daily rainfall data between 1951
and 2012 provided by the Philippine Atmospheric,
Geophysical and Astronomical Services Administration
(PAGASA). Data collected at 35 stations, which included
more than 80% of the daily data for the period of 1951
to 2012, were used. Missing rainfall data were not filled
in. To investigate the seasonality of rainfall, excluding
daily rainfall variations, pentad rainfall data were
calculated when missing data of one pentad were less
than 1 day.
Firstly, to detect dominant temporal and spatial pat-

terns in the seasonal march of rainfall, an empirical
orthogonal function (EOF) analysis was applied to the
pentad rainfalls for 30 stations from 1951 to 2012, which
had less than 5% missing values. Missing pentad rainfall
data were replaced by the 62-year mean values. To

Akasaka et al. Progress in Earth and Planetary Science  (2018) 5:20 Page 2 of 14



consider the statistical distribution, pentad rainfall data
were normalized by a cubic root and then standardized for
the analysis. Second, to classify the seasonal march patterns
of rainfall and reveal the interannual and long-term vari-
ability, cluster analysis, using the Euclidean distance and
Ward’s method, was applied to the time coefficients of the
first two EOF modes. In this study, the cluster analysis was
stopped at a point where the distances between the merged
clusters increased remarkably (Wilks 2006). The character-
istics of each EOF mode are described in further detail in
the next section. Then, to show the characteristics of sea-
sonality of rainfall exhibited by each cluster, composite
analyses were applied to the pentad rainfall for the years
classified in each cluster.
The 2.5° × 2.5° grid data of wind fields and geopotential

heights at the 850 hPa level from the National Centers for
Environmental Prediction/National Center for Atmos-
pheric Research (NCEP/NCAR) reanalysis (Kalnay et al.
1996) from 1951 to 2012 were used. The pentad mean data
of wind fields and geopotential heights were calculated
using daily data in the same manner as that for rainfall
data. To show the key areas and periods in the low-level at-
mospheric circulation related to the interannual variability
in the seasonal march of rainfall, correlation and composite
analyses were primarily used. The Oceanic Niño Index
(ONI, http://origin.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ONI_v4.shtml), which is an index
used to define ENSO periods shown by the Climate Predic-
tion Center, National Oceanic and Atmospheric Adminis-
tration (NOAA), was used to describe the relationship with
ENSO. The ONI indicates the 3-month running mean of
SST anomalies averaged in the Niño 3.4 region (5° N–5° S
and 120° W–170° W) calculated from the Extended Recon-
structed Sea Surface Temperature (ERSST) version 4
(Huang et al. 2015). In this study, the ONI values for the
period of October–December (OND) and January–March
(JFM) were utilized because ENSO events that developed
and continued for more than 1 year reached a mature
phase during these periods (Tomita and Yasunari 1993).

Results and discussion
Temporal and spatial variability of the seasonal march of
rainfall
The result of the EOF analysis of pentad rainfall for the
period of 1951–2012 showed two dominant EOF modes,
as was the case discussed by Akasaka (2010) who applied
the EOF analysis of pentad rainfall to data from 39
stations in the Philippines from 1961 to 2000. The
combined contribution of the first and second EOF
modes (EOF1 and EOF2) was more than 50% since
EOF1 and EOF2 accounted for 34.6 and 16.9% of the
total variance, respectively.
The spatial pattern of EOF1 indicated a positive sign

throughout the Philippines, and high loadings appeared,

especially in the western part, at around 10° N–16° N
(Fig. 1a). The mean time coefficient of EOF1 averaged
for the period between 1951 and 2012 changed sign
around the 29th pentad (late May) and the 71st pentad
(mid-December), as shown by the red and blue inverse
triangles in Fig. 1b. These results indicate that the sum-
mer rainy season starts simultaneously in the entire
Philippines around late May and withdraws toward mid-
December. These characteristics appear particularly in
the western part around 10° N–16° N, where the wind-
ward side of the southwest monsoon is located. Lower
factor loadings of less than 0.5 appeared in the south-
eastern part of the Philippines, corresponding to the area
where it has the rainfall peak for November–January by
the northeast monsoon and the orographic effect as
shown by Akasaka et al. (2007). That is, EOF1 mainly
shows consecutive rainfall variations from late May to
mid-December, which are characterized by the onset
and withdrawal of the southwest monsoon.
On the other hand, the spatial pattern of EOF2

showed a different signal between the northwestern part
of Luzon Island and the eastern part of the Visayas and
Mindanao (Fig. 1c). The mean time coefficients of EOF2
changed sign around the 20th pentad (early April) and
the 57th pentad (early October) and showed the peak of
the positive and negative signs around the 44th–46th
pentads (early and mid-August) and from the 65th pen-
tad (mid-November) to the 2nd pentad (early January),
respectively (Fig. 1d). These characteristics correspond
to regional differences in the period of the peak rainfall.
As shown by Akasaka et al. (2007), this is because the
peak rainfall in the northwestern part is mainly influ-
enced by the southwest monsoon along with the devel-
opment of the monsoon trough and because the peak
rainfall in the southeastern part is mainly influenced by
the northeast monsoon and the easterly wind brought
from the subtropical high. In this study, as discussed in
the next section, we focus on the interannual variability
in the seasonal patterns related to the summer rainy sea-
son across the entire Philippines as shown by EOF1.

Seasonal march patterns of the summer rainy season and
its long-term variability
To clarify the interannual variability in the seasonal
march of rainfall, cluster analysis was applied to the time
coefficients of the first two EOF modes. The seasonal
march of the summer rainy season stemming from
EOF1 showed remarkably distinct differences between
each cluster and the long-term changes. Therefore, the
characteristics of the patterns of the time coefficients of
EOF1 were the primary focus of this study. Figure 2
shows the dendrogram of the cluster analysis for the
time coefficients of EOF1 and the corresponding plot of
the distance between merged clusters in the cluster
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analysis. We stopped the process in the cluster analysis
before the 58th stage because the distance between the
merged clusters showed discontinuity after that stage.
On the basis of these results, we classified the patterns
in the time coefficients of the EOF1 for the period of
1951–2012 into six clusters (Table 1).
The mean time coefficients of EOF1 for each cluster

are shown in Fig. 3. In addition, the mean seasonal mar-
ches of rainfall in the western coastal region for each
cluster are shown in Fig. 4. The observation stations,
used in Fig. 4 and shown as red cross marks in Fig. 1a,
correspond to those with high loadings in the spatial
pattern of EOF1 and those where the windward side of
the southwest monsoon is located. Therefore, the sea-
sonal march of the summer rainy season for this area
shows more sharp differences in each cluster.
The averaged time coefficients of cluster 1 (C1) dis-

played a normal pattern similar to that for the averaged
62 years, as denoted by the dotted line in Fig. 3. In the
seasonal march of rainfall pattern of C1 (Fig. 4a), the
onset of the summer rainy season, indicated by a red
inverse triangle, started around the 27th pentad (mid-
May), with the peak rainfall appearing between the 44th
and 46th pentads (early and mid-August). The summer
rainy season gradually began to withdraw from the

northern to southern parts of the region toward the 69th
pentad (early December). Note that the region north of
16° N only had one peak rainfall amount, and the sea-
sonal march of the rainy season for any other cluster did
not display such characteristics.
The mean time coefficients for cluster 2 (C2) changed

sign dramatically around the 26th pentad (early May;
Fig. 3b). This corresponds to the abrupt increase in rain-
fall amounts around early May when the rainy season
begins earlier than average (Fig. 4b). Furthermore, the
peaks in rainfall appeared intermittently to the north of
14° N around mid-May, late June, and late August. The
mean time coefficients changed sign from positive to
negative at almost the same time compared with the
62-year mean.
In the mean time coefficients for cluster 3 (C3), the

change from negative to positive occurred almost simultan-
eously with the 62-year mean (Fig. 3c). The positive value
started to become negative around the 60th pentad (late
October), earlier than the average for 62 years. As shown in
Fig. 4c, this corresponds to a pattern of earlier withdrawal
of the summer rainy season around late October.
Cluster 4 (C4) shows an anomalous pattern in which

the mean time coefficients largely vary from the 3rd
pentad (mid-January) to the 24th pentad (late April)

Fig. 1 Factor loadings and the time coefficients of EOF1 and EOF2. The contour interval is 0.1 in a and c. The open circles in a and c indicate the
observation stations used for the EOF analysis. The red cross marks in a indicate the observation stations used in Fig. 4. The thick and thin lines in
b and d indicate the mean time coefficients averaged for 1951–2012 and the time coefficients in each year, respectively. The red and blue
inverse triangles in b denote the first pentad (the 29th and 71st pentads) when the sign of the mean time coefficients for the EOF1 changed
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toward the positive phase, higher than the 62-year mean
time coefficients (Fig. 3d). Such variations were not
shown in the mean time coefficients for any other clus-
ters for the period. This indicates that there exists an in-
distinct dry season between January and April as

compared to the 62-year mean (Fig. 4d). The summer
rainy season started around the 24th pentad (late April),
earlier than the 62-year mean, and withdrew toward the
end of the year. Moreover, in Fig. 4d, it is also note-
worthy that the period of the peak rainfall was

a

b

Fig. 2 Dendrogram of cluster analysis to the time coefficients of EOF1 (a) and the corresponding plot of the distance between the merged
clusters (b). The arrow in b indicates the stage number just before distances between the merged clusters become large in the process of
cluster analysis
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significantly prolonged, with large rainfall periods from
the 36th to the 54th pentads (late June to late September)
to the north of 14.5° N compared with any other clusters.
In the mean time coefficients for cluster 5 (C5), a

change into a negative sign occurred around the 67th
pentad (late November), earlier than the 62-year mean
time coefficients (Fig. 3e). The mean time coefficients
for C5 fell remarkably below those averaged for 62 years
from the 9th pentad to the 26th pentad (early February
to early May). These correspond to an earlier withdrawal
and a subsequent distinct dry season (Fig. 4e). The sum-
mer rainy season started at almost the same time as the
62-year mean. Additionally, the clear double peaks in
the rainfall amounts during the 40th–52nd pentads
(mid-July to mid-September) are shown to the north of
14.5° N.
The mean time coefficients for cluster 6 (C6) fell to-

ward the negative from the 1st pentad (early January)
and continued to be significantly below zero until the
30th pentad (late May; Fig. 3f ). That is, both C5 and C6
denote a distinct dry season before the monsoon onset.
Additionally, the change in the sign from negative
(positive) to positive (negative) is delayed compared to
the 62-year average (Fig. 3f ). The changes indicate that
an increase (decrease) in the amount of rainfall associ-
ated with the onset (withdrawal) of the summer rainy
season tended to be delayed (Fig. 4f ). Moreover, peak
rainfall was not clearly shown to the north of 15.5° N.
Figure 5a reveals the notable long-term variability in

the seasonal march pattern of the summer rainy season.
Before 1990, C1 and C3 were frequently observed, and
C4 and C6 appeared only rarely in 1956, 1973, and 1983
before 1990. In particular, C1 was a normal pattern for
the seasonal march of the summer rainy season prior to
1990. However, C1 appeared only in 2007 after 1990.
Thus, the dominant patterns, which appeared more fre-
quently, have changed from C1 and C3 to C4, C5, and
C6 since the early 1990s. It is noteworthy that C4 and
C6 have appeared frequently since 1996 and 1993,

respectively, whereas C5 has sometimes been observed
before the early 1990s. This means that an anomalous
pattern, which has an indistinct dry season and a pro-
longed peak rainfall shown by C4, has appeared fre-
quently since the late 1990s. The opposite pattern, with
a distinct dry season notably shown by C5 and C6, has
also been frequently observed since the early 1990s. In
particular, C6 showed an anomalous pattern, characterized
by both delayed onset and withdrawal of the rainy season,
and has frequently appeared since the early 1990s. That is,
the seasonal march pattern in the summer rainy and dry
seasons has changed since the early 1990s.

Characteristics of the low-level atmospheric circulation
related to the seasonal march of the summer rainy season
To clarify the relationship between the seasonal march
of the summer rainy season and the low-level atmos-
pheric circulation fields, the correlation maps between
the time coefficients of EOF1 and the geopotential
heights and wind fields at the 850 hPa level are shown
for the period between 1951 and 2012 in Fig. 6. The area
with a significant negative correlation in the geopotential
height widely spreads from India to the Philippines,
especially around the center of the SCS and the
Philippines (Fig. 6a). Similarly, but slightly to the south,
the area with a significant positive correlation in the
zonal component of the wind field was broadly distrib-
uted from around the south of India to the south of the
Philippines (Fig. 6b). In the meridional component of
the wind field, significant positive correlations were dis-
persed around the Bay of Bengal and from the southern
part of the SCS to the northeastern part of the
Philippines (figure not shown). This suggests that the in-
terannual variations in the time coefficients of EOF1
were closely related to those in South and Southeast
Asian summer monsoons because the areas with a sig-
nificant correlation of the same sign widely spread from
around India to the Philippines. This was especially true
for the geopotential height and the zonal component of
the wind field: the lower (higher) geopotential height
and the strengthened (weakened) westerly winds around
South and Southeast Asia not only led to an increase
(decrease) in the amount of rainfall but also changed the
seasonal march of the summer rainy season throughout
the Philippines.
Next, in order to discuss the variability in the geopoten-

tial heights and wind fields related to the anomalous pat-
terns in the seasonal march of the summer rainy season,
time-latitude cross sections of the lower atmospheric cir-
culation averaged between 120° E and 125° E are shown
for C4, C5, and C6 in Figs. 7, 8, and 9. This longitudinal
zone, including the Philippines, corresponds to that where
higher correlations were revealed in the correlation maps
shown in Fig. 6. In particular, the seasonality of the lower

Table 1 Patterns classification in the time coefficients of EOF1
for 1951–2012 based on cluster analysis

Patterns in the time
coefficients of EOF1

Years

C1 1951, 1952, 1953, 1960, 1961, 1964, 1970, 1971,
1974, 1975, 1978, 1979, 1981, 1984, 1985, 1986,
1988, 2007

C2 1954, 1959, 1966, 1976, 2004, 2006

C3 1955, 1957, 1958, 1962, 1965, 1967, 1972, 1977,
1989, 1994, 2009

C4 1956, 1996, 1999, 2000, 2001, 2008, 2011, 2012

C5 1963, 1968, 1969, 1980, 1982, 1987, 1990, 1991,
1992, 1997, 2002, 2003

C6 1973, 1983, 1993, 1995, 1998, 2005, 2010
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atmospheric circulation years classified in C4, C5, and C6
was compared to that classified in C1, which was the nor-
mal pattern prior to 1990. The latitudinal cross sections
for C1 are shown in Fig. 7a, d, g.
In the years classified in C4, the geopotential heights

were significantly lower around 15° S–15° N from the

first to the 18th pentad (January–March; Fig. 7b, c). The
easterly and northerly winds were significantly weakened
between the equator and 15° N for this period compared
to C1 (Fig. 7e, f and h, i). The wind direction of the
zonal (meridional) component started to change into a
westerly (southerly) wind between the equator and

Fig. 3 a–f Classification of patterns of the time coefficients of EOF1 using cluster analysis. The dotted red line and thick solid black line indicate
the mean time coefficients averaged for 1951–2012 and for the years classified in each cluster (a C1, b C2, c C3, d C4, e C5 and f C6),
respectively. The gray thin line indicates the time coefficients in each year
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20° N around the 26th pentad (early May), although the
onset of the southwesterly wind is in mid-May on average,
as shown by Akasaka et al. (2007) and Moron et al.
(2009). These characteristics in the lower atmospheric cir-
culation anomalies correspond to the weakened subtrop-
ical high from January to March and the earlier onset of
the southwesterly wind. Thus, it is suggested that these
lead to an indistinct dry season during January–March

and an earlier onset of the rainy season in the years classi-
fied in C4. Additionally, strong westerly winds were seen
around 15° N not only for the 41st–44th pentads (late July
to early August) but also for the 48th–54th pentads (late
August to late September; Fig. 7e, f); the period for strong
westerly winds is longer than C1 (Fig. 7d). This corre-
sponds to the prolonged peak rainfall with a large rainfall
as shown in Fig. 4d.

Fig. 4 a–f Time-latitude cross section of the pentad rainfall along the western coastal region in each cluster (a C1, b C2, c C3, d C4, e C5 and f C6).
The years used for the composite analyses are listed in Table 1. The red circles on the vertical lines correspond to the latitude of the observation
stations shown in Fig. 1a as red cross marks. The red (blue) inverse triangles on the horizontal line indicate the first pentad when the sign of the time
coefficients changed after (before) the 18th pentad from negative to positive (from positive to negative) for each cluster. The white inverse triangles
indicate the same as Fig. 1b. The contour interval is 15 mm, and the dotted line indicates a contour of 5 mm

Fig. 5 Long-term variability in the seasonal march pattern of the summer rainy season. a A diagram of each cluster for the period of 1951–2012.
b ONI (the 3-month mean SST anomalies averaged in Niño 3.4) for January–March (JFM) and for October–December (OND)
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In the years classified in C5, it is noteworthy that the
broad and continuous significant positive geopotential
height anomalies, indicating a strengthened subtropical
high, were observed from 10° S to 25° N especially for
the 10th–12th pentads (mid-February to the beginning
of March) and the 52nd–56th pentads (mid-September
to early October; Fig. 8a, b). It has been suggested that
the subtropical high is stronger and the convective
activity is suppressed around the Philippines, especially
for these periods. The westerly winds started to blow
throughout the Philippines around the 32nd pentad
(early June; Fig. 8c), although the onset of the westerly
wind was the 30th pentad (late May) in C1 (Fig. 7d). For
the 40th–42nd pentads and the 48th–52nd pentads
(mid-July to late July and late August to mid-
September), the westerly wind strongly blew from 5° N
to 20° N (Fig. 8c, d). This indicates that peak rainfall
clearly appears during this period, as shown in Fig. 4e.
Additionally, it is noteworthy that the northerly wind of
the meridional component started to blow around the
northern part of the Philippines from the 50th pentad
(early September), which is earlier than C1 (Fig. 8e, f ).
The northerly wind then progressed toward the south

until the 54th pentad (late September). Significantly high
geopotential height anomalies were also shown around
20° S–20° N after the 52nd pentad (mid-September;
Fig. 8b). As a result, C5 indicates an earlier withdrawal of
the summer rainy season and a distinct dry season.
In the years classified in C6, the higher geopotential

height was located around 15° N–20° N, which corre-
sponds to the latitude of the Luzon Island, around the
1st–28th pentads (January to mid-May; Fig. 9a). The sig-
nificant positive anomalies of the geopotential heights
appeared between 20° S and 20° N, especially from the
7th–10th pentads (early and mid-February; Fig. 9b). C5
also showed similar characteristics (Fig. 8b). This means
that both C5 and C6 have the distinct dry season before
the monsoon onset (Fig. 4e, f ). The distinct dry season
shown in C5 and C6 is closely related to the strength-
ened subtropical high around the Philippines, especially
for February–March (Additional file 1: Figure S11). In
the wind fields, it is noteworthy that the easterly wind
continued around the Philippines until the 40th pentad
(mid-July), and subsequently a weak westerly wind
started to blow (Fig. 9c). The negative anomalies of the
zonal wind were significantly and continuously shown

Fig. 6 Correlation maps between the time coefficients of EOF1 and geopotential height (a) and zonal component of the wind field (b) at the
850 hPa level from 1951 to 2012. The contour interval is 0.1. The solid and dashed lines indicate positive and negative correlation coefficients,
respectively. Correlation coefficients above 0.1 or below − 0.1 indicate a significant correlation at the two-sided 99% level according to Student’s t test
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around the Philippines from the 21st to the 47th pentads
(mid-April to late August; Fig. 9d). Regarding this, the
southerly wind of the meridional component started to
blow around the Philippines from the 7th pentad (the be-
ginning of February), earlier than that for C1 (Fig. 9e, f ).
The negative anomalies of the meridional wind were ob-
served around 5° S–0° N during the 20th–60th pentads
(early April to late October; Fig. 9f). Significant positive
anomalies of geopotential height were observed around
15° N–30° N from the 42nd to the 48th pentads (late July
to late August; Fig. 9b). That is, from the beginning of
February to early July, the southeasterly winds related to
the strengthened subtropical high continue to blow
around the Philippines. In mid-July, the summer rainy
season starts with a weakened southwest monsoon around
the Philippines. Subsequently, the northerly wind of the
meridional component started to blow around the entire
Philippines from the 54th to the 60th pentads (late
September to late October), slower than that for C1
(Fig. 9e). The onset of the northerly winds led to the

withdrawal of the summer rainy season as shown by Aka-
saka et al. (2007). With such changes in the lower atmos-
pheric circulation, in the year classified as C6, there were
a distinct dry season, a delayed onset and withdrawal of
the summer rainy season, and indistinct peaks in the sum-
mer rainfall amounts.

Relationship between the seasonal march of the summer
rainy season and ENSO
In order to discuss the relationship between the interan-
nual and long-term variability in the seasonal march of
the summer rainy season and the lower atmospheric cir-
culation, correlation maps between the geopotential
heights and the time coefficients of EOF1 for the years
classified in each cluster are shown in Fig. 10. The cor-
relation patterns for C1–C3 have similar characteristics
to the correlation map for 1951–2012 shown in Fig. 6a
(Fig. 10a–c). However, the area with a higher correlation
in C4 is limited only around the Philippines as compared
to the correlation maps for the other clusters (Fig. 10d).

Fig. 7 Time-latitude cross section of the pentad mean geopotential height and zonal and meridional components of the wind fields at the
850 hPa level averaged for the years classified in C1 and C4. The figures in the left column indicate geopotential heights for C1 (a) and C4 (b)
and the anomalies between C4 and C1 (c). The figures in the middle and right columns indicate zonal and meridional components of the wind
field for C1 (d, g) and C4 (e, h) and the anomalies between C4 and C1 (f, i), respectively. The colored grids in c, f, and i indicate the significant
anomalies at the two-sided 90% level according to Student’s t test
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Conversely, in the correlation maps for C6, the area with
a higher negative correlation mostly appeared from India
to the Philippines, and the area with the highest negative
correlation coefficient was revealed especially around the
Philippines (Fig. 10f). On the other hand, areas with a
higher positive correlation were broadly expressed
around the tropical eastern Pacific. The east–west con-
trast of the correlation over the tropical Pacific indicates
that C6 is a pattern related to ENSO. The correlation
map for C5 revealed a similar pattern to C6, although

the positive correlation over the tropical eastern Pacific
was lower than that for C6 (Fig. 10e). The correlation
patterns between the wind fields and the time coeffi-
cients of EOF1 for C5 and C6 also showed such a con-
trast in correlation (figure not shown). Moreover, Fig. 5b
shows that C5 tended to appear in the years when the El
Niño condition occurred in JFM and/or OND, except in
1990; C6 tended to appear in the years when the El Niño
condition continued from OND in the prior year to the
following season (JFM), and La Niña developed for

Fig. 8 The same as Fig. 7 except for C5. Figures related to C1 are omitted

Fig. 9 The same as Fig. 7 except for C6. Figures related to C1 are omitted
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OND, except in 1993. These results suggest that both
C5 and C6 are closely related to ENSO.
As pointed out by earlier studies (e.g., Wang et al.

2000; Watanabe and Jin 2002), during the El Niño
period and the following season, the Philippine Sea
anticyclone developed and suppressed the convective ac-
tivities over the WNP. Therefore, the seasonal marches
of the summer rainy season in C5 and C6 might have re-
vealed similar characteristics as a distinct dry season and
the delayed onset of the summer rainy season. On the
other hand, C4 had different characteristics as an indis-
tinct dry season and tended to appear in the years when
the La Niña condition continued from OND of the prior
year to the following season (JFM) or OND of the year
(Fig. 5b). Chou et al. (2003) studied the relationship be-
tween the interannual variability in the WNP summer
monsoon and ENSO and pointed out that the strong
WNP summer monsoon tended to occur during an El
Niño developing year and a La Niña decaying year.
Thus, it is suggested that C4 is related to changes in the
lower atmospheric circulation by La Niña because C4 is
observed in the La Niña decaying or continuing year
(Fig. 5b). Consequently, it is suggested that ENSO greatly
influences the anomalous patterns in seasonal march of
rainfall like C4, C5, and C6. It is worth noting, however,
that the influences of El Niño and La Niña on the seasonal
march patterns of rainfall are not always symmetrical.
Moreover, anomalous patterns in the summer rainy

season have frequently been observed especially since

the early 1990s. One possible reason is an interdecadal
or centennial variability in ENSO shown by some earlier
studies. For example, Chung and Tim (2013) studied the
interdecadal relationship between the trade wind and
SST with the change in El Niño types over the tropical
eastern Pacific for the period between 1980 and 2010.
They pointed out that the mean state over the equatorial
Pacific showed a regime change to the La Niña-like
interdecadal mean state in 1998/1999 with the transition
phase of the Pacific Decadal Oscillation (PDO). The
point of change is coincident with the year when C4
started to be frequently observed (Fig. 5b). Additionally,
Yim et al. (2008) showed that the interdecadal relation-
ship between the East Asian–WNP summer monsoons
and ENSO has changed around 1993/1994. Similarly,
Kwon et al. (2005) showed the interdecadal change in
the atmospheric circulation and precipitation over East
Asia and WNP around the early 1990s. The time when
the interdecadal shift in the land–air–sea interactions
occurred is coincident with the year when C6 started to
appear more frequently (Fig. 5b).
Meanwhile, on the basis of both longer observational

and model results of sea surface level over the tropics,
Vecchi et al. (2006) pointed out that the Walker circula-
tion weakened from the late nineteenth century to
around 2000. Kubota et al. (2017), who studied the influ-
ence of tropical cyclones and summer monsoon onset in
the Philippines from 1903 to 2013, also pointed out a
weak correlation between ENSO and the Philippine

Fig. 10 Correlation maps between the time coefficients of EOF1 and geopotential height at the 850 hPa level during the year classified in a C1,
b C2, c C3, d C4, e C5, and f C6. Correlation coefficients above 0.2 or below − 0.2 indicate a significant correlation at the two-sided 99% level
according to Student’s t test
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summer monsoon onset date since around the 1980s.
Similarly, Chowdary et al. (2012), who studied inter-
decadal variations in ENSO teleconnections to the Indo-
western Pacific for the period between 1870 and 2007,
pointed out that the centennial modulation of ENSO
teleconnections to the Indo-northwest Pacific region
was correlated not with the PDO but rather with ENSO
variance itself. These results by earlier studies suggest
that the interdecadal or slower variability in ENSO is as-
sociated with the long-term change in the seasonal
march pattern of rainfall for the period of 1951–2012.
Thus, to clarify its relation with the interdecadal or
slower variability in ENSO, it will be essential to study
the relationship between the longer term variability in
the seasonal march of rainfall and the slower modulation
of air–sea interactions over the tropics.

Conclusions
This study showed the long-term variability in the sea-
sonal march patterns of the summer rainy season in the
Philippines from 1951 to 2012 for the first time. On the
basis of the EOF analysis of the pentad rainfall, we
focused on a dominant pattern in the temporal and
spatial structures of rainfall shown by EOF1: a pattern
related to the summer rainy season with increases in
rainfall from mid-May and decreases in rainfall toward
mid-December throughout the Philippines. The patterns
obtained from the time coefficients of EOF1 were classi-
fied into six clusters by cluster analysis.
The six clusters showed notable long-term variability:

three of the six clusters tended to appear more frequently
since the early 1990s. Conversely, the normal pattern be-
fore 1990 (C1) appeared only in 2007. The three patterns
revealed the following characteristics: (1) a pattern which
has an indistinct dry season and a prolonged peak rainfall
(C4), (2) a pattern which has a distinct dry season and a
shortened summer rainy season (C5), and (3) a pattern
with a distinct dry season and a delayed onset and with-
drawal of the summer rainy season (C6).
In particular, C4 exhibited a significant anomalous pat-

tern, showing an indistinct dry season for January–March.
The indistinct dry season was closely related to significantly
negative geopotential height anomalies around 15° S–15° N,
especially from January to March. Conversely, C5 and C6
are distinguished by a dry season, and they were
correlated to significantly positive geopotential height
anomalies for February–March. This means that the
duration and condition of the dry season are influenced
by the strength and location of the subtropical high
around the Philippines especially for February–March
(Additional file 1: Figure S11). Moreover, C4 has an earlier
onset of the summer rainy season related to an earlier on-
set of the westerly winds and the prolonged peak rainfall
related to the strong westerly winds. Consequently, these

changes in the lower atmospheric circulation have led to
wetter conditions throughout the years classified in C4.
This study suggests that changes in the lower atmospheric
circulation that brings wetter conditions have increased in
frequency since the late 1990s.
On the other hand, C6 shows drier conditions: there

were not only a distinct dry season but also a delayed
onset and withdrawal of the summer rainy season and
indistinct peak rainfall with small rainfall amounts
compared with any other patterns. The delayed onset
(withdrawal) of the summer rainy season was closely cor-
related to the delayed onset of the westerly (northerly)
wind in the zonal (meridional) component. This resulted
in a shorter duration of the westerly winds. The indistinct
peak rainfall was significantly connected to the weakened
westerly winds around the Philippines during the summer
monsoon. This study also revealed that these changes in
the lower atmospheric circulation related to C6 have
tended to occur since the early 1990s.
This study suggests that ENSO characterizes the sea-

sonal pattern of the summer rainy season. This is be-
cause the correlation maps between the time coefficients
of EOF1 and geopotential heights for C5 and C6 showed
a pattern related to El Niño: they indicated an east–west
contrast in the correlation between the WNP and the
equatorial eastern Pacific. Moreover, El Niño tended to
occur in JFM and/or OND of the years classified in C5
and C6. Conversely, La Niña tended to continue from
OND of the prior year to the following season (JFM) or
OND of the year classified in C4. This study showed that
these three anomalous patterns in seasonal rainfall have
appeared frequently since the early 1990s. This suggests
that long-term changes in the seasonal pattern of the
summer rainy season are greatly influenced by those
in ENSO. To clearly understand the cause of the
long-term variability in the seasonality of the summer
rainy season, clarification regarding its relation to the
interdecadal or slower modulation of ENSO in the
near future is necessary.

Additional file

Additional file 1: Figure S11. Composite anomalies of geopotential
height at the 850 hPa level averaged for the 7th–18th pentads (the end
of January to the end of March) between C1 and each cluster. (a) Shows
a composite map averaged for the 7th–18th pentads of the years classified
in C1. (b)–(f) Show composite anomalies between C1 and each cluster.
(EPS 4054 kb)
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