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Abstract: This study investigates the interdecadal shifts in the winter monsoon (November to March)
rainfall of the Philippines from 1961 to 2008. Monthly analysis of the winter monsoon rainfall
shows that the shifts are most remarkable during December. In particular, two interdecadal shifts
are identified in the December rainfall time series around 1976/1977 and 1992 /1993. To facilitate
the examination of the possible mechanisms leading to these shifts, the analysis period is divided
into three epochs: 1961-1976 (E1), 1977-1992 (E2), and 1993-2008 (E3). The mean and interannual
variability of rainfall during E2 are suppressed compared with the two adjoining epochs. The shift
around 1976/1977 is related to the phase shift of the Pacific Decadal Oscillation (PDO) from a negative
phase to a positive phase and features an El Nifio-like sea surface temperature (SST) change over the
Pacific basin, while that around 1992/1993 is related to a La Nifia-like SST change. Further analysis
of the largescale circulation features shows that the decrease in the mean rainfall during E2 can be
attributed to the weakening of the low-level easterly winds, decrease in moisture transport, and
decrease in tropical cyclone activity. In addition, the suppressed interannual variability of rainfall
during E2 can be partly attributed to the El Nifio-like SST change and the weakening of the East
Asian winter monsoon.

Keywords: Philippines; subseasonal variability; interdecadal variability; tropical cyclones; winter
monsoon; Pacific Decadal Oscillation (PDO)

1. Introduction

It is undeniable that rainfall is of paramount importance to agricultural countries such as the
Philippines. The country’s cropping calendar, for example, relies heavily on the availability of water
resources and the timing of the rainy season. However, it is known that rainfall exhibits multi-scale
spatio-temporal variabilities that can have devastating impacts on agriculture, food security, and the
economy of the country.

In recent decades, a lot of research has been devoted to understanding the decadal-to-interdecadal
variabilities of rainfall [1-8]. Variabilities at these time scales can modulate atmospheric circulations
at higher frequencies (e.g., interannual) that have important ramifications for the predictability of
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rainfall [9,10]. Sen Roy et al. [10], for example, showed that the positive (negative) phase of the Pacific
Decadal Oscillation (PDO), which is a well-known decadal climate variability, reduces (enhances) the
monsoon rainfall over India by modulating the effects of the El Nifio-Southern Oscillation (ENSO).
In addition, Wang et al. [11] showed that the relationship between ENSO and the East Asian winter
monsoon (EAWM) is stronger and significant during the negative phase of PDO. Using a combination
of long-term records of tropical cyclone (TC) tracks from the Philippine Weather Bureau and the Joint
Typhoon Warning Center (JTWC), Kubota and Chan [12] found that the annual number of landfalling
TCs over the Philippines decreases (increases) during the negative phase of PDO and El Nifio (La Nifia)
years. The phase shift (i.e., from positive to negative or vice versa) of these decadal-to-interdecadal
climate variabilities often leads to remarkable shifts in the rainfall time series.

Over the Asia-Pacific monsoon region, many studies have documented significant
decadal-to-interdecadal shifts in rainfall. One such prominent shift occurred in the late 1970s, which
has been associated with the phase shift of the PDO from a negative phase to a positive phase [1-4].
Numerical simulations of Wang and An [4] showed that the properties (i.e., period, amplitude,
or spatio-temporal structure) of the ENSO remarkably changed following this shift. They further
suggested that the decadal changes in the surface winds and ocean surface layer dynamics altered
the ENSO properties. In addition, another interdecadal shift in the Asian summer monsoon has been
detected around the mid-1990s, which features a La Nifia-like sea surface temperature (5ST) change
over the Pacific basin [5-7]. It has been suggested that this SST change in the mid-1990s can partially
explain the advanced Asian summer monsoon onset [5,7] and delayed withdrawal of the autumn rainy
season in Vietnam [6]. Several studies also found interdecadal shifts in the autumn and winter rainfall
in the recent decades over East Asia and Vietnam [6,13-16]. For example, Zhou and Wu [16] found a
significant shift in the winter rainfall in northwest China around 1986/1987. They suggested that this
shift is associated with the increase in SST over the North Atlantic Ocean after 1987. Meanwhile, Wang
and He [17] reported a weakening of the EAWM-ENSO relationship after the 1970s. They suggested
that the Indo-Pacific SST variability was suppressed after the 1970s. Nguyen-Le and Matsumoto [6]
found a significant interdecadal shift in the rainfall of Vietham during December around 1992/1993,
which led to the delayed withdrawal of its autumn rainy season.

The Philippines, which is located on the western periphery of the Pacific Ocean, is part of the
Asia-Pacific monsoon region. The rainfall of the country has a strong seasonality and spatial contrast
due to its heterogeneous topography. In particular, the rainy season over the western coast occurs
from May to September (summer monsoon) and followed by a dry season, while the eastern coast
experiences its rainy season from November to March (winter monsoon) [18-21]. Recently, a number
of studies found long-term changes in the rainfall and temperature of the Philippines [19,22-28].
For example, Cruz et al. [25] found decreasing rainfall trends during the summer monsoon season
(June to September) in stations located over the western coast of the country from 1961-2010. A similar
drying tendency was reported by Villafuerte et al. [26] but for the January to March season, while
Cinco et al. [24] found a warming tendency in the annual mean and daily minimum temperatures
across the country. Bagtasa [27] found increasing annual trends in the tropical cyclone (TC)-induced
rainfall since the year 2000. Olaguera et al. [29] found a significant interdecadal shift in the summer
monsoon rainfall over the western coast of the Philippines during its mature phase (i.e., early August
to early September) after the mid-1990s. They suggested that the further westward extension of the
western North Pacific Subtropical High (WNPSH) during 19942008 promotes lower level divergence
in the vicinity of the country, which is unfavorable for synoptic-scale disturbances.

In this study, we addressed the following issues:

(1)  While there are many studies that have investigated the variability (i.e., long-term trends and
interdecadal shift) of the summer monsoon rainfall of the Philippines [19,22-29], the variability
of the winter monsoon rainfall has received less attention. According to Assuncion and Jose [30],
the winter monsoon accounts for 38% of the total annual rainfall in the Philippines, while the
summer monsoon accounts for about 43%, suggesting that the rainfall contribution of the winter
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monsoon is equally important with that from the summer monsoon. Thus, this study is part of
our ongoing endeavor to fill this research gap.

Previous studies such as Cruz et al. [24] and Villafuerte et al. [25] focused on the changes in
the annual and seasonal mean of rainfall and temperature. However, it is known that rainfall
also exhibits strong subseasonal variabilities [8,29]. For example, Olaguera et al. [29] found a
robust interdecadal shift in the summer monsoon rainfall of the Philippines from early August to
early September. They further noted that this interdecadal shift is not robust in other summer
monsoon months (i.e., May to July). In this study, we found that the significant interdecadal
shifts are most remarkable during December compared with the other winter monsoon months.
This month corresponds to the peak of the winter rainy season in stations located above 10° N
(see Figure 3d of Kubota et al. [31]) on the eastern coast of the country. This month is also the peak
planting season of rice and maize that are major agricultural products in the Philippines [32,33].
Because of the potential vulnerability of these agriculture products to the interdecadal shifts in
rainfall, it is thus necessary to investigate the mechanisms leading to these shifts. This is critical
for agricultural planning and management of water resources.

The rest of the paper is organized as follows. The datasets and methodology used in this study are

presented in Section 2. Section 3 presents the interdecadal variability of the winter monsoon rainfall in
the Philippines and the possible mechanisms leading to such variability. Summary and discussions are
presented in Section 4.

2. Data Sources and Methodology

2.1. Data Sources

)

In this study, we utilized the following datasets:

Daily rainfall data from the period 1961 to 2008 and from the 32 stations of the Philippine
Atmospheric, Geophysical, and Astronomical Services Administration (PAGASA) across the
Philippines. These stations are illustrated in Figure 1. Because of the heterogeneous topography
and strong monsoon influence, the climate of the Philippines has been originally divided into
four climate types [34,35]. The first climate classification of the country was done by Coronas [34]
based on the average monthly rainfall distribution of different stations across the country from
1903 to 1918. He grouped the rainfall distributions into four types: two types under the prevalence
of the summer and winter monsoons and two intermediate types. He considered a dry month
as a month with less than 50 mm of rainfall, although a month with more than 100 mm can still
be considered as a dry month if it comes after three or more very dry months. Kintanar [35]
adapted the same criteria for climate classification for the period 1951 to 1980 and instead of
using the average monthly rainfall, he used the modal of the yearly climate types. That is, the
rainfall distribution type for each year is determined and the most frequent type during the
30-year period is considered as the final climate type. He was able to identify four climate types
similar to those of Coronas [34]. However, these studies used old datasets and their results
may no longer be applicable for the present climate of the Philippines. Recently, Villafuerte et
al. [36] performed a climate classification based on hierarchical clustering of the climatological
pentad-mean rainfall time series from 1971 to 2013. They found three dominant climate types as
shown in Figure 1. We adapted this climate classification because it is more updated. The average
monthly rainfall amounts from 1961 to 2008 in each station and climate type are shown in Figure 2.
Stations that belong to climate Type I (red circles) have a pronounced dry season from November
to April and a wet season for the rest of the year, as shown in Figure 2a. The rainy season of
stations that belong to climate Type II (blue circles) starts around October and lasts until February,
as shown in Figure 2b, while stations that belong to climate Type III (yellow circles) have no
pronounced maximum rainfall periods and rainfall is more or less distributed throughout the
year, as shown in Figure 2c. Based on this three-climate type classification, Tacloban station
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belongs to climate Type II. However, based on the Kintanar’s [35] climate classification, this
station belongs to climate Type IV (i.e., stations with no pronounced rainfall peak and rainfall is or
less evenly distributed throughout the year). We also checked the climatological monthly rainfall
distribution of this station from 1961 to 2008 and found that it has a similar rainfall distribution
with climate Type II stations. These inconsistencies further motivated us to use the classification
by Villafuerte et al. [36] instead of the Kintanar’s [35] classification.

(2) Daily Zonal (U) and meridional (V) components of the winds, vertical velocity, relative humidity
(RHUM), geopotential height (HGT), and specific humidity (Q) at multiple levels from the Japan
Meteorological Agency (JMA) 55-year reanalysis with 1.25° x 1.25° grid resolution (JRA55) [37].

(3) TC best track data from the Joint Typhoon Warning Center (JTWC) [38]. We only considered the
TC that entered the Philippine Area of Responsibility (PAR; 115° to 135° E and 5° N to 25° N)
and above the tropical storm categories (TS; maximum wind speed above 17.5m s~ 1).

(4) Monthly SST with 1° x 1° grid resolution from the Hadley Center Global Sea Ice Sea Surface
Temperature data version 1.1 (HadISST1) [39].
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Figure 1. The location of the 32 stations from the Philippine Atmospheric, Geophysical and
Astronomical Serviced Station (PAGASA) and the topography of the Philippines (shading; m).
The colors of the circles indicate the climate types based on Villafuerte et al. [36].
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§4O QZO

< <

= e}

E E

E30 Eis

£ £

< &

>20 %10

z £

(=} =]

[*] ]

= = 5\/\/\
o 5]

& g

) ]

> >

< <0

F M A M J J A S O N D F M A M J J A S O N D
Month Month

(b) Climate Type II stations

(5%}
S

[\~]
(=

S

Average Monthly Rainfall (mm/day)

(=}

F M A M J J A S O N D
Month

Figure 2. Average monthly rainfall (mm day_l) distribution of the stations that belong to (a) Climate
Type I, (b) Climate Type II; and (c) Climate Type III from the period 1961 to 2008. The black solid line
in each figure represents the mean rainfall time series of the different stations in each climate type.

2.2. Methodology

In this study, we used the moving t-test [13,40,41] with varying time windows (i.e., 9, 10, 12,
and 15 years) in detecting the shifts. A significant shift corresponds to the year in which the largest
absolute t-statistic exceeding the 95% confidence level occurs and should be consistent with the
different time windows. We also used the Energy Divisive (E-Divisive) method proposed by Matteson
and James [42] to supplement this test. This E-Divisive method is based on hierarchical clustering
or hierarchical divisive estimation and detects any distributional changes in a given time series.
Multiple change points are estimated by iteratively applying a single detection algorithm in each of
the clusters. The distributions of the clusters are compared using a divergence measure based on
Euclidian distances, which can determine whether two independent samples are identically distributed.
The significance of an estimated change point is determined through a permutation test. The data
within each cluster are permuted to construct a new sequence of observations. In this study, we
resampled the data by 1000 times for the permutation test. The null hypothesis for the permutation test
is that there are no more additional change points. Additional details about this test can be found in
Matteson and James [42]. The change points detected by these two tests are the same, suggesting that
the detected shifts are robust. Since rainfall does not follow a normal distribution and the data contains
missing values, we used a bootstrapped t-test [43] in estimating the significance of the difference in the
rainfall means. For the other variables, we used an ordinary ¢-test.

In generating the TC frequency plot in each epoch, we counted the same TC (i.e., similar
identification number) in each 5° x 5° grid box only once and divided it by the total number of
years (16 years). In addition, the genesis point indicates the location where the TC first attained a
TS category.
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3. Results

3.1. Shifts in Rainfall

Figure 3 shows the average monthly rainfall time series of climate Type II stations, as shown
in Figure 1, from the period 1961 to 2008 during the winter monsoon season (i.e., November
to March). These stations are currently used by PAGASA in monitoring the winter monsoon
over the Philippines [31] because of their geographical location or exposure to the prevailing
easterly /northeasterly winds during this season. Remarkable interdecadal shifts can be seen during
December, as shown in Figure 3b, with suppressed rainfall and decreased interannual variation from
the late 1970s to the mid-1990s. In particular, we found that the interdecadal shifts occurred around
1976/1977 and 1992/1993. These shifts are significant above the 95% confidence level, as shown
in Figure S1. In contrast, the shift around 1976/1977 is not remarkable in other winter monsoon
months, as shown in Figure 3a,c-e. To confirm this, we also performed the running f-test in these
months and the results are illustrated in Figure S2. There are no significant change points detected
during November, January, and February. During March, however, a change point exceeding the
90% confidence level occurred around 1996/1997. Note that in this manuscript, we defined a more
stringent criterion for the change point detection (i.e., it should exceed the 95% confidence limit) and
this month does not satisfy this condition. These results highlight the importance of sub-seasonal
variabilities of rainfall in decadal-to-interdecadal climate studies. In the succeeding sections, we focus
our analysis on December since the interdecadal shifts are most remarkable during this month and
divide the time series into three epochs: 1961-1976, (hereafter, E1), 1977-1992 (hereafter, E2), and
1993-2008 (hereafter, E3). To confirm the robustness of these shifts, we also examined the epochal
differences in other stations across the country.
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Figure 3. Time series of average monthly rainfall (mm day ') of climate Type II stations from 1961 to
2008 for (a) November; (b) December; (c) January; (d) February; and (e) March. The red vertical lines in
(b) indicate the significant change points around 1976/1977 and 1992/1993 that divides the time series
into three epochs: E1 (1961-1976); E2 (1977-1992); and E3 (1993-2008). The green line indicates the
9-year running average.
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Figure 4 shows the interpolated epochal difference in rainfall from E1 to E2 (E2 minus E1) as
shown in Figure 4a, and from E2 to E3 (E3 minus E2) as shown in Figure 4b. A decrease in rainfall
can be depicted over the Philippines except in central Mindanao Island from E1 to E2, as shown
in Figure 4a, and the significant rainfall difference can be depicted in 13 stations (40% of the total
number of stations). On the other hand, all stations show an increase in rainfall from E2 and E3 and the
significant difference can be depicted in 23 stations, as shown in Figure 4b. Interestingly, the differences
in rainfall over Catarman and Hinatuan stations (climate Type II stations) are not significant. The large
interannual variability of their respective time series (figure not shown) is probably the reason why
the shifts are not significant. The geographical location of the station can also affect the significance of
the differences in rainfall. In particular, most of the stations on the western coast of the country do not
show significant difference in rainfall. The stations such as Laoag, Dagupan, and Iba are located on
the leeward side during the winter monsoon season and have very little rainfall (the average monthly
rainfall in these stations from 1961 to 2008 is less than 1 mm day~!). Baguio station, on the other
hand, shows a robust signal since it is in an elevated location (~1500 m). All of the 13 stations with
a significant decrease in rainfall from E1 to E2 show a significant increase in rainfall from E2 to E3,
as shown by the stars with red outlines in Figure 3. We confirmed that the time series of December
rainfall in each of the 13 stations including their regional average and change points are similar to
that in Figure 3b, as shown in Figure S3. Thus, in the succeeding sections, we only use these 13
stations in the regional analysis. The average rainfall amounts across these stations during E1, E2,
and E3 are 10.7, 6.2, and 11.8 mm day !, respectively. The corresponding variances are 27.5, 4.1, and
35.4 mm? day 2 during E1, E2, and E3, respectively. The difference in rainfall between E1 and E2
(E2 and E3) is significant at the 95% (99%) confidence level by bootstrapping, while the differences in
the variances between E1 and E2 as well as E2 and E3 are both significant at the 99% confidence level
by F-test.

(a) December Rainfall (E2—E1) (b) December Rainfall (E3—-E2)
I I ' Legen(‘i I ' J I Legem‘i
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Figure 4. Differences in interpolated rainfall (contours) during December between: (a) E1 (1961-1976)
and E2 (1977-1992) (E2 minus E1); and (b) E2 and E3 (1993-2008) (E3 minus E2) across the 32 PAGASA
stations (stars). Negative (positive) contours are indicated by dashed (solid) lines. The contour interval
is 2 mm day~!. Yellow shaded stars indicate a significant difference above the 90% confidence level
by bootstrapping. The stars with red outlines indicate the 13 stations with significant difference in
both (a,b).
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3.2. Possible Influencing Factors

In this section, we examine the similarities and differences in the mean circulations between the
three epochs and the possible mechanisms leading to the interdecadal shifts in rainfall.

3.2.1. Changes in the Low-Level Winds

In the climatological mean sense, northeasterly to easterly winds (trades) are apparent between
5-20° N during December [44-46]. Thus, we first compare the epochal means of 850-hPa winds
(WINDSgs0np,) and HGTgsop, in Figure 5. During E1, as shown in Figure 5a, strong low-level easterlies
(~12m s‘l) can be seen east of 125° E (along 10-20° N). During E2, as shown in Figure 5b, however, the
low-level easterlies weaken (~8 m s~!). In addition, northeasterlies appear to dominate over the eastern
coast of the Philippines in E2 compared with E1. This is partly induced by the eastward extension of
the 1530-m HGTgsgp,p, near 135° E. Another important feature is the weakening of the equatorial trough
as indicated by the 1500-m HGTg50;,p,, which is located further south below 10° N in the same epoch.
During E3, as shown in Figure 5c, on the other hand, the low-level easterlies intensify and reach some
parts of Luzon Island, which is consistent with Nguyen-Le and Matsumoto [6]. The northeasterlies
over the South China Sea (SCS) also intensify and extend from the northern tip of Luzon Island to
the southern Indochina Peninsula. The changes in the zonal winds appear to be a manifestation of
the changes in the SST over the Pacific basin. For instance, it is known that the trade winds weaken
(intensify) during El Nifio (La Nifia) conditions. A similar weakening of zonal winds during the
summer monsoon was reported by Xiang and Wang [7] (see their Figure 12), which they suggested to
be related to the PDO shift after the late 1970s. These points will be further discussed later.

(2) WINDSgsonpa; Ussonpar HGTgs0npa (E1) (c) WINDSgsonpa; Ussonpa; HGTgsonpa (E3)

40°

30°N 1

200N {
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Figure 5. The epochal means of 850-hPa winds (WINDSgsgy,p,; streamlines; m s~1), 850-hPa zonal
winds (Ugsgnpa; shades; m s~1), and 850-hPa geopotential height (HGTgsgy,p,; contours; m) during
December for: (a) E1 (1961-1976); (b) E2 (1977-1992); and (c) E3 (1993-2008). The contour interval is
10 m.
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3.2.2. Changes in Moisture Transport

Previous studies have shown that the changes in rainfall are directly associated with the changes
in moisture transport [29,45,47]. Thus, in this section, we examine the possible role of the changes in
the vertically integrated moisture flux (VMF) and moisture flux divergence (VMFD).

Figure 6 shows the epochal difference in VMF and VMFD integrated from 1000 hPa to 300 hPa.
The difference in VMF between E1 and E2 (E2 minus E1) as shown in Figure 6a, features an anticyclonic
circulation and enhanced divergence over the SCS along 18° N that can be associated with the increase
in HGTgsopp, there, as shown in Figure 4a,b, and a cyclonic circulation change centered around 135° E,
20° N to the east of the Philippines. The Philippines is located just between these two opposing
circulation changes, which resulted in less moisture transport. An anticyclonic circulation over the
SCS may inhibit synoptic-scale disturbances and meander the TC tracks from the western North
Pacific (WNP) [29,48,49]. Another remarkable feature in Figure 6a is the enhanced cyclonic circulation
centered around 122° E, 5° N. This cyclonic circulation is part of the monsoon trough that progressed
southwards during the winter monsoon season [50,51]. It enhanced the divergent winds (i.e., the
northerly component of the moisture flux) of the anticyclone over the SCS. In contrast, the epochal
difference of VMF between E2 and E3 features a cyclonic circulation and enhanced convergence
(i.e., negative VMFD) over the SCS and eastern coast of the Philippines above 10° N, which is consistent
with Nguyen-Le and Matsumoto [6], as shown in Figure 6b. Nguyen-Le and Matsumoto [6] further
suggested that the background conditions might have been favorable for the enhancement of moisture
convergence over this area.

300

g ‘ g

40°N:
L< LeBee s
& ‘ o Ao P v
< re v L v

30°Nq < . rrve

(a) VMF; VMFD (E2-E1) — (b) VMF; VMFD (E3-E2) -

40°N 1

30°N{ s>

<< NN VIV <
D R R R R R e B <
<LLby NN T bRl T

Lvy
&

O
20°N 4 20°N 4 O L ronnonsosbbbpp PO PrbEE v
(g pweee Sl hhhhhek il
/ (i>rrry Loy G e < S lhhhhkb ki
P <
B At i
NS IIIIIAAAA AT I I I I Yy
G EE L2 2 S 59009000000N
S IRRRIIIII Iy > >

ssslliil 10°N 4>

10°N 42y

o Tz ,'er..‘gy;'-ﬁf"'i_t:y\lw E L, ;_:ﬁ?v"::“’,'; |
IQO °E  110°E 120°E 130°E 140°E 150°E 160°E 1QDO°E 110°E  120°E  130°E  140°E

AR

\1\56'E 160°E
-5-4-3-2-10 1 2 3 4 5 kgm™s™

Figure 6. The epochal difference in the vertically integrated moisture flux (VMF; vectors; kg m 1 s~ 1)
and moisture flux divergence (VMFD; shading; kg m~2 s~!) during December between: (a) E1
(1961-1976) and E2 (1977-1992) (E2 minus E1); and (b) E2 and E3 (1993-2008) (E3 minus E2). Shaded
areas and black vectors indicate statistical significance above the 90% confidence level by t-test.
The scale of the wind vectors is indicated on the upper right corner in each plot.

3.2.3. Changes in TC Activity

Tropical cyclone activity also contributes to the variability of the winter rainfall over the
Philippines [27,48]. In general, TCs contribute about 20% to 50% to the total mean annual rainfall over
the eastern coast of the country [27,48]. Cinco et al. [28] examined the annual trends in the number of
TCs that entered the PAR from the period 1951 to 2013 and found decreasing trends in the number
of landfalling TCs over the Philippines. Based on their monthly TC frequency analysis, they also
showed that, on the average, the number of landfalling TCs during December is larger than that
from January to May. Recently, Nguyen-Le and Matsumoto [6] found that the number of TCs passing
through the southern SCS increased during December from 1993 to 2006. Motivated by these findings,
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we examined the possible role of the changes in the TC activity and determine the possible factors
inducing the said changes in this section.

The TC frequency and tracks in each epoch are shown in Figure 7. The total number of TCs
that entered the PAR are 15, 21, and 25 during E1, E2, and E3, respectively. During E1, as shown in
Figure 7a, the number of TCs that made landfall over the Philippines is around 0.2 to 0.3 per year.
During E2, as shown in Figure 7b, the number of TCs increased over the eastern coast of the Philippines
(0.3 per year) and along 130° E (0.9 per year). On the other hand, the number of TCs that made landfall
in E3, as shown in Figure 7c, increased to about 0.4 to 0.7 per year. The TCs during E2 appear to be
short-lived and less TCs reach the Indochina Peninsula compared with E1, as shown in Figure 7e, and
E3, as shown in Figure 7f. The genesis location of TCs in E1 mostly occurs near 130° E while that in E2
and E3 occurs further east near the dateline. This is probably related to the differences in the location
of the warm SST in the equatorial Pacific. We compared the mean SST between the three epochs, as
shown in Figure 54, and found that the warm SST extends further eastward near 120° W in both E2
and E3. In addition, during E1, four TCs are generated over the SCS, while only one is generated
during E2. The TCs during E2 recurves more along 130° E compared with E1 and E3. Also, more TCs
cross the Philippines and SCS between 10-15° N during E3.
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Figure 7. Tropical cyclone (TC) track frequency (y ') interpolated onto a 5° x 5° grid during
December, TC tracks (black lines), 600-hPa winds (WINDSggy,p,; grey streamlines; m s~ 1), and 600-hPa
geopotential height (HGT4g5p,; blue contours; m) for: E1 (1961-1976; a,d); E2 (1977-1992; b,e); and E3
(1993-2008; c,f) based on the Joint Typhoon Warning Center (JTWC) track dataset. Dashed boxes from
(a) to (c) indicates the Philippine Area of Responsibility (PAR; 115° to 135° E and 5° to 25° N). The TC
genesis locations from (d) and (f) are indicated by the red markings.
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These changes in the TC tracks might be related to the changes in the steering flow. Takahashi and
Yasunari [52] noted that the steering flow is best depicted at 4-5 km (600-500 hPa level). Following their
study, we also use the circulations at 600 hPa (WINDSgggp,p, and HGT5gp1p,) to depict the TC steering
flow in Figure 7d to f. The magnitude of the HGT4ypy,p, during E1 is lower by about 10 m compared
with the other epochs. This strengthening of the WNPSH after the late 1970s has been noted in previous
studies [53]. We used the 4405-m contour line to represent the WNPSH during E1, while using the
4415-m contour line for E2 and E3. During E1, as shown in Figure 7d, the western ridge of the WNPSH
is located along 120° E. During E2, as shown in Figure 7e, however, it appears to split into two cells
along 120° E. According to Wu et al. [54] (see their Figure 3), such splitting of the WNPSH allows TCs
to recurve more towards Japan and the Korean Peninsula and consequently, less TC landfall over the
Philippines. During E3, as shown in Figure 7f, the western ridge of WNPSH further extends westward
along 115° E, which resulted in more TCs making landfall over the Philippines.

Moreover, synoptic-scale disturbances that are weaker than TCs, such as tropical depressions
and extra-tropical cyclones, can also bring rainfall [29,52,55]. In this study, we used the perturbation
kinetic energy (PKE) of the low-level winds (850 hPa) to represent these disturbances. This also
supplements the changes in the TC activity since TCs may be underestimated during the pre-satellite
period. The PKE is defined as: PKE = (u’ 2+ 9/%)/2, where v’ and ¢’ are the perturbations obtained by
subtracting an 11-day running mean from the daily Ugsgp,p, and Vgsopp,, respectively, while the overbar
indicates the monthly average of the daily PKE values. Generally, synoptic scale disturbances do not
last longer than 11 days. Thus, the 11-day running mean can represent the low-frequency component
of the kinetic energy equation [56]. The synoptic-scale disturbances can be expressed as the deviation
from this low-frequency component, although there are other ways of representing these disturbances,
such as the deviation from a bandpass filtered anomaly with periodicities of about 2 to 8 days [57].

Figure 8 shows the average PKE in each epoch and the corresponding epochal differences.
During E1, as shown in Figure 8a, the PKE over the western coast of the Philippines including the SCS
is around 10-14 m? s—2, while that over the eastern coast is between 16-20 m? s—2. However, during
E2, as shown in Figure 8b, the PKE over the western coast decreased, while the PKE over the eastern
coast increased. The decrease in PKE between E1 and E2 is significant above the 90% confidence
level, as shown in Figure 8d. The changes in PKE are also consistent with the TC frequency change in
Figure 7. On the other hand, during E3, as shown in Figure 8c, the PKE increased over the western
coast and decreased over the eastern coast, as shown in Figure 8e. These changes in the PKE over the
SCS is consistent with Nguyen-Le and Matsumoto [6], who reported an increase in the intraseasonal
oscillations at different frequencies (e.g., 5, 12-24, and 30-60 day) during 1993-2006.
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Figure 8. Spatial distribution of the mean 850-hPa perturbation kinetic energy (PKE; m? s~2) during
December for: (a) E1 (1961-1976); (b) E2 (1977-1992); and (c) E3 (1993-2008). Epochal difference in PKE
between (d) E1 and E2 (E2 minus E1); and (e) E2 and E3 (E3 minus E2). The contour interval from (a) to
(c) is 2 m. Cross markings in (d,e) indicate a significant difference above the 90% confidence level using
the t-test.

To further elaborate what induced the observed changes in the synoptic-scale disturbances
including the TC activity in the vicinity of the Philippines, we examined the changes in the dynamic and
thermodynamic parameters that are essential for TC activity [29]. Figure 9 shows the epochal difference
in 500-hPa vertical velocity, 700-hPa RHUM, and vertical zonal wind shear, which is defined as the
difference between the zonal winds at a 200-hPa (Uygg,p,) and 850-hPa level (Ugsp,p,). An anomalous
descent, as shown in Figure 9a, in the vicinity of the Philippines is accompanied by a decrease in
RHUM, as shown in Figure 9b, with the significant change located along a southwest-northeast tilted
region from the SCS to Luzon Island and mainland Japan. The difference in the vertical zonal wind
shear between E1 and E2, as shown in Figure 9¢c, shows a significant increase over the Philippines
including the SCS and the Indochina Peninsula. In other words, the background conditions became
unfavorable for synoptic-scale disturbances during E2. In contrast, there is an increase in RHUM
between E2 and E3 over the SCS and the Philippines, as shown in Figure 9e, which is accompanied
by a mid-tropospheric ascent over the same area, as shown in Figure 9d, and a decrease in vertical
zonal wind shear, as shown in Figure 91, west of 120° E. These results suggest favorable background
conditions for synoptic-scale disturbances during E3 [29].



Atmosphere 2018, 9, 464

(a) 500-hPa Vertical Velocity (E2—E1)

40°N

30°N

20°N -

10°N{+

+

B

-

110°E 120°E 130°E 140°E 150°E

160°E

(d) 500-hPa Vertical Velocity (E3—E2)

40°N A

30°N

20°N A

10°N -

St
bbb bbb+
A bt bbb

E +
1%0']31 110°E  120°E  130°E  140°E 150°E

ERTTTTTITTTTTT e,
-10-8-6-4-20 2 4 6 8 10 <107 Fas”

(b) 700-hPa RHUM (E2-E1)

(e) 700-hPa RHUM (E3—-E2)

160°E

45°N

30°N

20°N

10°N 1

ot

4
/ P
pas
G

ot ahh

o+ ++ +

bt A + e

BoE 110

40°N

30°N

20°N A

10°N

e

++ ++
-

++

+H

160°E

+4 ++

+

+

40°N

30°N

b
ey ey

e

—r++++¢4\/
i bis

20°N :{'

7%

10°N

S WA

:
INSRSSESSRSS S SR
Q++H{::y?+++

Attt
4t

EI%O"E

110°E

120°E 130°E  140°E  160°E 160°E 1DOE 110°E 120°E 130°E 140°E 150°E
-10-8-6-4-20 2 4 6 8 10 o
(c) Zonal wind shear (E2—E1) (f) Zonal wind shear (E3—E2)
FTeY)
0] k. ot
40°N o
2
58
F+t
caiEes
30°N
-+
+ E:H»H 0
1 20°N 2]
o <
SrRANS
) 10°N p ‘i}ﬁé
¥
= & E R = &
12°E 130°E  140°E 150°E 160°E “IDOE 110°E 120°F 130°E  140°E I50°E 16

T T T T TTT T
-10-8-6-4-20 2 4 6 8 10 ms!

13 of 25

Figure 9. Epochal difference in 500-hPa vertical velocity (x 1072 Pass~1; a,d), 700-hPa relative humidity
(RHUM; %; b,e); and vertical zonal wind shear (Ugg;p, minus Ugsppe; m s~ 1; ¢ f) during December.
Figure 9a—c are the differences between E1 (1961-1976) and E2 (1977-1992) (E2 minus E1). Figure 9d—f
are the differences between E2 and E3 (1993-2008) (E3 minus E2). Cross markings indicate statistical
significance above the 90% confidence level using the t-test.

3.2.4. Impact of SST

It is known that ENSO modulates the interannual variability of rainfall over the
Philippines [25,48,58-60]. For example, Villafuerte et al. [25] found that El Nifio (La Nifia) events
are associated with drier (wetter) conditions over the country especially in seasons close to the mature
stage of ENSO. Thus, in this section, we determine the possible role of the changes in SST to the
interdecadal shifts in rainfall.

Figure 10a,b show the epochal differences in SST and 10-m winds (WINDS1y,,). The SST change
between E1 and E2, as shown in Figure 10a, shows an El Nifio-like pattern or a positive phase of the
PDO, which is consistent with Nitta and Yamada [2]. Warmer SST can be depicted over the equatorial
central Pacific and the Indian Ocean, while cooler SST appears over the northern Pacific. This SST
change tends to weaken the trade winds as indicated by the enhanced westerlies east of the Philippines,
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as shown in Figure 4. On the other hand, the SST change between E2 and E3, as shown in Figure 10b,
shows a La Nifia-like pattern, with cooler SST over the equatorial central Pacific and warmer SST over
the western Pacific similar to previous studies [6,7]. The SST change over the Indian Ocean shows
warming but the change is not as significantly uniform as that between E1 and E2. Easterlies can be
depicted from the equatorial central and eastern Pacific to the western Pacific including the Philippines.
Westerlies strengthen over the equatorial Indian Ocean, which is probably induced by the descending
branch of the strengthened Walker circulation over the western Pacific [61] (see their Figure 14).
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Figure 10. Epochal difference in sea surface temperature (SST; °C) and 10-m winds (WINDS;g,,;
m s~1) in December between: (a) E1 (1961-1976) and E2 (1977-1992) (E2 minus E1); and (b) E2 and E3
(1993-2008) (E3 minus E2). (c) Time series of December SST anomaly (SSTA) over the Nifio 3.4 region
(5° S-5° N, 170° E-120° W). Stippled areas and vectors in (a,b) indicate significant difference above the
90% confidence level using the t-test. The scale of the arrows is indicated on the upper right corner of
(a,b). The red vertical lines in (c) indicate the change points around 1976/1976 and 1992/1993 based on
the December rainfall time series for reference discussion. The green line in (c) indicates the 9-year

running average.

The El Nifio-like SST change over the Pacific basin may also affect TC landfalls. For instance,
Wu et al. [54] found that fewer TCs follow a west-northwestward track and consequently, a smaller
number of TC landfalls over the Philippines during the late season of El Nifio years. They suggested
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that the southeastward shift of the genesis location over the WNP and a break in the WNPSH around
130° E during El Nifio years are favorable for more recurving TCs. As we have noted earlier, we also
found a similar splitting tendency of the WNPSH along 120° E in Figure 7e. Thus, the El Nifio-like SST
change over the equatorial Pacific in E2 can partly explain the observed changes in the steering flow
and TC tracks.

We have also noted that the interannual variability of rainfall during December decreased
remarkably during E2, as shown in Figure 3b. To address this issue, we compare the time series
of rainfall and SST anomaly (SSTA) over the Nifio 3.4 region (170° W-120° W, 5° S-5° N) in Figure 9c.
The anomalies are the deviations from the long-term mean (1961-2008). One remarkable feature in the
time series of SSTA is that there are fewer occurrences of cold years (i.e., SSTA < 0) and more warm years
(SSTA > 0) during E2 compared with the other epochs. The correlation between the December rainfall
and the Nifio 3.4 SSTA is high and significant above the 99% confidence level (r = —0.5, p = 0.0008).
This result suggests that the El Nifio-like SST change (i.e., more occurrence of warm years) over the
Pacific basin partly contributed in suppressing the interannual variability of December rainfall over
the Philippines. This is also consistent with the results of Lyon and Camargo [58], who reported a
significant reduction in rainfall over the entire Philippines during the October to December season
(OND) and El Nifio years. They further noted that an anticyclonic circulation anomaly develops over
the SCS, which is accompanied by a weaker monsoon trough.

4. Summary and Discussion

In this study, we investigated the interdecadal shifts in the winter monsoon (November to March)
rainfall of the Philippines from 1961 to 2008. Monthly analysis of the winter monsoon rainfall showed
that the interdecadal shifts are only robust and significant during December. This month actually
coincides with the peak planting season in most parts of the country. Therefore, an understanding of
the mechanisms leading to these interdecadal shifts in December rainfall are crucial for agriculture.
Furthermore, the significant interdecadal shifts in the December rainfall time series occurred around
1976/1977 and 1992/1993. These shifts are very clear in 40% of the total stations used in this
study. To facilitate the examination of the possible mechanisms leading to these rainfall shifts, we
divided the analysis period into three epochs: 1961-1976 (E1), 1977-1992 (E2), and 1993-2008 (E3).
The average rainfall and its interannual variability are significantly suppressed (enhanced) during
E2 (E3). The schematic diagrams summarizing the possible mechanisms leading to the suppressed
rainfall during E2 and enhanced rainfall during E3 are shown in Figures 11 and 12, respectively.

The shift around 1976/1977 is probably related to the shifting of the PDO from a negative phase
to a positive phase [62-65]. The time series of the PDO index [66] for December is shown in Figure 13,
where the shift from negative to positive in the late 1970s is clear. However, the shift in PDO around
1993/1994 is not remarkable, which suggests that a different mechanism induces the shift in the
mid-1990s. The positive phase of PDO is characterized by an El Nifio-like SST change over the
equatorial central Pacific [2]. As we have previously noted, the low-level easterlies (i.e., the surface
branch of the Walker circulation) are weaker during El Nifio conditions resulting in less moisture
transport over the Philippines.

Moreover, the TC frequency has decreased over the SCS in E2 compared with E1 and E3. Liu and
Chan [67] examined the annual TC frequency over the WNP with at least a TS category from the period
1960 to 2011 and found an inactive period during 1975-1988 (see their Figure 1). Thus, the suppressed
TC activity identified by Liu and Chan [67] may be related to the suppressed TC activity found in
this study. Their study also showed a remarkable increase in the vertical zonal wind shear during the
period 1975-1988, which corroborated the enhanced vertical zonal wind shear during E2 found in
this study. The SST warming over the Indian Ocean can induce a lower-level divergence (anticyclonic
circulation) over the SCS, which is also unfavorable for TC formation [49]. However, the SST warming
over the Indian Ocean appears in both of the difference plots in Figure 10, suggesting that the decrease
in TC activity over the SCS cannot be solely explained by the SST warming over the Indian Ocean.
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To further clarify this issue, we examined the changes in the vertical velocity, RHUM, and vertical
zonal wind shear that influences TC activity. In particular, a mid-tropospheric descent, decrease in
RHUM, and an enhanced vertical zonal wind shear over the SCS and the Philippines occurred during
E2. These changes are unfavorable for synoptic-scale disturbances, which is substantiated by the
decrease in the perturbation kinetic energy (PKE).

Positive phase of PDO

Y

El Nino-like SST change

Y

Weakened easterlies

\i

Unfavorable
background conditions

Y

Decreased PKE and Decreased moisture
synoptic-scale disturbances transport

v

Decreased rainfall
over the
Philippines

Figure 11. Schematic diagram showing the possible mechanisms leading to the decrease in rainfall
during December during E2 (1977-1992) over the Philippines. PDO: Pacific Decadal Oscillation.

La Nina-like SST change

] Y Y

Further westward Favorable Enh d li
extension of WNPSH background conditions nhanced easterlies
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More westward/ ;
northwestard 5 Increased PKE and Increased moisture

TC tracks synoptic-scale disturbances transport

Y

Increased rainfall
over the
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A

Figure 12. As in Figure 11 but for the increase in rainfall during E3 (1993-2008). WNPSH: western
North Pacific Subtropical High.
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Figure 13. Time series of the December Pacific Decadal Oscillation (PDO) from the period 1961 to 2008.
The green line indicates the 9-year running average. The red vertical lines indicate the change points
around 1976/1976 and 1992 /1993 based on the December rainfall time series for reference discussion.

What induced these unfavorable background conditions during E2? The decrease in RHUM can
be partly attributed to the weakening of the low-level easterly winds. We also checked the changes
in the Uyggp, and found significant enhancement (weakening) of the upper-level westerlies between
the equator and 30° N between E1 and E2 (figure not shown; E2 and E3). It should be noted that
during El Nifio conditions, the Walker circulation is weakened over the western Pacific; that is, an
upper-level convergence and lower-level divergence appears over the western Pacific. Thus, the
weakened low-level easterlies and enhanced upper-level westerlies can partly explain the enhanced
vertical zonal wind shear during E2. In general, the unfavorable background conditions leading to
decreased synoptic-scale disturbances over the Philippines are induced by the El Nifio-like SST change
during the positive phase of PDO. Moreover, the changes in the TC tracks show fewer TCs reaching
the SCS and the Indochina Peninsula and more recurving TCs over the eastern coast of the country in
E2. We found that this is due to the changes in the steering flow, where the WNPSH tended to split
into two cells around the Philippines, which is favorable for more recurving TCs towards East Asia.

The shift in rainfall around 1992/1993 is probably a response to the La Nifia-like SST change over
the Pacific basin, which enhanced the low-level easterly winds and consequently, led to enhanced
moisture transport over the eastern coast of the Philippines during E3 [6,68]. Using numerical
simulations, Zhang and Karnauskas [68] further noted that the prominent warming contrast between
the Pacific, Indian, and Atlantic Oceans play a major role in enhancing the low-level easterly winds.
During La Nifia conditions, the Walker circulation is enhanced over the western Pacific. We also
checked the epochal difference in the Uyyp;p, between E2 and E3 and found significant upper-level
easterlies (i.e., divergence), which can explain the weakened vertical zonal wind shear during E3
(not shown). The TC activity also increased during E3. In particular, more TC made landfall over the
Philippines due to the westward extension of the WNPSH. Wu et al. [54] noted that the monsoon trough
and the WNPSH shifts westward during La Nifia years leading to more westward /northwestward
moving TCs. In other words, the La Nifia-like SST change during 1992/1993 induced favorable
background conditions for increased synoptic-scale disturbances over the Philippines.

Aside from the decrease in the mean rainfall in December, its interannual variability was
significantly reduced in E2 compared with the other epochs. It is well known that ENSO significantly
contributes to the interannual variability of rainfall over the Philippines. The epochal difference in SST
features an El Nifio-like SST change between E1 and E2 (E2 minus E1) and a La Nifia-like SST change
between E2 and E3 (E3 minus E2). Further examination of the time series of SSTA averaged over the
Nifio 3.4 region from the period 1961 to 2008 showed more occurrence of warm years (i.e., positive
SSTA) during E2. We also found that the December rainfall is significantly correlated with the Nifio 3.4
SSTA, which suggests that the El Nifio-like SST change over the Pacific basin partly contributed to the
decreased interannual variability of rainfall during E2.
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Wang and He [17] found a decreasing trend in the interannual variability of the EAWM during the
December to February (DJF) season after the mid-1970s. They further noted a northward propagation
of the EAWM-surface air temperature relationship from the tropics to the mid-latitudes, which is
favorable for the weakening of the EAWM-ENSO relationship. Wang et al. [11] suggested that this
weakening of the EAWM-ENSO relationship is also associated with the phase shift of PDO through the
modification of the Pacific-East Asian teleconnection at the low latitudes and the response of the HGT
anomalies to ENSO. Over the Philippines, Villafuerte et al. [25] found decreasing trends in extreme
rainfall events during the January to February (JEM) season and they suggested that this is partly due
to the weakening of the EAWM. Thus, the weakening of the interannual variability of the December
rainfall found in this study might be related to these aforementioned studies.

To quantify the possible role of the EAWM on the changes in rainfall, we adapted the index
proposed by Wang and Chen [69] (hereafter EAWMI), which is based on the difference between the
normalized area-averaged mean sea level pressure (MSLP) over Siberia (70°-120° E, 40°-60° N), North
Pacific (140° E-170° W, 30°-50° N), and the maritime continent (110°-160° E, 20° S-10° N). Positive
(negative) EAWMI values indicate strong (weak) EAWM. This index can be decomposed further into
the north-south (i.e., Siberian high-Maritime Continent low relationship) and east-west (i.e., Siberian
high-Aleutian low relationship) components. In this study, we only used the north-south component
since the circulation anomalies below 30° N were found to be stronger when using this index compared
to its east-west counterpart [69]. In addition, we checked the epochal difference in the MSLP and only
found significant changes over Siberia and the Maritime continent, as shown in Figure S5. Thus, using
the north-south index is reasonable.

Figure 14 shows the monthly EAWMI from November to March. The correlation of the rainfall
and the EAWMI during December is significant above the 99% confidence level using t-test (r = 0.5,
p-value = 0.00047). This result further reveals that the EAWM also contributes to the interannual
variability of the winter monsoon rainfall over the Philippines. The time series of the EAWMI during
December, as shown in Figure 14b, shows remarkable and strong negative values from the period 1977
to 1992, while it only became clearer after 1987 during January, as shown in Figure 14c. These results
suggest that the clear weakening of the EAWM during December in the late 1970s can partly explain
why the decrease in rainfall is apparent during this month.

How did the weakening of the EAWM contribute to the decrease in rainfall over the Philippines
during E2? It is worth mentioning that the interaction of the northeasterly winds or cold surges from
Siberia with the topography of the Philippines partially contributes to the total winter rainfall of the
country [44]. Endo et al. [70] found a significant increasing trend in the annual maximum number of
consecutive dry days (CDD) from the 1950s to the mid-2000s, especially over the eastern coast of the
Philippines (see their Figure 6). They suggested that this might be due to the weakening of the EAWM
and a subsequent decrease in the cold surge activity from Siberia. In fact, we found a significant
decrease in the MSLP between E1 and E2 over Siberia in Figure S5, suggesting a weaker Siberian
High. In addition, Wang et al. [71] noted that an anomalous anticyclonic circulation (i.e., the western
North Pacific anticyclone or WNPAC) develops over the Philippines during the positive phase of PDO
(see their Figure 3a). This WNPAC, in turn, weakens the northeast monsoon over the Philippines.
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Figure 14. Time series of the East Asian winter monsoon index (EAWMI) (see text for details for the
derivation of the index) from 1961 to 2008 for (a) November; (b) December; (c) January; (d) February;
and (e) March. The red vertical lines indicate the change points around 1976/1977 and 1992/1993
based on the December rainfall time series for reference discussion. The green line indicates the 9-yr

running average.

Why are the climate shifts only remarkable during December? Some studies suggested that
the PDO can modulate the climate anomalies resulting from ENSO [72]. In particular, Gershunov
and Barnett [72] found that El Nifio signals are stronger and more consistent during the positive
phase of PDO, while the La Nifia signals are only stronger and consistent during the negative phase
of PDO. On the other hand, ENSO (either El Nifio or La Nifa) usually peaks in December [73,74].
Hence, the impact of PDO is more pronounced during this month. We also compared the MSLP
and the WINDSgs0,p, anomalies relative to their long-term means (1961-2008) from November to
March to further elaborate why the observed decrease in the mean rainfall are not remarkable in
other winter monsoon months during E2, as shown in Figure 15. During November, as shown in
Figure 15a, anomalous northerly winds can be seen in the vicinity of the Philippines emanating from the
mid-latitude anticyclone centered around 115° E and 40° N (i.e., the Siberian High). These anomalous
northerlies cool the sea surface of the SCS, which is favorable for the increase in the pressure there
and a subsequent development of an anticyclone during December (i.e., the WNPAC) as shown in
Figure 15b [71,75,76]. Wu et al. [75,76] suggested that these anomalous northerlies are induced by
the heating anomaly over the central equatorial Pacific (i.e., a Rossby wave response) and advect
negative moist enthalpy (dry air; see their Figure 13). Note that the Philippines is also under the
influence of a cyclonic circulation anomaly to its east during November. Concurrent with the
development of the WNPAC during December is the eastward retreat of this cyclonic circulation
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anomaly [75,76]. According to Wu et al. [75,76], this eastward retreat of the cyclonic anomaly is
modulated by the sign reversal (from positive to negative) of the background relative vorticity gradient.
Southerlies/southwesterlies can also be seen above 20° N along 115° E, which substantiates the
weakening of the Siberian High and less cold surge activities reaching the Philippines. It is worth
mentioning that the MSLP change in the vicinity of the Philippines is largest during December
compared with the other winter monsoon months. During January, as shown in Figure 15¢, there is
little change in the MSLP and a cyclonic circulation can be seen over the Philippines. The anticyclone
initially located over the SCS moved northeastward around 35° N and expands eastward along 160°
W. Another remarkable feature in January is the cyclonic circulation centered around 170° W and
55° N, which expands and moves southeastward over the northern Pacific in February, as shown in
Figure 15d. This, in turn, forces the anticyclonic circulation that is initially located northeast of the
Philippines to move southwards. During March, as shown in Figure 15e, an anomalous anticyclone is
prominent over the WNP.
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Figure 15. Composite anomalies of the mean sea level pressure (MSLP; shading; hPa) and 850-hPa
winds (WINDSgspup,; streamlines; m s~1) during E2 for (a) November; (b) December; (c) January;
(d) February; and (e) March. The anomalies are the deviations from the long-term means (1961-2008).

Another interesting feature worthy of note is that the shift in December rainfall around 1976/1977
is almost symmetric (i.e., appears reversed) to the shift around 1992/1993. In fact, the average rainfall
between E1 (10.7 mm day~!) and E3 (11.8 mm day ') are not significantly different. However, we
found notable differences in the circulation patterns between these epochs. For example, the epochal
difference in December SST in Figure 10a is not exactly the reverse of Figure 10b, where warming is
both observed west of 160° E. In addition, the mean December SST during E2 and E3 are both warmer
than in E1 especially over the eastern equatorial Pacific, as shown in Figure S4. The warm SST (i.e., the
28 °C contour line) also expands further eastward near 120° W in the same epochs compared with
El. As previously noted, the WNPSH as well as the zonal winds, are stronger during E3 compared
with E1.
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Aside from ENSO, TCs, and the orographic rainfall, the winter monsoon rainfall variability of the
country is influenced by other large-scale systems. For example, Pullen et al. [77] reported that the
Madden-Julian Oscillation (MJO; intraseasonal) and an intense cold surge (synoptic) contributed to
the extreme rainfall event over the Philippines during 2007-2008. Therefore, it would be interesting
to examine the interdecadal variations in intraseasonal oscillations and cold surge activities and how
they contributed to the shifts in rainfall in future studies. Moreover, several interesting issues still
remain unresolved. For instance, are the observed interdecadal changes due to the climate’s natural
decadal variability or anthropogenically induced? Another important issue is that whether these shifts
will be permanent or will still change in the future. In addition, the precise impact of PDO-ENSO
interaction on the rainfall of the Philippines needs further investigation; that is, the response of rainfall
to the different phases of PDO during El Nifio and La Nifia years. Longer and homogenous datasets
are needed to address this issue in future studies.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4433/9/12 /464 /51,
Figure S1: Time series of: (a) average rainfall during December in stations located over the eastern coast of the
Philippines with relatively complete data from period 1961-2008 (see text for the list of stations); and (b) tau
statistics from the moving ¢-test with varying time windows. The green line in (a) indicates the 9-year running
average. The vertical lines in (a,b) indicates the robust change points around 1976/1977 and 1992/1993. The
horizontal lines in (a,b) indicate the statistical significance at the 95% confidence level for each time window: green
(9-y; 2.120), grey (10-y; 2.101), blue (12-y; 2.074), and black (15-y; 2.048); Figure S2: Time series of tau statistics
from the moving t-test with varying time windows for: (a) November; (b) January; (c) February; and (d) March.
The horizontal lines from (a) to (d) indicate the statistical significance at the 90% and 95% confidence level for
each time window; Figure S3: As in Figure S1 but only for the 13 stations across the Philippines with significant
shifts around 1976/1977 and 1992 /1993; Figure S4: Epochal mean of December SST above 26 °C during (a) E1
(1961-1972); (b) E2 (1977-1992); and (c) E3 (1993-2008). The contour interval is 1 °C; Figure S5: Epochal difference
in mean sea level pressure (hPa) during December between (a) E1 (1961-1976) and E2 (1977-1992) (E2 minus
E1); and (b) E2 and E3 (1993-2008) (E3 minus E2). Stippled areas indicate statistical significance above the 90%
confidence level using the t-test. The boxes indicate the area averaging location for the East Asian winter monsoon
index: Siberian high (SH), Aleutian low (AL), and Maritime Continent (MC) low.
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