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List of Figures 

Figure 1.1. The Philippines and its topography (m) from the Global 30-Arc-Second 

elevation data set (GTOPO30). The dashed red lines demarcate the Philippine Area of 

Responsibility (PAR). The figure on the right shows the enlarged map of Luzon Island 

and its major mountain ranges. 

Figure 2.1. Spatial distribution of Outgoing Longwave Radiation (OLR; shades; W m–

2) and winds at 925 hPa (WINDS925hPa) and 200 hPa (WINDS200hPa) (streams; m s–1) for: 

Type D (a, b); Type W (c, d); and their difference (e, f). Shaded areas in (e) and bold 

vectors in (e) and (f) indicate significant differences at the 95 % confidence level by 

Student’s t-test. The scale of the vectors in (e) and (f) are 5 and 20 m s-1, respectively. 

Figure 2.2. Times series of area-averaged: (a) Outgoing Longwave Radiation (OLR; 

W m-2); and (b) zonal wind at 925 hPa (U925hPa; m s-1) over Luzon Island (120-122.5°E 

and 12.5-22°N) for the year 1981. The dashed blue vertical line indicates the onset of 

the summer monsoon on June 4, defined by the Philippine Atmospheric, Geophysical 

and Astronomical Services Administration (PAGASA). The four dates (month/day) 

shown in red fonts denote the four case studies discussed in Section 2.3. 

Figure 2.3. Spatial distribution of Outgoing Longwave Radiation (OLR; shades; W 

m-2) and winds at 925 hPa (streams; m s-1) for: (a) May 1; (b) May 11; (c) May 17; and 

(d) May 24 in the year 1981. 

Figure 2.4. Spatial distribution of the: (a) stretching deformation (STD925hPa; shades; 

´10-5 s–1); (b) shearing deformation (SHD925hPa; ´10-5 s–1); and (c) total deformation 
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(TDef925hPa; ´10-5 s–1) superimposed with the winds at 925 hPa (streams; m s–1) on May 

17, 1981. 

Figure 2.5. Surface weather charts from the Japan Meteorological Agency on: (a) 12 

UTC May 16, 1981; (b) 00 UTC May 17, 1981; and (c) 12 UTC May 17, 1981. (d) 

Averaged daily meridional equivalent potential temperature gradient at 925 hPa 

(qe925hPa; shades; ´10-5 K m–1) and winds at 925 hPa (WINDS925hPa; streams; m s–1). 

Figure 2.6. Spatial distribution of Outgoing Longwave Radiation (OLR; shades; W m–

2) and winds at 925 hPa (WINDS925hPa) and 200 hPa (WINDS200hPa) (streams; m s–1) for: 

Type WW (a, b); Type WE (c, d); and Type WED (e, f). 

Figure 2.7. Composites of Outgoing Longwave Radiation (OLR; shades; W m–2) and 

winds at 925 hPa (streams; m s–1) for: (a) Lag –3; (b) Lag –2; (c) Lag –1; (d) Lag 0; (e) 

Lag +1; (f) Lag +2; and (g) Lag +3. The cyclonic and anticyclonic circulations, and 

deformation zone are denoted as “C”, “A”, and “D”, respectively. 

Figure 2.8. As in Fig.2.7 but for the vertically integrated moisture flux (streams; ´10-4 

kg m–1 s–1) and its convergence (shades; ´10-4 kg m–2 s–1). 

Figure 2.9. Surface weather chart from the Japan Meteorological Agency on 12 UTC 

May 13, 2006. (b) As in (a) but for the daily averaged Outgoing Longwave Radiation 

(OLR; shades; W m–2) and winds at 925 hPa (WINDS925hPa; streams; m s–1). (c) As in 

(b) but for the meridional equivalent potential temperature gradient at 925 hPa (qe925hPa; 

shades; ´10-5 K m–1). (d) As in (b) but for the total deformation at 925 hPa (TDef925hPa; 

shades; ´10-5        s–1). 

Figure 3.1. Location of the 16 meteorological stations from the Philippine 

Atmospheric, Geophysical and Astronomical Services Administration (PAGASA) and 
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the topography of the Philippines. The open circles are the stations used by PAGASA 

in their operational onset, while the stars are the three additional stations used for 

discussion in this study. The black crosses indicate the seven stations used for the 

monsoon break detection. 

Figure 3.2. Annual variations of daily rainfall climatology (1998-2012) for: (a) Basco; 

(b) Vigan; (c) Laoag; (d) Baguio; (e) Cabanatuan; (f) Dagupan; (g) Science Garden; 

and (h) Coron. The red solid line represents the smoothed curve obtained by adding the 

first 18 Fourier harmonics of the daily rainfall time series. 

Figure 3.3. Spatial distribution of the lag composites of TRMM rainfall (mm day–1; 

shaded), 850 hPa HGT (HGT850hPa; m; contours), and 850 hPa winds (WINDS850hPa; m 

s–1; vectors) for: (a) Lag -20; (b) Lag -12; (c) Lag -5; (d) Lag 0; (e) Lag +5; (f) Lag 

+7; (g) Lag +12; and (h) Lag +18. The scale of the wind vectors is 5 m s–1. The contour 

interval of the HGT850hPa is 5 m between 1, 500 and 1, 520 m. 

Figure 3.4. As in Fig. 3.3 but for the 200 hPa winds (WINDS200hPa; vectors; m s-1) and 

200 hPa geopotential height (HGT200hPa) only. The scale of the wind vectors is 20 m 

s-1. The contour interval of the HGT200hPa is 10 m, between 12, 470 and 12, 500 m. 

Figure 3.5. As in Fig. 3.3 but for the 500 hPa vertical velocity (´10-2 Pa s-1). The 

contour interval is 2´10-2 Pa s-1. 

Figure 3.6. Time series of: (a) vertically integrated moisture flux convergence 

(VIMFC; orange line; ´10-6 kg m-2 s-1) and zonal wind at 850 hPa (U850hPa; green line; 

m s-1) over Luzon Island (120-122.5°E., 12.5-22°N). (b) As in (a) but for the 

geopotential height (HGT850hPa; blue lines; m) and vertical zonal wind shear (USHEAR; 

U200hPa minus U850hPa; red line; m s-1). The solid horizontal line in (a) indicates the 0 
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VIMFC and U850hPa. The solid horizontal line in (b) indicates the 1, 500-m HGT850hPa 

and 0 USHEAR. Shaded lag days indicate the monsoon break period. 

Figure 3.7. (a) As in Fig. 3.6a but for the perturbation kinetic energy (PKE; m2 s-2) 

only. (b) As in Fig.3.3 but for Lag -2 only. 

Figure 3.8. (a) Time series of mean sea level pressure (MSLP; hPa; red line) and net 

shortwave radiation (NSWR; W m-2; blue line) over Luzon Island (120-122.5°E, 

12.5-22°N). (b) As in (a) but for the temperature at 850 hPa only (TEMP850hPa; K). 

Shaded lag days indicate the monsoon break period. 

Figure 3.9. Schematic diagram illustrating the three-phase onset process of the summer 

monsoon over the Philippines: (a) Phase I (Onset Phase; mid to late May); (b) Phase II 

(Break Phase; early June); and (c) Phase III (Monsoon Revival Phase; mid-June). 

Phases I, II, and III correspond to the periods before and during Lag -12, Lag 0 to Lag 

+5, after Lag +5, in Figs. 3.3, 3.4, and 3.5, respectively. Stippled areas correspond to 

dry areas. The red broken line and “A” indicates the location of the anticyclonic 

circulation at 200 hPa. 

Figure 4.1. Horizontal winds at 925 hPa (WINDS925hPa; shades and contours; m s-1) on: 

(a) 06 UTC January 16, 2017; and (b) its corresponding climatology (06 UTC January 

16; 1981-2010). Anomalies of the 925 hPa: (c) zonal (U925hPa; shades and contours; m 

s-1); and (d) meridional (V925hPa; shades and contours; m s-1) winds. Shadings in (a) and 

(b) indicate the magnitude of the WINDS925hPa. The contour interval in (c) and (d) is 2 

m s-1. 

Figure 4.2. Surface weather charts provided by the Japan Meteorological Agency for: 

(a) 06 UTC January 15, 2017; (b) 12 UTC January 15, 2017; (c) 18 UTC January 15, 
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2017; (d) 00 UTC January 16, 2017; (e) 06 UTC January 16, 2017; and (f) 12 UTC 

January 16, 2017.  

Figure 4.3. As in Fig. 4.2 but for the distribution of rainfall from the Tropical Rainfall 

Measuring Mission (TRMM) 3B42 version 7 (shades; mm hr-1) and 925 hPa winds 

(WINDS925hPa; streams; m s-1). The cyclonic and anticyclonic circulations are denoted 

as “C” and “A”, respectively. 

Figure 4.4. Spatial distribution of the 925 hPa: (a) meridional equivalent potential 

temperature gradient (qe925hPa; shades; ´ 10-5 K s-1); (b) stretching deformation 

(STD925hPa; shades; ́  10-5 s-1); (c) shearing deformation (SHD925hPa; shades; ́  10-5 s-1); 

and (d) total deformation (TDef925hPa; shades; ´ 10-5 s-1) on 06 UTC January 16, 2017. 

The 925 hPa wind anomalies (streams; m s-1) are superimposed for discussion. The 

black star indicates the location of the deformation zone. The “A” and “C” are similar 

to those in Fig. 4.3. 

Figure 4.5. Spatial distribution of vertically integrated moisture flux convergence (𝑄; 

shades; ´10-4 kg m-2 s-1), velocity potential (𝜒#; contours; ´ 106 kg s-1), and the 

divergent component of 𝑄 (𝑄$; vectors; kg m-1 s-1) for: (a) 18 UTC January 15, 2017; 

(b) 00 UTC January 16, 2017; (c) 06 UTC January 16, 2017; and (d) 12 UTC January 

16, 2017. The contour interval of 𝜒# is 100 ´ 106 kg s-1, while the scale of the vectors 

is 1000 kg m-1 s-1. 

Figure 4.6. Vertical profile of the equivalent potential temperature anomaly (shades; 

K) and relative humidity anomaly (contours; %) averaged from 122-127°E for: (a) 12 

UTC January 15, 2017; (b) 18 UTC January 15, 2017; (c) 00 UTC January 16, 2017; 

(d) 06 UTC January 16, 2017; (e) 12 UTC January 16, 2017; and (f) 18 UTC January 
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16, 2017. The vectors are the meridional and vertical velocity anomalies (m s-1; scale 

is 20 m s-1). The anomalies are relative to the 1981-2010 mean. 

Figure 4.7. The location of the 34 non-tropical cyclone related heavy rainfall/flood 

(HRF) events from November to March over the Philippines from 1979-2017 based on 

the Dartmouth Flood Observatory archive. 

Figure 4.8. Lag composite anomalies of mean sea level pressure (shades; hPa), 925 

hPa winds (streams; m s-1) for: (a) Lag -3; (b) Lag 0; (c) Lag +1; (d) Lag +3; (e) Lag 

+5; and (f) Lag +15. Lag 0 refers to the time when the area-averaged vertically 

integrated moisture flux convergence (VIMFC) of the recorded HRF event over 

Mindanao Island is maximum. Note that the reanalysis data is 6-hourly so that Lag -3 

(+3) means 18 hours before (after) the peak VIMFC.  

Figure 4.9. Composite anomalies of: (a) 925 hPa meridional wind (V925hPa; shades and 

contours; m s-1); and (b) 925 hPa zonal winds (U925hPa; shades and contours; m s-1) 

averaged from 122-127.5°E. The contour interval is 0.5 m s-1. 

Figure 4.10. Spatial distribution of composite anomalies of vorticity tendency (zt; 

´10-10 s-2), its advection term (zadv; ´10-10 s-2), and stretching term (zstretch; ´10-10 s-2) 

for: Lag -3 (a, b, c); Lag 0 (d, e, f); and Lag +1 (g, h, i), respectively. The 925 hPa wind 

anomalies (m s-1) are superimposed for discussion. 

Figure 4.11. As in Fig. 4.10 but for: Lag +3 (a, b, c); Lag +5 (d, e, f); and Lag +15 (g, 

h, i). 

Figure 4.12. Schematic diagram of the possible mechanism leading to the winter HRF 

over the Mindanao Island (southern Philippines). The cyclonic and anticyclonic 
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circulations are denoted as “C” and “A”, respectively. The dot-dashed line indicates the 

location of the shearline. 

Figure 5.1. Location of the seven meteorological stations of the Philippine 

Atmospheric, Geophysical and Astronomical Services Administration (PAGASA; blue 

circles), Climate Prediction Center Merged Analysis of Precipitation (CMAP) grid 

points (+ markings), and the topography of the Philippines above 250 m (gray contour 

lines). The contour interval of the topography is 250 m. The red triangles indicate the 

nearest five CMAP grid points to the location of the PAGASA stations. 

Figure 5.2. Rainfall distribution (mm day−1) from 1979–2008 averaged across the: (a) 

seven PAGASA stations; and (b) five nearest CMAP grid points to the PAGASA 

stations. The rainfall distributions are smoothed by 1–2–1 filter in both x- and y-axis. 

The two vertical lines in (a) and (b) indicates P25 (start of May) and P29 (climatological 

summer monsoon onset based on Akasaka, 2010), respectively. The horizontal lines in 

(a) and (b) indicate 1994. 

Figure 5.3. (a) Smoothed (1–2–1 filter) pentad-mean rainfall between ES1 (1979–

1993) and ES2 (1994–2008) averaged across the seven PAGASA stations on the 

western coast of the Philippines; and (b) their epochal difference. Shaded pentads in (a) 

and gray bars in (b) indicate statistically significant difference above the 95 % 

confidence level using the Student’s t-test. 

Figure 5.4. (a) Pentad-mean rainfall time series during 1992 (black line; mm day−1) 

and its equivalent smoothed time series (blue line) obtained by adding the first four 

Fourier harmonics of the original time series; and (b) time series of annual peak 

pentads, defined as the maximum of the smoothed time series, from 1979 to 2008. 
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Figure 5.5. Epochal difference (ES2 minus ES1) in the spatially smoothed (1–2–1 

filter; both longitudinal and latitudinal direction) CMAP rainfall (mm day−1) during 

P45–P50. Cross (+) markings indicate statistical significance at the 95 % confidence 

level. 

Figure 5.6. Time series of area-averaged vertically integrated moisture flux divergence 

(VIMFD; ´10-4 kg m−2 s−1) over 117.5–122.5°E and 10–20°N during P45–P50. The 

blue (red) line is the unfiltered (1–2–1 filtered) time series. Dashed horizontal lines 

indicate the epochal means. 

Figure 5.7. Smoothed (1–2–1 filter) vertically integrated moisture flux (VIMF; vectors; 

kg m−1 s−1), moisture flux divergence (VIMFD; shades; ´10-4 kg m−2 s−1), and 850 hPa 

geopotential height (HGT850hPa; contours; m) for P45–P50 during: (a) ES1 (1979–

1993); (b) ES2 (1994–2008); and their (c) epochal difference (ES2 minus ES1). (a–c) 

The contour interval is 10 m. Shaded areas, black arrows, and purple contours in (c) 

indicate statistical significance at the 95 % confidence level. The scale of the vectors is 

indicated on the lower-left corner of each figure. 

Figure 5.8. Epochal difference (1994-2008 minus 1979-1993) in smoothed (1-2-1 

filter): (a) 850 hPa relative vorticity (´10-6 s-1); and (b) 850 hPa zonal winds (U850hPa; 

m s-1). Cross (+) markings indicate statistical significance at the 95 % confidence level. 

Figure 5.9. Tropical cyclone (TC) track frequency (per year) in P45–P50 interpolated 

onto a 5° × 5° grid for: (a) ES1 (1979–1993); and (b) ES2 (1994–2008) based on JTWC 

track dataset. As in (a) but for TC tracks and location of 5, 870-m contour line of the 

500 hPa geopotential height (HGT500hPa; dashed blue line) for: (c) ES1 and (d) ES2. 

Dashed boxes in (a) and (b) indicates the Philippine Area of Responsibility (PAR; 



 

 xvi 

115-135°E and 5-25°N). The genesis locations in (c) and (d) are indicated by the red 

markings. 

Figure 5.10. As in Fig. 5.5 but for: (a) 500 hPa vertical velocity (w; ×10−2 Pa s−1); (b) 

700 hPa relative humidity (RHUM; %); (c) vertical zonal wind shear (U200hPa minus 

U850hPa; m s−1); and (d) 850 hPa perturbation kinetic energy (PKE; m2 s−2). Cross (+) 

markings indicate statistical significance at the 95 % confidence level. 

Figure 5.11. Schematic diagram showing the possible mechanism leading to the 

decrease in rainfall over the Philippines from early August to early September occurring 

in the mid-1990s (1993/1994). 

Figure 5.12. Epochal difference (1994-2008 minus 1979-1993) in smoothed sea 

surface temperature (SST; °C) during: (a) June; (b) July; (c) August; and (d) September. 

Dotted areas indicate statistical significance at the 95 % confidence level by Student’s 

t-test. The SST data came from monthly Hadley Center sea ice and sea surface 

temperature data set (HadISST version 1.1; Rayner et al., 2003). 

Figure 5.13. Epochal difference (1994-2008 minus 1979-1993) in smoothed (1-2-1 

filter) 200 hPa winds (U200hPa). Bold vectors are statistically significant at the 95 % 

confidence level by Student’s t-test. 

Figure 6.1. The location of the 32 stations from the Philippine Atmospheric, 

Geophysical and Astronomical Serviced Station (PAGASA) and the topography of the 

Philippines (shades; m). The colors of the circles indicate the climate types based on 

Villafuerte et al. (2017). 

Figure 6.2. Average monthly rainfall (mm day–1) distribution of the stations that belong 

to: (a) Climate Type I; (b) Climate Type II; and (c) Climate Type III from the period 
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1961 to 2008. The black solid line in each figure represents the mean rainfall time series 

of the different stations in each climate type. 

Figure 6.3. Time series of average monthly rainfall (mm day-1) 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: EW1 

(1961-1976); EW2 (1977-1992); and EW3 (1993-2008). The green line indicates the 

9-year running average. 

Figure 6.4. Time series of tau statistics from the moving Student’s t-test with varying 

time windows for: (a) November; (b) December; (c) January; (d) February; and (e) 

March. The horizontal lines from (a) to (e) indicate the statistical significance at the 95 

% and 99 % confidence level for each time window. 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: EW1 (1961-1976); EW2 (1977-1992); and EW3 

(1993-2008). 

Figure 6.5. Differences in interpolated rainfall (contours) during December between: 

(a) EW1 (1961-1976) and EW2 (1977-1992) (EW2 minus EW1); and (b) EW2 and 

EW3 (1993-2008) (EW3 minus EW2) across the 32 PAGASA stations (stars). 

Negative (positive) contours are indicated by dashed (solid) lines. The contour interval 

is 2 mm day-1. Yellow shaded stars indicate a significant difference at the 95 % 

confidence level by bootstrapping. The stars with red outlines indicate the 13 stations 

with significant difference in both (a) and (b). 
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Figure 6.6. The epochal means of 850 hPa winds (WINDS850hPa; streamlines; m s-1), 

850 hPa zonal winds (U850hPa; shades; m s-1), and 850 hPa geopotential height 

(HGT850hPa; contours; m) during December for: (a) EW1 (1961-1976); (b) EW2 

(1977-1992); and (c) EW3 (1993-2008). The contour interval is 10 meters. 

Figure 6.7. The epochal difference in the vertically integrated moisture flux (VIMF; 

vectors; kg m-1 s–1) and moisture flux divergence (VIMFD; shades; ´10-4 kg m-2 s-1) 

during December between: (a) EW1 (1961-1976) and EW2 (1977-1992) (EW2 minus 

EW1); and (b) EW2 and EW3 (1993-2008) (EW3 minus EW2). Shaded areas and black 

vectors indicate statistical significance at the 95 % confidence level by Student’s t-test. 

The scale of the wind vectors is indicated on the upper right corner in each plot. 

Figure 6.8. Tropical cyclone (TC) track frequency (y–1) interpolated onto a 5° ´ 5° grid 

during December, TC tracks (black lines), 600 hPa winds (WINDS600hPa; gray 

streamlines; m s-1), and 600 hPa geopotential height (HGT600hPa; blue contours; m) for: 

EW1 (1961-1976; a, b); EW2 (1977-1992; c, d); and EW3 (1993-2008; e, f) based on 

the Joint Typhoon Warning Center (JTWC) track dataset. Dashed boxes in (a), (c), and 

(e) indicate the Philippine Area of Responsibility (PAR; 115-135°E and 5-25°N). The 

TC genesis locations in (b), (d), and (f) are indicated by the red markings. 

Figure 6.9. Epochal mean of December sea surface temperature (SST; °C) above 26 

°C during (a) EW1 (1961–1972); (b) EW2 (1977–1992); and (c) EW3 (1993–2008). 

The contour interval is 1 °C. 

Figure 6.10. Spatial distribution of the mean 850 hPa perturbation kinetic energy (PKE; 

m2 s-2) during December for: (a) EW1 (1961-1976); (b) EW2 (1977-1992); and (c) 

EW3 (1993-2008). Epochal difference in PKE between (d) EW1 and EW2 (EW2 
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minus EW1) and (e) EW2 and EW3 (EW3 minus EW2). The contour interval from (a) 

to (c) is 2 m. Cross markings in (d) and (e) indicate a significant difference at the 95 % 

confidence level using the Student’s t-test. 

Figure 6.11. Epochal difference in 500 hPa vertical velocity (´10-2 Pa s-1; a, b), 700 

hPa relative humidity (RHUM; %; c, d); and vertical zonal wind shear (U200hPa minus 

U850hPa; m s-1; e, f) during December. Figures 6.11a, c, and e are the differences 

between EW1 (1961–1976) and EW2 (1977–1992) (EW2 minus EW1). Figures 6.11b, 

d, and f are the differences between EW2 and EW3 (1993–2008) (EW3 minus EW2). 

Cross markings indicate statistical significance at the 95 % confidence level using the 

Student’s t-test. 

Figure 6.12. Epochal difference in sea surface temperature (SST; °C) and 10-m winds 

(WINDS10m; m s-1) in December between: (a) EW1 (1961-1976) and EW2 

(1977-1992) (EW2 minus EW1); (b) EW2 and EW3 (1993-2008) (EW3 minus EW2); 

and (c) EW3 and EW1 (EW3 minus EW1). Stippled areas and vectors in (a), (b), and 

(c) indicate significant difference at the 95 % confidence level using the Student’s t-

test. The scale of the arrows is indicated on the upper right corner of (a) and (b).  

Figure 6.13. Schematic diagram showing the possible mechanisms leading to the 

decrease in rainfall during December during EW2 (1977-1992) over the Philippines. 

PDO: Pacific Decadal Oscillation. 

Figure 6.14. As in Fig. 6.13 but for the increase in rainfall during EW3 (1993-2008). 

WNPSH: western North Pacific Subtropical High. 

Figure 6.15. Time series of: (a) the December Pacific Decadal Oscillation (PDO); and 

(b) December SST anomaly (SSTA) over the Niño 3.4 region (5°S-5°N, 170° 
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E-120°W) from the period 1961 to 2008. The green line indicates the 9-year running 

average. The red vertical lines indicate the change points around 1976/1977 and 

1992/1993 based on the December rainfall time series for reference discussion. 

Figure 6.16. Epochal difference in mean sea level pressure (MSLP; hPa) during 

December between: (a) EW1 (1961–1976) and EW2 (1977–1992) (EW2 minus EW1); 

and (b) EW2 and EW3 (1993–2008) (EW3 minus EW2). Stippled areas indicate 

statistical significance at the 95 % confidence level using the Student’s 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. 

Figure 6.17. Time series of the East Asian winter monsoon index (EAWMI) 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. 

Figure 6.18. Composite anomalies of the mean sea level pressure (MSLP; shades; hPa) 

and 850 hPa winds (WINDS850hPa; streamlines; m s–1) during EW2 for: (a) November; 

(b) December; (c) January; (d) February; and (e) March. The anomalies are the 

deviations from the long-term means (1961–2008). 

 

 

 

 
 

 
 



 

 xxi 

List of Tables 

Table 2.1. Classification of the pre-summer monsoon convection over Luzon 

Island in the Philippines. 

Table 2.2. List of deformation cases that lasted for at least 2 consecutive days from 

1979 to 2012. 

Table 3.1. Summary of the first post-onset breaks, their duration (days), and timing 

(days) relative to the onset dates from 1998 to 2012. 

Table 5.1. Summary of change points based on the Pettitt test between the CMAP 

and PAGASA rainfall datasets. 

Table 5.2. The seven-station averaged PTOTAL, PTC, and PNOTC for P45–P50 (9 

August–7 September) during ES1 (1979–1993) and ES2 (1994–2008). 

 

 

 

 

 

 

 

 



 

 xxii 

Acronyms 

AGCM Atmospheric General Circulation Model 

AMIP Atmospheric Model Intercomparison Project  

APM Asia Pacific Monsoon 

ASM Asian Summer Monsoon 

BoB Bay of Bengal 

BSISO Boreal Summer Intra-Seasonal Oscillation 

CISO Climatological Intra-Seasonal Oscillation 

CMAP Climate Prediction Center Merged Analysis of Precipitation 

DOE Department of Energy 

EASM East Asian Summer Monsoon 

ENSO El Niño-Southern Oscillation 

GAME-IOP Global Energy and Water Exchanges Asian Monsoon 

Experiment-Intensive Observation Period 

HGT Geopotential Height 

ISO Intra-Seasonal Oscillation 

ISV Intra-Seasonal Variability 

ITCZ Inter-tropical Convergence Zone 

JJA June-July-August 

JMA Japan Meteorological Agency 

JRA55 Japan Meteorological Agency 55-year Reanalysis 

JTWC Joint Typhoon Warning Center 

MJO Madden Julian Oscillation 

NCEP National Centers for Environmental Prediction 



 

 xxiii 

NSWR Net Shortwave Radiation 

PAGASA Philippine Atmospheric, Geophysical and Astronomical 

Services Administration 

PAR Philippine Area of Responsibility 

PDO Pacific Decadal Oscillation 

PJ Pacific-Japan 

PKE Perturbation Kinetic Energy 

PSM Philippine Summer Monsoon 

RHUM Relative Humidity 

RSMC Regional Specialized Meteorological Center 

SAA South Asian Anticyclone 

SC South China 

SCS South China Sea 

SCSMEX South China Sea Monsoon Experiment 

SCSSM South China Sea Summer Monsoon 

SST Sea Surface Temperature 

SSTA Sea Surface Temperature Anomaly 

TC Tropical Cyclone 

TRMM Tropical Rainfall Measuring Mission 

TS Tropical Storm 

VIMF Vertically Integrated Moisture Flux  

VIMFD Vertically Integrated Moisture Flux Divergence 

VIMFC Vertically Integrated Moisture Flux Convergence 

WHI Wheeler and Hendon (2004) MJO Index 

WNP Western North Pacific 



 

 xxiv 

WNPM Western North Pacific Monsoon 

WNPSH Western North Pacific Subtropical High 

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 xxv 

Acknowledgement 

 
Every end marks a new beginning. As my Ph. D. study comes to a halt, I would 

like to extend my sincerest gratitude to all the people who helped and supported me 

throughout my study.  

First and foremost, I would like to express my deepest gratitude to my advisor Prof. 

Jun Matsumoto, for his continuous support throughout my Ph.D. study, for his patience 

despite the countless emails that I sent about my research progress, for his constant 

encouragement, and immense knowledge. I am also grateful to my thesis examiners, 

Prof. Hideo Takahashi and Prof. Hiroshi Matsuyama, for their dedication in reading 

this thesis and for their insightful comments and suggestions that helped improve this 

thesis.  

I would also like to express my sincere gratitude to Dr. Hisayuki Kubota, Dr. 

Esperanza O. Cayanan, Dr. Flaviana D. Hilario, and Dr. Tomoshige Inoue for their 

continuous support when I was writing our papers. I would also like to thank Asst. Prof. 

Hiroshi Takahashi for the stimulating discussions during my first year and for providing 

me a big monitor and storage devices that I used throughout my study. I am also 

thankful to all the members of the Laboratory of Climatology, TMU for their valuable 

comments and suggestions during our laboratory seminars.  

Special thanks to Dr. Masato Nodzu and Assoc. Prof. Akira Yoshida for giving me 

the opportunity to experience kansoku at Cape Shionomisaki. It was a very educational 

trip!  

My Ph.D. life would have been boring without my drinking buddies, Japanese 

tutors, and ramen-eating companions, Dr. Nozomi Kamizawa, Dr. Ko Nakajima, Dr. 



 

 xxvi 

Yoshihito Seto, Dr. Trinh Tuan Long, Mr. Satoru Abiko, Mr. Masaharu Tsutsumi, Ms. 

Moeka Yamaji, Mr. Rakesh Teja Konduro, and Mr. Yuta Matsuzaki. I would also like 

to thank my roommates in Building 8, Room 729. Although we did not converse that 

much, their mere presence lessened the loneliness in my heart.  

This Ph.D. study would not have been possible without the financial support 

provided by the Tokyo Metropolitan Government through the “Tokyo Human 

Resources Fund for City Diplomacy Scholarship Program”. The data provided by the 

Philippine Atmospheric, Geophysical, and Astronomical Services Administration 

(PAGASA) through Dr. Marcelino Q. Villafuerte and Dr. Hisayuki Kubota, were also 

crucial in my research. Hence, I would like to extend my sincerest gratitude to all 

PAGASA staffs who provided me with the scanned copies of the PAGASA reports and 

historical data sets. I would also like acknowledge the assistance of Ms. Mio Tanahashi, 

Ms. Tomoko Motokado, and Ms. Yuko Saigusa with my university requirements.  

To my very supportive Filipino and international friends in the university who 

always call me fat: Joval, Charles, Ken, Neriezza, Jean, Mike, Daryl, Joan, Julie, 

Maurice, Foo, Laili, Uji, Rizky, Nico, Kanyapa, Vu, and Rui, thank you for the movie 

nights, hiking/biking activities, food trips, for the countless laughter, and for making 

me feel at home.  

Words are not enough to express my feelings for my family for their unconditional 

support in my study. Life here in Japan would be unbearably difficult and colorless 

without them. Last but not the least, I am extremely grateful to Joyce, Bea, Tita Fao, 

and Tito Buboy, for always accommodating me whenever I go back to the Philippines.  



 

 xxvii 

Abstract 

The variability of rainfall in the Philippines occurs over a wide range of spatial and 

temporal scales. While the interannual, seasonal, and long-term trends in rainfall have 

been extensively examined in previous studies, very little attention has been given to 

the variabilities at the sub-seasonal and decadal-to-interdecadal time scales. In addition, 

different synoptic-scale convective processes have yet to be identified and examined in 

detail. Identifying these synoptic-scale processes and understanding the mechanisms 

inducing the sub-seasonal and interdecadal variabilities in rainfall have important 

ramifications for improved management of water resources in the country. To address 

these issues, first, the different synoptic-scale convective processes were identified and 

examined during the pre-summer, summer, and winter monsoon seasons. Then, the 

decadal-to-interdecadal variability of the summer and winter monsoon seasons are 

examined.  

Intermittent wet events, which accounts for about 23 % of the total pre-summer 

monsoon days from 1979-2012, were identified from April 1 to the monsoon onset 

defined by the Philippine Atmospheric, Geophysical and Astronomical Services 

Administration (PAGASA). The results show that these intermittent wet events are 

associated with mid-latitude disturbances besides the prevailing easterlies along the 

southern flank of the western North Pacific Subtropical High (WNPSH). This is the 

first attempt to clarify such phenomenon and document the role of deformation zones, 

where the cold front interacts with the easterlies, as another rain-bearing system during 

the pre-summer monsoon season.  

The zonal wedging of the WNPSH was also found to induce a monsoon break over 

the Philippines during the early summer monsoon season. Using the rainfall data from 
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PAGASA, the climatology of the first post-onset monsoon break was examined. The 

results show that this break is very clear in stations located over the north and central 

Luzon, and occurs climatologically in early June. Composite analysis of the synoptic 

conditions during the monsoon break period reveals that the westward intrusion of the 

WNPSH is facilitated, through a cloud-radiation feedback process, by the enhanced 

rainfall and cloudiness during the onset period. The enhanced rainfall during the onset 

leads to the cooling of the atmosphere, while the enhanced cloudiness leads to a 

decrease in the incoming solar radiation. These changes favor the increase of sea level 

pressure and the westward intrusion of the WNPSH. Furthermore, the impact of 

deformation zones is more common during the winter monsoon season. In fact, the 

shearline along the confluence region of these deformation zones induces winter heavy 

rainfall/flooding events (HRF) over the southern Philippines. Using the flood reports 

archived by the Dartmouth Flood Observatory from 1979-2017, it was found that about 

74 % of such HRF events occur over Mindanao Island that are associated with the 

interaction of the shearline and a westward propagating cyclonic circulation.  

As for the decadal variability, using the rainfall data of the stations located on the 

western coast of the Philippines from 1979-2008, a robust climate shift was found 

around 1993/1994 during the mature phase of the summer monsoon season. Compared 

with 1979-1993 (ES1), the rainfall during 1994-2008 (ES2) is suppressed, which is 

accompanied by weakened monsoon westerlies, enhanced moisture flux divergence, 

mid-tropospheric descent, enhanced vertical zonal wind shear, and decreased relative 

humidity. These changes are unfavorable for synoptic-scale activities during ES2. 

Finally, for the winter monsoon season, two robust and significant interdecadal shifts 

that are most remarkable during December, were found around 1976/1977 and 

1992/1993. Hence, the analysis period was divided into three epochs: 1961–1976 
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(EW1), 1977–1992 (EW2), and 1993–2008 (EW3). The mean and interannual 

variability of rainfall during EW2 is suppressed compared with the two adjoining 

epochs. The shift around 1976/1977 is related to an El Niño-like sea surface 

temperature (SST) change over the Pacific basin, while that around 1992/1993 is related 

to a La Niña-like SST change. A weakened low-level easterly wind, decreased moisture 

transport, and decreased synoptic-scale activities contributed to the decrease in the 

mean rainfall during EW2, while the El Niño-like SST change and the weakening of 

the East Asian winter monsoon during EW2, partly contributed in suppressing the 

interannual variability of December rainfall in the Philippines.  
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Chapter 1. Introduction 

1.1. Motivational background 

It is well-known that the rainfall over the Asia Pacific monsoon (APM) region 

varies over a wide range of spatial and temporal scales. Identifying the different 

processes that contributes to rainfall variability and understanding their underlying 

mechanisms have important ramifications for improved risk management of 

hydrological resources in agricultural countries such as the Philippines. 

The regional differences of the Asian summer monsoon (ASM) was first 

recognized by Murakami and Matsumoto (1994). They divided the ASM based on the 

differences in the wet conditions into the western North Pacific monsoon (WNPSM), 

the Southeast Asian monsoon (SEAM), the northern Australia-Indonesia monsoon 

(NAIM), and the mid-latitude wet conditions over the Tibetan Plateau (TIBU) and 

Japan-East China region (Baiu). Then, Wang and Lin (2001) redefined this regional 

divisions based on the onset, peak, and withdrawal of the rainy season into the Indian 

summer monsoon (ISM), the East-Asian summer monsoon (EASM), and the WNPSM. 

The ISM, for example, peaks between June-July, while the WNPSM reaches its peak 

around August-September. In the recent decades, the differences among these regional 

monsoon systems are further elucidated with the availability of more meteorological 

observations.  

The Philippines is an archipelago with about 7, 641 islands that is located at the 

western periphery of the Pacific Ocean and largely influenced by the WNPSM. The 

temporal variability of rainfall of the WNPSM occurs over a wide range of time-scales 

from synoptic (e.g., 2-10-day), intraseasonal (e.g., 10-20-day, 20-70-day, etc.), 
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interannual (e.g., year to year variability and 3-5-year variabilities), and to decadal-to-

interdecadal (e.g., ³10-years) time-scales. There is also interaction among these scales 

that adds complexity to the monsoon system. For example, the genesis location and 

track of tropical cyclones (TCs; a synoptic-scale system; Holland, 1993) are highly 

influenced by the El Niño Southern Oscillation (ENSO), which is a well-known climate 

driver at the interannual time-scale. In particular, more TCs are generated in the vicinity 

of the Philippines during La Niña conditions, compared with El Niño conditions, where 

TCs tend to develop more over the central Pacific (Wang and Chan, 2002).  

Besides the TCs, northwestward propagating synoptic-scale wave trains (i.e., 

alternating cyclonic and anticyclonic circulations) were also found during the summer 

monsoon season that originate from the equatorial western North Pacific (WNP) and 

decay off the coast of South China (SC) (Lau and Lau, 1990). The easterly waves are 

also one of the regulating synoptic-scale systems for the formation of TCs. According 

to Chen et al. (2008) about 80 % of the TC formations over the WNP for the period 

1979-2002 are directly and indirectly related to easterly waves. On the intraseasonal 

time-scale, it has been shown that there are prominent intraseasonal oscillations (ISOs) 

with periodicities of about 10-20-days/10-25-days and a lower frequency mode with a 

period of about 20-70-days/25-90-days over the WNP (e.g., Fukutomi and Yasunari, 

1999, 2002; Kajikawa and Yasunari, 2005; Kikuchi and Wang, 2010; Kikuchi et al., 

2012). These ISOs are also known to have strong seasonal dependence. For example, 

Kemball-Cook and Wang (2001) found that the ISOs during May-June tends to 

propagate eastward along the equatorial Indian Ocean and WNP compared with those 

during August-October that exhibits northwestward propagation over the WNP.  

On the other hand, the Pacific Decadal Oscillation (PDO; Mantua and Hare, 2002) 

is a well-known climate driver in the decadal-to-interdecadal time-scale. It is defined 



 

 3 

by the leading principal component of the North Pacific (poleward of 20°N) sea surface 

temperature (SST) anomalies. The SST anomalies are obtained by removing the 

climatological annual cycle and the global mean SST anomaly from the data. It has a 

positive and a negative phase that resemble the SST conditions over the WNP during 

El Niño and La Niña, respectively. In particular, the positive (warm) phase of PDO is 

characterized by positive SST anomalies over the central and eastern tropical Pacific, 

and negative SST anomalies over the WNP. The pattern of SST anomalies during the 

negative (cool) phase of PDO is just the opposite of those during the positive phase. 

Mantua and Hare (2002) noted that the PDO fluctuations are most energetic at 15-25 

and 50-70 years. Nevertheless, the precise origin of PDO is yet to be determined. 

Moreover, variabilities at the decadal-to-interdecadal time scales have long been 

thought to modulate higher frequency variabilities such as the El Niño Southern 

Oscillation (ENSO; e.g., Gershunov and Barnett, 1998; Wang et al., 2008). Wang et al. 

(2008), for example, found that the relationship between ENSO and the East Asian 

winter monsoon (EAWM) are more pronounced during the negative phase of PDO. In 

addition, the phase shift of the these decadal-to-interdecadal climate variabilities often 

leads to distinct climate shifts. 

The islands in the Philippines are generally grouped into three major ones: Luzon 

(northern Philippines), Visayas (central Philippines), and Mindanao (southern 

Philippines), as shown in Figure 1.1. There is strong seasonality and spatial contrast in 

the rainfall of the country due to its heterogeneous topography and monsoonal climate. 

For example, during the summer monsoon season, which is locally known as Habagat 

(i.e., June to September), westerly to southwesterly winds are apparent over the country 

and rainfall is more pronounced over the western coast due to the blocking effects of 

the Cordillera and Sierra Madre mountain ranges (Figure 1.1) over Luzon Island. On 
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the other hand, the eastern coast of the country experiences its rainy season during 

winter, which is locally known as Amihan (i.e., November to March), when the 

prevailing winds are northeasterlies.  

The pre-summer monsoon season (i.e., March to May) is the hottest and driest 

season in the Philippines. A number of prolonged dry spells and hydro-meteorological 

droughts have been reported in this season (e.g., Porio et al., 2019) that are further 

aggravated by El Niño, whose effects may persist until the subsequent summer 

monsoon season. However, very few studies have examined the variability of rainfall 

during this season. The rainfall during this season are often associated with, but is not 

limited to, the easterlies along the southern flank of the western North Pacific 

Subtropical High (WNPSH; Akasaka, 2010). As will be shown later in Chapter 2, mid-

latitude disturbances also contribute to the rainfall during this season. 

The variability of the winter monsoon season has also received less attention 

compared with the summer monsoon season. On the contrary, the onset, climatology, 

interannual variability, and long-term trends of the summer monsoon of the Philippines 

are well documented (Flores and Balagot, 1969; Akasaka et al., 2007; Moron et al., 

2009; Akasaka, 2010; Cruz et al., 2013; Villafuerte et al., 2014; Cinco et al., 2014). 

However, according to Asuncion and Jose (1980), the summer monsoon accounts for 

about 43 % of the total annual rainfall of the country, while the winter monsoon 

contributes by about 38 %, indicating that the rainfall contribution from the summer 

and winter monsoon seasons are equally important.  

In general, the important sub-seasonal scale variations (i.e., active-break cycle) 

during the pre-summer, summer, and winter monsoon seasons in the country are less 

emphasized in previous studies. In fact, the different rainfall-producing and rainfall-
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suppressing synoptic-scale processes in these aforementioned seasons have yet to be 

identified and examined in detail. Hence, the present study is our initial attempt to fill 

this research gap. 

1.2. Role of synoptic-scale systems on the variability of rainfall in the Philippines 

The TC is one of the synoptic-scale systems that contributes to the rainfall 

variability of the country. From a long-term analysis of TCs that entered the Philippine 

Area of Responsibility (PAR; dashed black lines in Figure 1.1) from 1951 to 2013, 

Cinco et al. (2016) found that, on the average, about 19-20 TCs enter the PAR annually, 

9 of which makes landfall over the Philippines. The PAR is bounded by the following 

coordinates: (1) 25°N, 120°E; (2) 25°N, 135°E; (3) 5°N, 135°E; (4) 5°N, 115°N; (5) 

15°N, 115°E; and (6) 21°N, 120°E. Sometimes, this is simplified to the area within 

115-135°N and 5-25°N (e.g., Corporal-Lodangco and Leslie, 2016), which is used 

throughout this study. The TC warnings are only issued when the TC is located within 

this region. Moreover, the TC contribution over the country varies spatially, with more 

TC-induced rainfall generated over the western part (54 %) of the country compared 

with those areas located on the southern part (i.e., Mindanao Island; 6 %) (e.g., Kubota 

and Wang, 2009; Bagtasa, 2017). It is known that TCs can enhance the summer 

monsoon westerlies when it is located to the north or eastern part of the country, which 

can explain the large contribution of TCs over the western coast (Cayanan et al., 2011). 

The TC activity also exhibits strong seasonality, with more TCs entering the PAR 

during the summer monsoon season (i.e., June to October) and decreases in the 

succeeding winter to spring seasons. Of course, this is related to the seasonal migration 

of the monsoon trough, which provides the ambient conditions necessary for TC 

activity.  
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Other synoptic-scale systems that also contributes to the rainfall variability of the 

Philippines include; the Inter-tropical Convergence Zone (ITCZ) (Yumul et al., 2011), 

the WNPSH (Flores and Balagot, 1969), mid-latitude cold fronts/surges (Faustino-

Eslava et al., 2011), and westward propagating cold surge vortices during winter (Chen 

TC et al., 2012). The impact of mid-latitude cold fronts/surges is more common during 

the winter monsoon season (i.e., November to March) (Faustino-Eslava et al., 2011; 

Pullen et al., 2015). Locally, this is referred to as the impact of the “tail-end of a cold 

front” or the shearline that develops when the cool and dry northeasterly winds during 

winter interact with the warm and humid tropical easterlies. In fact, it is also one of the 

heavy-rainfall/flood (HRF) inducing synoptic-scale processes during winter, besides 

the TCs. However, most of the previous studies regarding this phenomenon have only 

examined specific cases (Pullen et al., 2015) or carried out impact-based assessments 

(Faustino-Eslava et al., 2011). Its variability in the climatological mean sense as well 

as the underlying dynamics and mechanism inducing these HRF events have yet to be 

examined.  

The WNPSH is another mid-latitude synoptic system that affects the rainfall of the 

Philippines. During the pre-summer monsoon season, it extends further west, over the 

Indochina Peninsula and brings dry weather conditions over the country and the 

adjacent regions (e.g., Flores and Balagot, 1969; Zhang et al., 2004; Akasaka et al., 

2007; Akasaka, 2010). Between late April to June, the WNPSH retreats eastward, 

which indicates the onset of the ASM. The WNPSH also provides the mid-tropospheric 

steering for most TCs over the WNP around its southern and western periphery (e.g., 

Nguyen-Le and Matsumoto, 2016; Olaguera et al., 2018a). As will be shown later in 

Chapter 3, the zonal wedging of the WNPSH may also suppress the rainfall over the 
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Philippines after the summer monsoon onset. This makes the onset process of the 

summer monsoon over the Philippines more complicated than previously thought. 

1.3. Decadal-to-interdecadal variability of rainfall in the Philippines 

Previous studies have documented significant interdecadal shifts in the summer 

and winter rainy seasons over the APM region around the late 1970’s to early 1980’s 

(Nitta and Yamada, 1989; Inoue and Matsumoto, 2007), early to mid-1990s (Kwon et 

al., 2007), and late-1990s to early 2000’s (Zhu et al., 2011). It has been suggested that 

the changes in the tropical Indo-Pacific SST have significantly contributed to these 

interdecadal shifts (Nitta and Yamada, 1989; Gong and Ho, 2002; Wu et al., 2010; 

Kajikawa and Wang, 2012). The late 1970’s shift, for example, features an El Niño-

like SST change over the Pacific basin, while the mid to late 1990’s and early 2000’s 

shifts feature a La Niña-like SST change. The changes in SST may also affect the 

variability of TC activities (Kajikawa and Wang, 2012) and the WNPSH (Nguyen-Le 

and Matsumoto, 2016). For instance, Nguyen-Le and Matsumoto (2016) found that the 

further westward extension of the WNPSH after the mid-1990’s is related to the La 

Niña-like SST change in the Pacific, which resulted in more TC landfalls over Vietnam 

and the Philippines. However, most of these aforementioned studies about the decadal-

to-interdecadal variability of rainfall, focused on seasonal mean fields. Some studies 

also found interdecadal shifts that are more significant and robust at the sub-seasonal 

time scales (e.g., Inoue and Matsumoto, 2007; Ha et al., 2009).  

Moreover, to the best of our knowledge, very few studies have examined the 

decadal-to-interdecadal variability of rainfall in the Philippines (Kubota and Chan, 

2009; Villafuerte et al., 2014). Kubota and Chan (2009) first examined the interdecadal 

variability of landfalling TCs over the country and found a decrease in landfalling TCs 
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during the positive phase of PDO and El Niño years. However, their study only focused 

on landfalling TCs. On the other hand, Villafuerte et al. (2014) examined the 

relationship between the PDO and the seasonal extreme precipitation indices (EPIs) 

over the country. Although they found significant correlation between the maximum 5-

day rainfall total during the June-September season and the 11-yr running PDO index 

in one station (i.e., Iloilo station), their results are still inconclusive and suggested that 

longer rainfall data sets that covers at least two PDO cycles are needed to establish the 

relationship between the PDO and the EPI. 

1.4. Main objectives 

The primary aim of this dissertation is to gain a better understanding of the rainfall 

variability in the Philippines by identifying the different rainfall-producing and rainfall-

suppressing synoptic-scale systems and the potential interdecadal shifts in rainfall 

during the summer and winter monsoon seasons. In order to achieve the main aim of 

this study, comprehensive observational analyses are carried out to address the 

following specific objectives: 

1. To examine the different rainfall producing synoptic-scale systems and their 

climatology during the pre-summer monsoon season over the Philippines; 

2. To investigate the role of the WNPSH on the early summer monsoon break 

over Luzon Island; 

3. To investigate the role of shearlines on the winter monsoon heavy rainfall 

events over the Philippines; 

4. To detect whether the summer monsoon season of the Philippines has an 

interdecadal shift in the mid-1990s; 
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5. To determine potential interdecadal shifts in rainfall during the winter monsoon 

season; 

6. To determine the possible factors that are inducing these interdecadal shifts in 

rainfall during the summer and winter monsoon seasons. 

1.5. Scope and Limitations of the study 

The term “rainfall variability” covers a wide range of spatial and temporal scales. 

However, due to time constraints, all of these scales cannot be covered in the present 

study. As such, only the role of several synoptic-scale systems such as the WNPSH and 

shearlines associated with mid-latitude cold fronts on the rainfall variability, and the 

interdecadal shifts in rainfall during the summer and winter monsoon seasons are 

comprehensively analyzed. 

 
1.6. Dissertation Outline 

Generally, this dissertation can be divided into two parts: (1) the first three chapters 

discuss the role of mid-latitude synoptic scale systems on the rainfall variability during 

the pre-summer, summer, and winter monsoon seasons, while (2) the last two chapters 

discuss the interdecadal shifts in the summer and winter monsoon season. This 

dissertation is a compilation of two published articles (Olaguera et al., 2018a, b) and 

three articles that are under review (Olaguera and Matsumoto, 2019; Olaguera et al., 

2019a, b); hence, each of these independently written articles appears as separate 

chapters in this dissertation. While the readers may find it odd by repeatedly seeing 

each part of the article in every chapter, one can easily generate a conclusion by just 

reading any of the succeeding chapters. 
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Chapter 2 investigates the climatology of the pre-summer monsoon rainfall of the 

Philippines from 1979 to 2012. Although this season is relatively dry compared with 

the other seasons, we found that the intermittent wet episodes during this season were 

about 23 % of the total pre-summer monsoon days, suggesting its relative importance. 

The synoptic conditions associated with these wet episodes are discussed. This is the 

first attempt to clarify the impact of shearlines associated with deformation zones as 

another rain bearing system during the pre-summer monsoon season of the Philippines. 

This chapter is based on an article that is currently under review (Olaguera and 

Matsumoto, 2019). 

Chapter 3 investigates the climatological monsoon break following the onset of the 

summer rainy season from 1998 to 2012. The first post-onset monsoon break is only 

remarkable in stations located over the northwest and central Luzon Island and occurs 

climatologically in early June. Composite analysis of the large-scale circulation 

features during the monsoon break period shows that this is associated with the 

westward intrusion of the WNPSH. A cloud-radiation feedback mechanism that favors 

this zonal shifting of the WNPSH is discussed. This is the first attempt to examine the 

role of the zonal displacement of the WNPSH in inducing a break during the early 

summer monsoon season, which is a step related to the summer monsoon onset of the 

Philippines. This chapter is based on an article that is currently under review (Olaguera 

et al., 2019a). 

Chapter 4 first investigates a non-TC related winter heavy rainfall event that leads 

to extensive flooding (HRF) over Mindanao Island in the southern Philippines on 

January 2017. This extreme event is associated with the interaction of a shearline and 

a westward propagating low-pressure area over Mindanao Island. Then, the 

climatology of these winter HRF events over the Philippines are examined from 1979 
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to 2017. Previous studies on non-TC related winter HRF events over the Philippines 

focused only on specific cases or carried out impact-based assessments. Hence, this is 

the first attempt to examine the climatology of these winter HRF events. This chapter 

is based on an article that is currently under review (Olaguera et al., 2019b). 

Chapter 5 examines the interdecadal shift in the summer monsoon season of the 

Philippines in the mid-1990s. Compared with previous studies that analyzed seasonal 

means for the interdecadal variability of rainfall, the robust interdecadal shift was found 

to be most remarkable during the mature phase of the summer monsoon season (i.e., 

from early August to early September) over the Philippines around 1993/1994. The role 

of the changes in the large-scale circulation features and possible mechanisms inducing 

this shift are discussed. This chapter is based on a published article in Olaguera et al. 

(2018a).  

Chapter 6 extends the interdecadal shift detection in Chapter 5 on the winter 

monsoon season of the Philippines. Two interdecadal shifts that are most remarkable 

during December were identified around 1976/1977 and 1992/1993. The mechanisms 

including the role of the PDO in inducing these shifts are investigated. This chapter is 

based on a published article in Olaguera et al. (2018b). 

Chapter 7 summarizes the major findings, limitations, and research questions for 

future studies. It is followed by the bibliographical references, figures, and tables that 

are separated from the main chapters following the University’s guidelines. 
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Chapter 2. A climatological study of wet and dry conditions in the pre-

summer monsoon season of the Philippines 

 
2.1. Introduction 

The agricultural sector of the Philippines, especially those areas located on the 

western side of the country, relies heavily on the summer monsoon rainfall. While many 

studies have investigated the onset (Akasaka, 2010; Kubota et al., 2017), climatology 

(Cruz et al., 2013), long-term trends (Villafuerte et al., 2014), and variability (Akasaka 

et al., 2018; Olaguera et al., 2018a) of the summer monsoon season (i.e., June to 

September), very few studies have examined the climatology and the different 

convective systems during the pre-summer monsoon season (i.e., March to May). Of 

course, the rainfall generated during this season is also important for the total annual 

rainfall of the country, besides the rainfall from the summer or winter monsoon seasons. 

Lohar and Pal (1995) recognized the importance of thunderstorms in the pre-

monsoon rainfall of West Bengal in India from the rainfall data in one station for the 

period 1973-1992. They noted two types of thunderstorms over this area. One that is 

associated with the interaction of the moist southerlies and arid westerlies, which they 

referred to as a dry line, and another that is triggered by the sea breeze front. In addition, 

they found decreasing trends in the frequency of these thunderstorms from 1983 to 

1992, which they attributed to the land-use change over this region. Ding (1992) and 

Chen et al. (2004) documented prominent double peaks in the annual mean rainfall in 

some stations over South China (SC) around May-June and in August, which they 

referred to as the typhoon season. Ding (1992) further noted that the pre-summer 

monsoon season over SC is initiated by the northward jump of the western North Pacific 
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Subtropical High (WNPSH) and the onset of the summer monsoon over the South 

China Sea (SCS). In addition, he also noted three rain-producing synoptic systems 

during the pre-summer monsoon season, and include cold fronts, convergence zones 

(i.e., shearlines, monsoon trough, low-level jet, etc.), and the middle to upper level 

synoptic scale systems (i.e., mid-latitude westerlies, WNPSH, etc.). Matsumoto (1997) 

found that the onset of the summer monsoon over the Indochina Peninsula commences 

in mid-May, almost concurrent with the onset timing over the SCS. However, pre-

monsoon rainfall already occurred over the inland region of the Indochina Peninsula, 

while it is under the influence of mid-latitude westerlies. He also pointed out a potential 

problem in using the northward migration of the equatorial westerlies as an index for 

the summer monsoon onset such as those proposed by Orgill (1967) over this region, 

since southwesterly winds are already apparent over this region in early April. Kiguchi 

and Matsumoto (2005) examined the pre-summer monsoon rainfall over the Indochina 

Peninsula during the Global Energy and Water Exchanges (GEWEX) Asian Monsoon 

Experiment-Intensive Observation Period (GAME-IOP) in 1998 and documented the 

intermittent rainfall episodes induced by the passage of an upper level trough that 

migrates along the southern edge of the Tibetan Plateau. This finding also 

revolutionizes the idea that the pre-summer rainfall over the Indochina Peninsula is not 

a localized phenomenon, but rather it is a synoptic-scale phenomenon. Kiguchi et al. 

(2016) confirmed the passage of the upper trough using a longer data set from 1979 to 

2002. They further noted that this upper trough is associated with the mid-latitude 

cyclone over the Yangtze River basin and that the rainfall amount during the pre-

summer monsoon period has no clear relationship with the onset timing of the summer 

monsoon over the Indochina Peninsula. 



 

 14 

According to Flores and Balagot (1969), the summer monsoon over the Philippines 

originates as trades from the Indian Ocean anticyclone during the Southern Hemisphere 

winter. As these trades cross the equator, they are veered to the right and generally 

reach the country as southwesterly streams. The onset of the summer monsoon over the 

Philippines generally occurs between mid to late May, following the onset of the 

summer monsoon over the SCS, although rainfall may start to increase as early as in 

April (Flores and Balagot, 1969; Akasaka et al., 2007; Akasaka, 2010). The southward 

intrusion of mid-latitude fronts has been suggested as an important trigger for the 

summer monsoon onset over the SCS (Chang and Chen, 1995; Chan et al., 2000). For 

example, Chan et al. (2000) examined the summer monsoon onset over the SCS in 1998 

and found a midlatitude trough/front (i.e., a cyclonic flow) that migrated southwards 

toward the SC coast and triggered the onset. They suggested that the northeasterly flow 

associated with the decaying winter monsoon during the late spring facilitated the 

increase of instability (i.e., the transfer of heat and moisture) over the SCS. The 

appearance of the cyclonic flow over the SC coast induces enhanced ascent of warm 

and moist air over the SCS. The upper level divergence accompanying this change 

would then force the extension of rainfall in the upper troposphere and release of the 

convective available potential energy of the warm air mass. This resulted in the 

enhanced rainfall over the entire SCS, which indicates the onset of the rainy season 

over there. Knowing the proximity of the Philippines to the SCS, it can be inferred that 

the southward intrusion of these mid-latitude cold fronts can also induce rainfall over 

the country. In fact, the rainfall contours of about 5 mm day-1 during the summer 

monsoon onset over the SCS  in Figure 15c of  Chan et al. (2000) extends over the 

Philippines. Meanwhile, using the Geostationary Meteorological Satellite (GMS) data 

from 1982 to 1987, Hirasawa et al. (1995) found the appearance of deep convective 
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clouds over Luzon Island in mid to late May, which is part of an eastward propagating 

cloud band along 30°N (see their Figures 2 and 4). This result indicates the impact of 

mid-latitude circulations on the pre-summer monsoon rainfall over the Philippines, 

which has not been examined in previous studies.  

The pre-summer monsoon season of the Philippines (i.e., March to May) is the 

hottest and driest season in the country. Several instances of prolonged dry spell and 

drought were previously reported during this season and this is further aggravated by 

the occurrence of El Niño, whose effects may persist until the succeeding summer 

season (e.g., Porio et al. 2019). Both hydrological and meteorological drought are of 

great concern because of their profound socio-economic impacts. Hence, understanding 

the different convective systems during this season including their underlying 

mechanisms is of utmost importance. 

The main objectives of this study are therefore to examine first the climatological 

characteristics of the wet and dry conditions during the pre-summer monsoon season in 

the Philippines and determine the major synoptic-scale convective systems during this 

period. The data and methodology used in this study are described in Section 2.1. The 

analysis of the pre-summer monsoon convection through case studies and composite 

analysis are presented in Section 2.3. A summary of the results is presented in Section 

2.4. 

2.2. Data and Methodology 

2.2.1. Data 

In this study we used the following data sets: 
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(1) Daily Outgoing Longwave Radiation (OLR; Liebmann and Smith, 1996), 

with 2.5° ´ 2.5° grid resolution, from 1979 to 2012 provided by the National 

Oceanic and Atmospheric Administration (NOAA), as a proxy for rainfall. 

(2) Daily zonal (U) and meridional (V) winds, relative humidity (RHUM), 

Temperature (TEMP) at multiple levels from the National Centers for 

Environmental Prediction-Department of Energy (NCEP-DOE) Atmospheric 

Model Intercomparison Project (AMIP-II), with 2.5° ´ 2.5° grid resolution 

(Kanamitsu et al., 2002). Specific humidity (SHUM) and equivalent potential 

temperature (qe) at multiple levels were also used and were derived from this 

data set. 

(3) Regional summer monsoon onset dates from the Philippine Atmospheric, 

Geophysical and Astronomical Services Administration (PAGASA), the 

country’s official weather bureau. The summer monsoon onset is defined based 

on the stations located over the western coast of the Philippines due to their 

geographical exposure to the summer monsoon westerlies. PAGASA defines 

the onset as the beginning of a five-day period between May and July with total 

rainfall of about 25 mm or more, with three consecutive days having at least 1 

mm of rainfall per day. These conditions should be satisfied in at least seven of 

the stations located over the western coast of the Philippines. PAGASA also has 

the disposition to include the changes in the large-scale circulations such as the 

reversal of the low-level winds from easterly to westerly in the onset criteria.  
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2.2.2. Methodology 

The analysis period spans from 1979 to 2012. We focused our analysis over Luzon 

Island (northern Philippines) since most of the stations used in defining the onset are 

located here. We defined Luzon Island and its vicinity as the region within 

120-122.5°E and 12.5-22°N. We defined the pre-summer monsoon period as the 

period from April 1 to the onset day, defined by PAGASA, in each year. We excluded 

March in this definition since the eastern coast of Luzon Island is still under the 

influence of the northeasterly monsoon. We used the 240 W m-2 as the threshold for 

active convection following Kiguchi et al. (2016). Values below (above or equal to) 

this threshold indicates enhanced (suppressed) convection. 

2.3. Results 

2.3.1. Climatological characteristics of the pre-summer monsoon convection 

In order to examine the climatological characteristics of the convective activities 

during the pre-summer monsoon, first, we classified the pre-summer monsoon days 

into two types: (1) wet days (Type W), when the area-averaged OLR over Luzon Island 

is below 240 W m-2, and (2) dry days (Type D), when the OLR is above or equal to 240 

W m-2. Henceforth, the number of days in each type will be referred to as cases. 

Following these criteria, there are 1459 cases (77.11 % of the 1892 pre-summer 

monsoon cases from 1979 to 2012) that belong to Type D and 433 cases (22.89 %) to 

Type W, indicating that the pre-summer monsoon period is relatively dry. To further 

clarify their difference, the composites of OLR, winds at 925 hPa (WINDS925hPa), and 

200 hPa (WINDS200hPa) for both types, are shown in Figure 2.1.  
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Easterly WINDS925hPa are apparent over the Philippines in the composite of the 

Type D cases (Figure 2.1a) and the entire Philippines is relatively dry, with OLR values 

above 240 W m-2. The WNPSH is centered around 135°W, 30°N and its western ridge 

is located over the Indochina Peninsula. A narrow convergence region, with enhanced 

convection, can be seen over the Indochina Peninsula along 105°E, where the monsoon 

westerlies from the Bay of Bengal converges with the easterlies from the southern flank 

of the WNPSH. This feature is one of the triggers for the monsoon onset over the 

Indochina Peninsula, as noted by Zhang et al. (2004; see their Figure 12). At 200 hPa, 

an upper-level anticyclone is located over the SCS in the Type D composite (Figure 

2.1b). This upper-level anticyclone is associated with the developing South Asian 

Anticyclone (SAA; Yanai et al., 1992). On the other hand, southeasterlies are apparent 

over the Philippines in the Type W composite and the WNPSH retreats eastward and 

centered around 140°W, 30°N (Figure 2.1c). This is accompanied by the enhanced 

convection over the Indochina Peninsula, the SCS, and the Philippines. The monsoon 

southwesterlies converge with the southeasterlies from the southern flank of the 

WNPSH over the SCS. At 200 hPa, the SAA is located around 100°E, 18°N in the Type 

W composite (Figure 2.1d).  

The anomalous differences of the composites are shown in Figures 2.1e and f. 

Significant southwesterly WINDS925hPa can be seen over the western Indochina 

Peninsula, the SCS, and the Philippines (Figure 2.1e) that extends to the dateline along 

20°N and the equator. This is also accompanied by a significant increase in convection, 

as indicated by the negative OLR in the aforementioned regions. This suggests that the 

enhanced southwesterly WINDS925hPa significantly contribute to the convection of the 

Type W composite. At 200 hPa (Figure 2.1f), although the Philippines is under the 

easterly conditions, the difference is not significant, indicating that the convection 
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enhancement over this region is largely influenced by the low-level circulations. 

Nevertheless, significant easterlies can also be seen along 20-40°N between the 

northern Luzon Island and Japan, indicating the weakening of the westerly jet in this 

region. 

2.3.2. Characteristics of the pre-summer monsoon convection during 1981 

The convection enhancement during the summer monsoon onset over the 

Philippines is usually accompanied by the reversal of winds from easterly to westerly 

(e.g., Akasaka, 2010). Hence, we examine first the time series of the area-averaged 

OLR and zonal winds at 925hPa (U925hPa) over Luzon Island for a sample year, 1981, 

as shown in Figure 2.2. This year was chosen arbitrarily and that the circulation features 

during the pre-summer monsoon period in this year are similar to those in other years 

(not shown). The onset during this year occurred on June 4, as defined by PAGASA. 

The OLR is continuously exceeding 240 W m-2 between April 21 and May 8, 

indicating the prevailing dry condition. OLR minima is observed around May 11 

(Figure 2.2a), which is accompanied by the abrupt reversal of U925hPa from easterly to 

westerly (Figure 2.2b) over Luzon Island. From May 17 to May 20, the OLR decreases 

again but easterlies reappear over Luzon Island. The OLR also decreases to below 240 

W m–2 on May 24, while the U925hPa winds are easterly/southeasterly. It is worth 

mentioning that there was no recorded tropical cyclone in the vicinity of the Philippines 

from April 1 to June 4 in this year. Based on the results above, it seems that convection 

varies intermittently during the pre-summer monsoon period over Luzon Island that can 

be associated both with the reversal of winds from easterly to westerly. 
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To further elucidate the spatial structure of the convection and winds during the 

pre-summer monsoon period of the aforementioned case study, we illustrate the OLR 

and WINDS925hPa of four selected days in Figure 2.3. On May 1 (Figure 2.3a), easterly 

WINDS925hPa are apparent over the Philippines and OLR is above 240 W m-2. These 

easterly WINDS925hPa is part of the WNPSH, whose western ridge is located over the 

Indochina Peninsula. On May 11 (Figure 2.3b), southwesterly WINDS925hPa appeared 

over the Indochina Peninsula, the SCS, and Luzon Island. This is related to the eastward 

retreat of the WNPSH, which is a well-known feature of the onset phase of the Asian 

summer monsoon (e.g., Zhang et al., 2004). Moreover, on May 17 (Figure 2.3c), two 

cyclonic circulations centered around 115°E, 15°N (SCS) and 135°E, 35°N (southern 

Japan) that are juxtaposed in a southwest-northeast orientation and two anticyclonic 

circulations centered around 160°W, 30°N (the WNPSH) and 120°E, 30°N (eastern 

China) that are adjacent to the aforementioned cyclonic circulations, forms a 

deformation zone. A confluence region can be seen over northern Luzon Island between 

the cyclonic circulation over the SCS and anticyclonic circulation over eastern China. 

Southerlies on the eastern flank of the cyclonic circulation over the SCS appears over 

northern Luzon Island. On May 24 (Figure 2.3d), the deformation zone is located just 

over Luzon Island, where enhanced convection is also apparent, and southeasterly 

WINDS925hPa can be seen to its southwest. 

Based on these results, it can be inferred that the wet condition during the pre-

summer monsoon season over the Philippines can either be due to (1) westerlies 

accompanied by the sudden eastward retreat of the WNPSH or (2) easterlies along the 

southern flank of the WNPSH. Akasaka (2010) also noted that easterlies are important 

triggers for the onset of the summer monsoon over the Philippines, since they may also 

bring rainfall over the country. However, this is the first attempt to clarify that, while 
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the Philippines is under the influence of easterly winds, convection may sometimes 

occur that are associated with mid-latitude disturbances. Another interesting result from 

the above analysis is the appearance of a deformation zone, when a cyclonic circulation 

is located over southern Japan, an anticyclone follows to its west, while easterlies are 

still dominant over the Philippines. Of course, the interaction of TCs with these two 

causes should also be considered. For instance, when a TC is located to the east or north 

of Luzon Island, it can enhance the monsoon westerlies (Cayanan et al., 2011; Kubota 

et al., 2017), while when it is located over the Philippines or the SCS, it can interact 

with the cold front to the north of the deformation zone, which may further enhance the 

convection over Luzon Island. 

From the kinematic properties of the horizontal wind field in the natural coordinates, 

the deformation zone (total deformation; TDef) can be represented by the combination 

of the stretching (STD) and shearing deformation (SHD) 

(http://www.zamg.ac.at/docu/Manual/SatManu/main.htm?/docu/Manual/SatManu/C

Ms/Def/backgr.htm). These are calculated as follows: 

 

𝑆𝑇𝐷 = )*
)+
− )-

).
, (2.1)  

𝑆𝐻𝐷 =	 )-
)+
+ )*

).
, (2.2) 

𝑇𝐷𝑒𝑓 = √𝑆𝑇𝐷5 + 𝑆𝐻𝐷5, (2.3) 

 

where U and V are the zonal and meridional wind components. As an example, we 

illustrate these parameters for the May 17 case in Figure 2.4. The confluence region 

(hereafter, referred to as a shearline) north of Luzon Island coincides with a region of 

more positive STD925hPa (i.e., the zonal wind shear, 𝜕𝑈859:;</𝜕𝑥, is high along the 
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confluence region) that stretches from the Indochina Peninsula to the east of Japan 

(Figure 2.4a). On the other hand, the SHD925hPa is weaker and can only be depicted 

along 15°N (Figure 2.4b). This means that the STD925hPa contributes more to the 

TDef925hPa during this day, as shown in Figure 2.4c. 

The impact of deformation zones on the rainfall of the Philippines is more frequent 

during the winter monsoon season. In fact, some heavy rainfall events during this 

season are associated with shearlines, which is locally referred to as the effect of the 

tail-end of the cold front (Faustino-Eslava et al., 2011; Yumul et al., 2013; Olaguera et 

al., 2019b). Olaguera et al. (2019b) examined a winter heavy rainfall event case on 

January 16, 2017 over Mindanao Island in the southern Philippines and associated it 

with a shearline that was formed by the interaction of a low-pressure area over 

Mindanao Island and the enhanced northeasterlies to its north. They further noted that 

a cold front associated with these northeasterlies interacted with the warm and humid 

tropical air mass and resulted in the heavy rainfall event. Following their analysis, we 

also checked whether a cold front can be found around the deformation zone in the 

historical surface weather charts provided by the Japan Meteorological Agency (JMA; 

Figure 2.5). An eastward propagating cold front can be depicted to the northeast of 

Luzon Island from 12 UTC May 16, 1981 to 12 UTC May 17 (Figures 2.5a to c). The 

mean location of this cold front can also be depicted as the leading edge of the negative 

meridional equivalent potential temperature gradient (qe925hPa; 

https://www.wpc.ncep.noaa.gov/sfc/UASfcManualVersion1.pdf) to the north of Luzon 

Island and north of the deformation zone, as shown in Figure 2.5d. This indicates that 

although less frequent, the deformation zone is sometimes important for the rain-

bearing systems in the pre-monsoon season and its synoptic features will be elaborated 

further in the following sub-sections. 
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2.3.3. Synoptic-scale convective processes in the Type W composite 

To investigate the different synoptic-scale convective processes during the pre-

summer monsoon period of the Philippines, we further classified the Type W cases into 

two sub-types based on the wind conditions, as summarized in Table 2.1. Type WW 

corresponds to the wet days due to westerlies, while Type WE corresponds to the wet 

days due to easterlies. There are 160 (36.95 %) and 273 (63.05 %) cases for the Type 

WW and WE, respectively. This indicates that the majority of the pre-summer monsoon 

convection is brought by the easterlies along the southern periphery of the WNPSH. 

We also examined a subset of Type WE cases, which is referred to as Type WEDef, and 

corresponds to the wet days with a clear deformation zone in the vicinity of the 

Philippines. In determining the Type WEDef cases, first, we added a condition to the 

criteria of the Type WE cases such that the area-averaged TDef925hPa over Luzon Island 

should be greater than zero. Then, we checked all of the WINDS925hPa chart of the 

resulting cases and selected those cases with a clear deformation zone in the vicinity of 

the Philippines. We identified 52 of such cases from 1979 to 2012, in which 11 cases 

lasted for at least 2 consecutive days (i.e., propagated eastward/southeastward). This 

indicates that the development of deformation zones varies rapidly both in space and 

time.  

Figure 2.6 shows the composites of Type WW, Type WE, and Type WEDef. The OLR 

and WINDS925hPa in Type WW (Figure 2.6a) shows apparent westerlies over the 

Indochina Peninsula, the SCS, and the Philippines. In addition, the WNPSH is already 

located to the east of the Philippines. In the upper level (i.e., 200hPa; Figure 2.6b), the 

SAA (centered around 100°E, 20°N) is located over the Indochina Peninsula. In 

general, these features indicate that the onset of the summer monsoon over the 

Indochina Peninsula and the SCS has already started (e.g., Yanai et al., 1992). On the 
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other hand, easterly to southeasterly WINDS925hPa associated with the southern flank of 

the WNPSH can be seen over the Philippines and the SCS (Figure 2.6c). This is 

accompanied by enhanced convection in these areas. The southeasterly WINDS925hPa 

converge with the westerly WINDS925hPa over the Indochina Peninsula. At 200hPa 

(Figure 2.6d), the SAA is centered around 105°E, 15°N. For the Type WEDef (Figure 

2.6e), the WINDS925hPa resembles those of the May 17, 1981 case, as shown in Figure 

2.3c, with two cyclonic and two anticyclonic circulations that are juxtaposed in a 

southwest-northeast and southeast-northwest orientation. The deformation zone is 

located northeast of the Philippines and the shearline (i.e., the confluence region) 

extends over northern Luzon Island. Note that easterly WINDS925hPa are also apparent 

over the SCS that converges with the westerlies over the Indochina Peninsula. This 

indicates that the summer monsoon onset over the SCS has not commenced yet. At 

200hPa (Figure 2.6f), an upper level anticyclone is located to the east of the Philippines 

(centered around 130°E, 10°N).  

Based on the above results, it can be inferred that the mid-latitude disturbances 

such as cold fronts besides the easterlies along the southern periphery of the WNPSH, 

also contribute to the pre-summer monsoon convection over the Philippines. To the 

best of our knowledge, this is the first attempt to clarify such phenomenon and 

document the role of deformation zones as another convective system during the pre-

summer monsoon season of the Philippines. 

2.3.4. Daily evolution of the deformation zone 

In this section, we examine the formation mechanism of the deformation zone 

through composite analysis of the long-lasting Type WEDef cases. As we have 

mentioned previously, there are 11 cases that lasted for at least 2 consecutive days out 
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of the 52 Type WEDef cases from 1979 to 2012. These cases are listed in Table 2.2. Lag 

0 indicates the first day of each of the 11 cases and the preceding and succeeding lag 

days are denoted by a “-” or a “+” sign, respectively. 

Figure 2.7 shows the composites of OLR and WINDS925hPa for the Type WEDef 

cases. At Lag -3 (Figure 2.7a), convection seems to be confined south of 15°N of the 

Philippines.  Easterly WINDS925hPa are apparent south of 15°N over the country and 

higher OLR values can be depicted over Luzon Island. These easterlies are associated 

with the southern flank of the WNPSH that is centered around 150°W, 30°N (A1). The 

WNPSH remains stationary in the same location throughout the composites.  Two 

cyclonic circulations are located north of Japan along 55°N and propagates eastward in 

the succeeding lag days. At Lag -2 (Figure 2.7b), a developing anticyclonic circulation 

can be depicted around the Tibetan Plateau (A2) and a deformation zone develops over 

eastern China. The confluence region on the western side of the deformation zone 

appears over mainland China. At Lag -1 (Figure 2.7c), the northerly/northeasterly 

WINDS925hPa associated with A2, expands southward over the northern SCS. The 

deformation zone also proceeds southwards along 123°E, 25°N. Another cyclonic 

circulation develops to the west of Japan and its southern flank extends further south 

along 25°N. Convection also starts to increase over Luzon Island. At Lag 0 (Figure 

2.7d), A2 proceeds southeastward and accompanied by the southeastward progression 

of the deformation zone around 130°E, 22°N. At Lag +1 (Figure 2.7e), A2 is now 

located over eastern China and convection over Luzon Island is enhanced.  The 

confluence region along the deformation zone is located over northern Luzon Island. 

At Lag +2 (Figure 2.7f), A2 proceeds eastward around 130°E, 30°N, while the 

deformation zone is located to the east of 140°E. Convection over the Philippines starts 
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to weaken. At Lag +3 (Figure 2.7g), A2 is now located around 138°E, 30°N and 

easterlies are apparent over the Philippines. In the succeeding lag days (not shown), A2 

merges with A1, the deformation zone dissipates, and the convection decreases again 

over Luzon Island. 

In order to show that the convection over Luzon Island is due to the convergence 

of the easterly winds from the southern flank of the A1 and the northeasterlies of A2, 

we illustrate the composites of the vertically integrated moisture flux and its 

convergence in Figure 2.8. The integration was carried out from 1000 hPa to 300 hPa.  

At Lag -3 (Figure 2.8a), no convergence can be depicted over Luzon Island, which is 

consistent with the high OLR values during this period, as shown in Figure 2.7a. At Lag 

-2 (Figure 2.8b), a weak convergence can be depicted over Luzon Island. Note that 

northeasterly fluxes start to appear over Taiwan during this period. At Lag -1 (Figure 

2.8c), a southwest-northeast oriented convergence region that extends from Luzon 

Island to Japan, develops. Note that northeasterly fluxes can also be depicted over the 

northern SCS during this period. At Lag 0 (Figure 2.8d), this southwest-northeast 

oriented convergence region extends further south over the Indochina Peninsula due to 

the intensification of the northeasterly fluxes over the SCS. Enhanced convergence can 

be depicted around 140°E, 35°N, while enhanced divergence is located to its west 

around 130°E, 30°N. This enhanced divergence is consistent with the intensification of 

the A2, as shown in Figure 2.7c. Another feature worthy of note is the relatively weak 

convergence at the saddle point of the deformation zone, which is consistent with the 

higher OLR values over this region, as shown in Figure 2.7d. In the succeeding lag 

days, enhanced convergence persisted over Luzon Island until Lag +3 (Figures 2.8e to 

g). Furthermore, at Lag +3 (Figure 2.8g), the convergence is already weaker and 

easterlies are apparent over the entire Philippines.  
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2.3.5. Interaction of the deformation zone and tropical cyclones 

As we have mentioned previously, the deformation zone can interact with tropical 

cyclones in the vicinity of the Philippines. There are only 6 cases out of the 52 Type 

WEDef cases when a TC is located in the vicinity of the Philippines, which indicates the 

rarity of these events. This is also substantiated by the fact that fewer TCs appear in the 

vicinity of the country during April (e.g., Cinco et al., 2016). In this section, we 

examine one Type WEDef case on May 13, 2006, when Typhoon Chanchu (locally 

known as Caloy) affected the Philippines and a cold front is present north of Luzon 

Island. According to the best track data from JMA, this typhoon was formed on May 9, 

made landfall over the Philippines on May 12, and dissipated around May 19. It attained 

a minimum sea level pressure of about 930 hPa and maximum sustained winds of about 

95 knots (49 m s-1).  

Figure 2.9a shows the surface weather map from JMA on 12 UTC May 13, 2006. 

During this time, the TC is located to the west of Luzon Island. Over the north, a cold 

front can be seen to the east of Japan and a stationary front at its tail end extends over 

Taiwan. To the east and west of the cold front, two anticyclonic circulations are found, 

and this pattern formed the deformation zone.  The mean WINDS925hPa on May 13, 2006 

in Figure 2.9b shows that the mean position of the deformation zone is centered around 

130°E, 25°N. In addition, the enhanced convection can be seen south of 15°N around 

the Philippines (Figure 2.9b). The mean location of the cold front on May 13, 2006 can 

also be depicted from the meridional qe925hPa gradient, as shown in Figure 2.9c. A 

southwest-northeast oriented negative meridional q925hPa gradient can be seen 

extending from SC to the east of Japan, indicating the location of the cold front. We 

also checked the mean TDef925hPa on May 13, 2006 around the Philippines, as shown in 
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Figure 2.9d. The TDef925HPa is enhanced in three areas: (1) southwest of the TC, where 

the northeasterlies interact with the westerlies along 10°N, (2) east of the TC, where 

the westerlies along the southern flank of the TC interacts with the easterlies from the 

Pacific Ocean, and (3) between Luzon Island and Taiwan, where the southeasterlies on 

the northeastern part of the TC interacts with the cold front. We speculate that the 

interaction of the TC, which brings warm and humid air, and the cold front reinforces 

the supply of moisture carried by the TC. However, this should be clarified further 

through moisture budget analysis, which will not be discussed in the present study. This 

issue will be addressed in future studies. 

2.4. Summary and Discussion 

This study investigated the climatological characteristics of the wet/dry conditions 

in the pre-summer monsoon period of the Philippines through case studies and 

composite analysis. We defined the pre-summer monsoon period as the period from 

April 1 to the onset date in each year. The onset dates were based on simultaneous and 

persistent rainfall occurrences over the western coast of the country and were provided 

by PAGASA, the country’s official weather bureau.  

Using OLR as a proxy for rainfall, first, we classified the pre-summer monsoon 

period into wet cases (Type W; OLR < 240 W m-2) and dry cases (Type D; OLR ³ 240 

W m-2). The Type W (Type D) cases account for about 23 % (77 %) of the total pre-

summer monsoon cases from 1979 to 2012, suggesting that the pre-summer monsoon 

period over the Philippines is relatively dry. At 925 hPa, easterly WINDS925hPa were 

apparent over the Philippines in the Type D composite. In the upper level, the 

WINDS200hPa featured the developing phase of the SAA, whose center is located over 

the SCS and westerly WINDS200hPa along its northern flank were apparent over the 
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Philippines. In contrast, southeasterly WINDS925hPa were apparent over Luzon Island in 

the Type W composite. At 200 hPa, the SAA is already located over the Indochina 

Peninsula and northeasterly WINDS200hPa on its eastern edge are apparent over the 

Philippines. The differences in the Type W and Type D composites featured an 

enhanced southwesterly WINDS925hPa that significantly contributed to the convection in 

the Type W composite. No significant difference in the WINDS200hPa were found 

between the composites over the Philippines, suggesting that the low-level circulations 

largely affected the pre-summer monsoon OLR fields over the country.  

Next, we analyzed one case of the Type W cases to determine the different 

synoptic-scale convective processes during the pre-summer monsoon period. The first 

case study analyzed is the period from April 1 to June 4, 1981. This is a sample year 

with no reported TC in the vicinity of the Philippines. Using OLR and U925hPa averaged 

over Luzon Island (120-122.5°E, 12.5-22°N), we identified intermittent wet activities 

such as those on May 11 that is associated with the reversal of the U925hPa from easterly 

to westerly, and May 17, when the U925hPa shifted to easterlies again and a deformation 

zone developed north of Luzon Island. The May 17 case is special since a westward 

propagating cold front also exists along 30°N during this day. However, in general, 

easterlies also bring convection over the Philippines (e.g., Akasaka, 2010). Based on 

these results, we further classified the Type W cases into two sub-types based on the 

wind conditions, (1) wet conditions associated with westerlies (Type WW), and (2) 

easterlies (Type WE), and created composites. The Type WE (Type WW) accounts for 

about 63.05 % (36.95 %) of the total Type W cases. Another classification was 

analyzed, which is a subset of Type WE cases, when a deformation zone developed 

north of Luzon Island that is accompanied by an eastward propagating cold front, an 

anticyclone to its west, and another stationary anticyclone over the north Pacific (Type 
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WEDef). There were only 52 of such cases out of the 273 Type WE cases from 1979 to 

2012, 11 of which lasted for at least 2 consecutive days, indicating its rarity. The 

interaction of the cold front north of the deformation zone and the warm and humid air 

from the prevailing easterlies induced enhanced convergence and convection over 

Luzon Island. Moreover, the Type WW composites showed apparent southwesterly 

winds over the Philippines and the WNPSH that is located to the east of the Philippines, 

indicating that the summer monsoon over the Indochina Peninsula and the SCS has 

already started. In contrast, the Type WE composite showed enhanced convection over 

the Philippines, with apparent southeasterlies that converged with the summer monsoon 

westerlies over the Indochina Peninsula.  

Of course, the impact of TCs on the pre-summer monsoon convection cannot be 

neglected. Kubota et al. (2017) found that TCs located in the vicinity of the Philippines 

can enhance the moist southwesterly winds resulting to an advanced onset of the 

summer monsoon over the Philippines. In this study, we also found that TCs located 

over Luzon Island or over the SCS may interact with the cold front as in the May 13, 

2006 case. We speculated that the southerlies on the eastern flank of the TC carries 

warm and humid air from the tropics and interacts with the cold front. This favors 

enhanced convergence and the convection generated through this interaction may 

resupply the moisture carried by the TC. Olaguera et al. (2019b) documented such case 

during the winter season over the southern Philippines, when a westward propagating 

low-pressure area interacted with the cold front that led to extensive flooding over 

Cagayan de Oro City in Mindanao Island. Meanwhile, using numerical experiments, 

Wu et al. (2009) examined a winter heavy rainfall event over Taiwan that is associated 

with the interaction of Typhoon Babs (1998) and the northeast monsoon. When they 

reduced the size of the typhoon vortex in their simulation, they found that the cold front 
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north of Taiwan moves southward at a faster pace. They also carried out an experiment 

without an imposed typhoon vortex and found that the rainfall over northeast Taiwan 

is greatly reduced compared with the simulation with a reduced typhoon vortex.  

In general, the results of this study revealed that aside from the convective activity 

brought by the easterly WINDS925hPa along the southern flank of the WNPSH, mid-

latitude disturbances may also contribute to the pre-summer monsoon convection over 

the Philippines. For the first time, the role of deformation zones as another convective 

system during the pre-summer monsoon season over the country was presented. There 

are still many issues left unaddressed in the present study. For instance, we only showed 

that the intermittent convective events during the pre-summer monsoon season is a 

synoptic-scale phenomenon. The contribution of the localized thunderstorms on the 

pre-summer monsoon convection have yet to be investigated. Also, the percentage 

contribution of all these aforementioned factors on the total pre-summer monsoon 

convection of the Philippines should be quantified. For example, the percentage 

contribution of the different cases presented in Table 2.1 can be quantified by 

generating composites of rainfall using station data and then getting the ratio of these 

rainfall composites to the total pre-summer monsoon rainfall of the Philippines. The 

role of cold fronts in triggering the onset of the summer monsoon over the SCS has 

long been recognized (Chan et al., 2000). In fact, it is one of the factors that makes the 

onset detection of the summer monsoon over the SCS more complicated (Wang et al., 

2004). The current available indices in detecting the onset over the SCS such as those 

proposed by Wang et al. (2004) are oversimplified and excludes the impact of these 

cold fronts. Finally, how these cold fronts can also affect the onset of the summer 

monsoon over the Philippines is also an interesting issue. 



 

 32 

Chapter 3. A climatological analysis of the monsoon break following 

the summer monsoon onset over Luzon Island, Philippines 

3.1. Introduction 

The Asian summer monsoon (ASM) is well known for its stepwise evolution, 

prominent sub-seasonal variabilities—active-break cycles in rainfall, and abrupt 

changes that has been documented in many studies (e.g., Nakazawa, 1992; Matsumoto, 

1992; Yanai et al., 1992; Murakami and Matsumoto, 1994; Matsumoto, 1995; Ueda et 

al., 1995; Ueda and Yasunari, 1996; Lau and Yang, 1997; Wang and Xu, 1997; Wu and 

Wang, 2000, 2001; Lin and Wang, 2002; Wu, 2002; Ueda, 2005; Hung and Hsu, 2008, 

among others). For instance, Nakazawa (1992) showed the phase-locking feature of the 

seasonal progression of the ASM in the annual cycle and identified two important 

stages of rainfall enhancement. According to his study, the first enhancement of rainfall 

appears over the Indian Ocean in late May to early June, while the second enhancement 

occurs rather abruptly in late July over the western North Pacific (WNP). Lau and Yang 

(1997) showed that the summer monsoon starts in the Philippine area from south to 

north in early to mid-May. Murakami and Matsumoto (1994), Matsumoto (1995), and 

Wu and Wang (2000, 2001) showed that the onset of the summer rainy season 

progresses from west to east in mid-May to mid-June over the Philippines before 

proceeding northeastward in mid to late July.  

Wang and Xu (1997) documented the breaks in rainfall during the summer 

monsoon season over the WNP. They attributed these breaks to the arrival of the dry 

phase of the Climatological Intra-Seasonal Oscillation (CISO). Matsumoto (1997) also 

identified a break in the summer rainy season over the Indochina Peninsula using 

pentad mean rainfall over Thailand. Takahashi and Yasunari (2006) suggested that this 
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break is associated with a quasi-stationary ridge that is induced by the interaction of the 

monsoon westerlies and the topography of the Indochina Peninsula. On the other hand, 

Chen et al. (2004) pointed out that the break in the East Asian Summer Monsoon 

(EASM) occurs during the transition from the Mei-yu to the TC season. An earlier study 

by Lau et al. (1988) suggested that this break is due to the westward/northwestward 

shifting of the western North Pacific Subtropical High (WNPSH) over East Asia. So 

and Chan (1997) investigated the break in rainfall in South China (SC) from April to 

June using the rainfall data in Hong Kong. They found that the increase in convective 

clouds during the onset and active periods over the SC region leads to a reduction in 

solar radiation, decrease in temperature, and an increase in sea level pressure that are 

favorable for the westward intrusion of the WNPSH. Meanwhile, Ramage (1952) also 

documented a monsoon break over SC using the rainfall data from Hong Kong, 

Lungchow, and Taiwan from late June to early July. He suggested that this is related to 

the northward migration of the WNPSH. 

Located in the western rim of the Pacific Ocean, the Philippines is part of the ASM 

system and its agricultural sector relies heavily on monsoon activity. The start of the 

planting season, for example, over most parts of the country coincides with the onset 

of the summer monsoon. In general, the Philippines can be divided into three major 

island groups, Luzon (Northern Philippines), Visayas (Central Philippines), and 

Mindanao (Southern Philippines). Luzon Island is the largest island and with mountain 

ranges with heights of more than 500 m, as shown in Figure 3.1. These mountain ranges 

along the eastern coast (Sierra Madre) and western coast (Cordillera and Zambales 

Mountain ranges) of Luzon Island induces monsoon blocking effects such that during 

the summer monsoon season, the areas along the eastern coast experience its dry 

season, whereas the areas along the western coast experience its wet season. The 
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opposite is true during the winter monsoon season. Therefore, the stations located along 

the western (eastern) coast of Luzon Island or the Philippines, in general, are often used 

in defining the summer (winter) monsoon season of the country. Flores and Balagot 

(1969) noted that the summer monsoon over the Philippines (hereafter, PSM following 

Wang and Xu, 1997) originates as trades from the Indian Ocean Anticyclone during the 

Southern Hemisphere winter and reaches the country as southwesterlies. The onset of 

the PSM generally occurs between mid-May to late May and ends in October, although 

sometimes it may last until November or December (Flores and Balagot, 1969; Moron 

et al., 2009; Akasaka, 2010).  

Moreover, the rainfall of the Philippines is influenced by multi-scale systems such 

as the monsoons, (Akasaka et al., 2007), the Inter-tropical Convergence Zone (ITCZ) 

(Yumul et al., 2011), the El Niño Southern Oscillation (ENSO) (Roberts et al., 2009; 

Lyon and Camargo, 2009), Tropical Cyclone (TC) activities (Cayanan et al., 2011; 

Kubota et al., 2017), the Intra-seasonal oscillations (ISO) (Pullen et al., 2015), the 

Pacific-Japan (P-J) Pattern (Kubota et al., 2016), and the WNPSH (Flores and Balagot, 

1969; Lin and Wang, 2002). However, it is only recently that the impacts of these 

systems on the local climate of the Philippines have been elucidated compared with the 

adjacent regions (e.g., South China Sea (SCS), Indochina, and South Asia). For 

example, no onset date isolines are depicted in the classical textbooks such as Ramage 

(1971) or Tao and Chen (1987), although local onset maps are depicted by Asuncion 

and Jose (1980) using station-based rainfall.  

While several studies such as Akasaka et al. (2007), Moron et al. (2009), Akasaka 

(2010), and Cruz et al. (2013) have examined the onset, withdrawal, seasonal 

climatology, and regional differences of the PSM, the important sub-seasonal variations 

(i.e., active-break cycle) during the life cycle of the summer monsoon season in the 
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Philippines are less emphasized in these studies. Therefore, the present study is our 

initial attempt to fill this research gap. In addition, an understanding of these sub-

seasonal variations is important for a better understanding of the weather and climate 

variability of the Philippines. 

This paper is organized as follows. The data and methodology used in this study 

are described in Section 3.2. We identify and characterize the monsoon break including 

its climatology through a composite analysis and the possible mechanism inducing it in 

Section 3.3. The summary and discussion are provided in Section 3.4. 

3.2. Data Sources and Methodology 

3.2.1. Data 

The primary datasets analyzed in this study include: 

(1) Daily rainfall data at 11 meteorological stations from the Philippine 

Atmospheric, Geophysical and Astronomical Services Administration 

(PAGASA), the country’s official weather bureau. These stations are shown in 

Figure 3.1 and the annual variations of the mean daily rainfall of selected 

stations are shown in Figure 3.2. These stations have relatively complete record 

during the analysis period. In addition, these stations have the same climate type 

and commonly used in characterizing the summer monsoon season of the 

Philippines including its onset (e.g., Cruz et al., 2013; Kubota et al., 2017).  

(2) Daily rainfall data from the Tropical Rainfall Measuring Mission Multi-Satellite 

Precipitation Analysis (TRMM-TMPA) 3B42RT version 7 (Huffman and 

Bolvin, 2015), with 0.25° ´ 0.25° resolution. 
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(3) Daily reanalysis data, with 2.5° ´ 2.5° horizontal grid resolution, of zonal winds 

(U), meridional winds (V), geopotential height (HGT), and temperature (TEMP) 

from the National Center for Environmental Prediction-Department of Energy 

(NCEP-DOE) Atmospheric Model Intercomparison Project (AMIP-II) 

Reanalysis (Kanamitsu et al., 2002) at multiple levels.  

 
3.2.2. Methodology 

The analysis period starts from 1998 to 2012. We only focus our analysis around 

Luzon Island because the monsoon break after the onset is only clear around this region, 

as will be shown later. According to the Philippine Statistics Authority (PSA, 2016), 

the largest percentage of total rice production in the Philippines in 2016 came from 

Luzon Island (59 %), suggesting that it is an important agricultural region in the 

country.  

We define “Luzon Island” and its vicinity as the region within 120°E-122.5°E and 

12.5°N-22°N, where for brevity, is simply referred to as “Luzon Island”. We also used 

the summer monsoon onset dates provided by PAGASA. These onset dates were 

obtained following the criteria indicated in the 2019 memorandum of PAGASA and 

stated as follows: (1) The beginning of a five-day period (between May and July) with 

total rainfall of about 25 mm or more, with three consecutive days having at least 1 mm 

of rainfall per day. These conditions should be satisfied in at least seven stations located 

over the western coast of the Philippines. These stations include: Laoag, Vigan (Sinait), 

Dagupan, Iba, San Jose (Mindoro), Metro Manila, Ambulong (Batangas), Iloilo, Nueva 

Ecija (Muñoz), Clark (Pampanga), Cubi Point (Subic), Coron (Palawan), and Cuyo 

(Palawan) (open circles in Figure 3.1; for Metro Manila, only the Science Garden 
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station is shown). For Metro Manila to be included in this criterion, at least three of the 

four Metro Manila stations (i.e., Science Garden, Sangley Point, Port Area, and NAIA) 

must have satisfied (1). Additionally, PAGASA has the disposition to include other 

variables such as prevailing westerly winds (i.e., westerly from surface to 850 hPa 

level) in the onset criteria. It is important to note that the summer monsoon onset date 

is taken simultaneously or spatially averaged across the aforementioned stations over 

the western coast of the Philippines. In this study, we used the Science Garden station 

as a representative of the stations over Metro Manila (e.g., Cruz et al., 2013; Olaguera 

et al., 2018a). We exclude Nueva Ecija (Muñoz) station in the analysis because it has a 

lot of missing data after 2001. In addition, we used two additional stations that are 

located over the northern (Basco station) and central Luzon Island (Baguio and 

Cabanatuan stations). 

3.3. Results 

3.3.1. Climatological characteristics of the summer monsoon over the Philippines 

Figure 3.2 shows the climatological rainfall time series from 1998-2012 of 

selected 8 stations over Luzon Island. The first rainfall peak, which exceeds 10 mm 

day-1, occurs around late May to early June in these stations. This indicates the onset 

of the summer rainy season over the Philippines. A distinct decrease in rainfall below 

10 mm day-1 follows this first rainfall peak and is very clear in stations located over the 

north (Basco, Vigan, Laoag, and Baguio; Figures 3.2a to d) and central Luzon Island 

(Cabanatuan, Dagupan, and Science Garden; Figures 3.2e to g). The stations that are 

located over the southern Luzon Island such as Coron (Figure 3.2h), Ambulong, and 

Iloilo stations do not show such remarkable decrease in rainfall compared with those 
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located in the north and central Luzon Island. The monsoon break is also not clear in 

Iba station probably because it is located on the windward side of the Zambales 

mountain range compared with Dagupan and Cabanatuan stations that are in the central 

plain of Luzon Island. We checked the rainfall time series over Clark (Pampanga) and 

Cubi Point stations (not shown), respectively. However, the monsoon break is also not 

clear in these stations. Several decreases in rainfall can also be seen between July and 

September in all the stations, indicating the regional differences in the climatological 

monsoon pattern and the large impact of ISOs on the rainfall of the Philippines.  

There are no uniform criteria in defining a monsoon break. Chen et al. (2004), for 

example, defined the monsoon break over East Asia as the period when the frontal 

activity diminishes and rainfall decreases to below 5 mm day-1. On the other hand, 

Rajeevan et al. (2010) defined the monsoon break during the summer monsoon over 

India as the period when the standardized daily rainfall anomaly is below -1 standard 

deviation for at least 3 consecutive days. In this study, we define a monsoon break as 

the period following the onset when rainfall decreases below 5 mm day-1 and should 

last for at least three consecutive days or more. The 5 mm day-1 value is based on Moron 

et al. (2009) who noted that the dry season over the western coast of the Philippines 

usually have rainfall amounts that is less than this value. Since the onset dates are 

simultaneously obtained in stations located over the western coast of the Philippines, 

we identified the breaks from the average rainfall across the 7 stations, where the 

monsoon break is clear, as shown in Figure 3.2 (stations marked with black crosses). 

These stations include Basco, Vigan, Laoag, Baguio, Cabanatuan, Dagupan, and 

Science Garden. In addition, we only focus on the first break following the onset in 

each year. This way, the monsoon break can be treated as a step-related to the onset. 

The detected first post-onset breaks are summarized in Table 3.1. 
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The average of the PAGASA onset dates from 1998-2012 is May 22 with standard 

deviation of about 11 days, while the average starting date of the monsoon break period 

is June 2, with standard deviation of about 14 days. On the average, the first monsoon 

break following the onset only lasts for about five days and occurs 12 days after the 

onset. The earliest monsoon break occurred in 2009 (May 10-13), while the latest 

occurred in 2006 (June 28-July 4). 

3.3.2. Changes in the large-scale conditions 

To further depict the development of the first post-onset break, we performed lag 

composite analysis, where Lag 0 corresponds to the first day of the monsoon break 

period. The previous and succeeding lag days are denoted with “-” and “+” signs, 

respectively.  

3.3.2.1. Circulation changes at 850 and 200 hPa levels 

Figure 3.3 shows the lag composites of the TRMM rainfall, 850 hPa winds 

(WINDS850hPa), and 850 hPa HGT (HGT850hPa), while Figure 3.4 shows the lag 

composites of the 200 hPa winds (WINDS200hPa) and HGT (HGT200hPa). At Lag -20 

(Figure 3.3a), the WNPSH, which is indicated by the 1, 500-m HGT850hPa, is located 

just at the northern tip of Luzon Island and rainfall reaches by about 11 mm day-1. Prior 

to this day, the WNPSH is located over the Indochina Peninsula and progresses 

eastward (not shown). This eastward retreat of the WNPSH is a well-known feature of 

the ASM onset (Lau and Yang, 1997; Zhang et al., 2004; Akasaka, 2010). Strong 

southwesterly WINDS850hPa are apparent over the western Indochina Peninsula that is 

accompanied by enhanced rainfall of about 20 mm day-1. Matsumoto (1997) first noted 

that the earliest onset of the ASM starts over the Indochina Peninsula. Zhang et al. 
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(2004) later suggested that this is due to the convergence of southwesterly WINDS850hPa 

originating from the Bay of Bengal and southeasterly WINDS850hPa from the southern 

flank of the WNPSH. They also pointed out that the onset is accompanied by the 

reversal of meridional temperature gradient in the entire troposphere and the 

establishment of an easterly vertical wind shear over the Indochina Peninsula. 

Furthermore, southerlies are also apparent over the SCS originating from the southern 

flank of the WNPSH. The rainfall over the Indian Subcontinent is less than 5 mm day-1, 

indicating that the summer monsoon has not started yet in this region. Enhanced 

southwesterly WINDS850hPa can also be seen over SC and the Okinawa region, and 

rainfall starts to increase to about 11 mm day-1 over SC, which indicates the onset of 

the Mei-yu over this region. The WINDS200hPa (Figure 3.4a) shows an anticyclonic 

circulation centered around 105°E, 20°N during this period (i.e., the Tibetan/South 

Asian Anticyclone; SAA). The eastern edge (12470 m HGT200hPa) of this anticyclone 

stretches further east to the dateline. 

Figures 3.3b and 3.4b show the spatial structures of TRMM rainfall, WINDS850hPa, 

HGT850hPa at Lag –12. This period corresponds to the onset of the PSM. The 

southwesterly WINDS850hPa, starts to strengthen and stretches from the western 

Indochina Peninsula, SCS, Luzon Island, and the Okinawa region. Over the western 

coast of Luzon Island, the TRMM rainfall increased to about 14 mm day–1. The western 

edge of the WNPSH is located around 130°E. Westerly WINDS850hPa also starts to 

strengthen south of 10°N in the southeastern part of the Indian Subcontinent. Westerlies 

can also be depicted to the west of the Indian Subcontinent. However, rainfall is still 

around 5 mm day–1 over this region. The rainfall over the Okinawa region further 

intensifies during this period. At 200 hPa (Figure 3.4b), the SAA intensifies and 

progresses northwestward. Enhanced northeasterly WINDS200hPa appear over the SCS 
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and southern Luzon Island. The intensification of the SAA has been linked by previous 

studies to the increase in the diabatic heating following the abrupt expansion of warm 

air over the Tibetan Plateau (e.g., Yanai et al., 1992). Yanai et al. (1992) suggested that 

such warming leads to the reversal of the meridional temperature gradient over the 

south of the Tibetan Plateau that is favorable for the quick establishment of the 

southwesterly WINDS850hPa over the tropical Indian Ocean.  

At Lag -5 (Figure 3.3c), the WNPSH further retreats eastward (near 135°E), 

westerly to southwesterly WINDS850hPa is established, and rainfall increases along the 

equator and 10°N. Enhanced rainfall (~14 mm day–1) can also be seen over the 

southwestern Indian Subcontinent, SCS, and Luzon Island. An anticyclonic circulation 

that is centered around 120°E, 35°N can be seen over eastern China and rainfall 

decreases to about 5 mm day-1 over the Korean Peninsula, Taiwan, and the Okinawa 

region. At 200 hPa (Figure 3.4c), the eastern edge of the SAA is located around 150°E. 

Northeasterly WINDS200hPa along the eastern edge of this anticyclone can be seen over 

the central Luzon Island.  

At Lag 0 (Figure 3.3d), the WNPSH moves westward and the western edge of the 

1, 505-m HGT850hPa contour line is located over Luzon Island. Rainfall also decreases 

below 5 mm day-1 over Luzon Island. Enhanced westerly WINDS850hPa can be seen over 

the western Indian Subcontinent that is induced by the southward shift of the 1, 500-m 

HGT80hPa contour line, and the rainfall over this region reaches by about 17 mm day–1. 

This indicates the onset of the Indian summer monsoon (ISM). On the other hand, the 

northern part of the WNPSH establishes the Mei-yu/Baiu frontal zone over SC, Taiwan, 

and the Okinawa region, as indicated by the enhanced rainfall in these regions. 

Southeasterly WINDS850hPa can also be seen over the equatorial WNP between 120 to 



 

 42 

150°E. At 200 hPa (Figure 3.4d), the SAA moves further northwest of the Indochina 

Peninsula and its center is located around 100°E, 22°N. Easterly/northeasterly 

WINDS200hPa can be seen over the Philippines during this period. 

At Lag +5 (Figure 3.3e), the western edge of the 1, 505-m HGT850hPa contour line 

is still located over Luzon Island. Southerly WINDS850hPa can be seen over the SCS, 

while southerly/southeasterly WINDS850hPa are apparent over the Philippines. The 

rainfall amounts over the western Indian Subcontinent and Indochina Peninsula 

increases due to the acceleration of moist westerly winds along 10-20°N, and almost 

reaches by about 30 mm day-1. The southeasterly WINDS850hPa along the southern flank 

of the WNPSH converges with the westerlies near the equatorial region around 120°E. 

This indicates the strengthening of the ITCZ. At 200 hPa (Figure 3.4e), the SAA 

strengthens, expands westward, and progresses further north. Its northern edge is 

located along 30°N.  

At Lag +7 (Figure 3.3f), the 1,505-m HGT850hPa shifts to the east of the Philippines. 

Southwesterly WINDS850hPa reappears over Luzon Island and rainfall increases again to 

about 17 mm day-1. At 200 hPa (Figure 3.4f), the SAA continues its northwestward 

advance. At Lag +12 (Figure 3.3g), the western edge of the WNPSH retreats further 

eastward, with the 1, 500-m HGT850hPa located over the eastern Luzon Island, and 

rainfall is reactivated over the Philippines. Southwesterly WINDS850hPa are apparent 

over Luzon Island. The westerly winds south of 10°N originating from the tropical 

Indian Ocean further intensify. Southwesterly WINDS850hPa also appear over the 

southern Philippines. At 200 hPa (Figure 3.4g), enhanced northeasterly WINDS200hPa 

that are associated with the SAA are apparent over the Philippines, which is consistent 

with the enhancement of rainfall in this period. 
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At Lag +18 (Figure 3.3h), the WNPSH progresses northward and a decrease in 

rainfall can be seen over Taiwan and the Okinawa region, indicating the end of the Mei-

yu and Baiu in these regions, respectively. The rainfall over Luzon island appears to be 

due to the convergence of the monsoon southwesterly WINDS850hPa and the 

southeasterly WINDS850hPa from the southern flank of the WNPSH. Another remarkable 

feature is the enhanced southwesterly WINDS850hPa around 10°N at the southern flank 

of the WNPSH, indicating the northward progression of the ITCZ. In addition, rainfall 

further intensifies over mainland China and mainland Japan, which indicates the mature 

phase of the Mei-yu and Baiu in these regions. At 200 hPa (Figure 3.4h), the SAA 

progresses northwards and its northern flank is located along 35°N. 

3.3.2.2. Circulation changes at 500 hPa level 

How does the westward propagation of WNPSH induces dry weather conditions 

over Luzon Island? To answer this question, we first look at the lag composites of 500 

hPa vertical velocity. Note that negative (positive) values of vertical velocity indicates 

mid-tropospheric ascent (descent). Mid-tropospheric ascent can be seen over Luzon 

Island from Lag -20 to Lag -5 (Figures 3.5a to c). This is consistent with the enhanced 

rainfall, as shown in Figure 3.3 due to the eastward retreat of the WNPSH. During the 

onset period (i.e., Lag -12), the vertical velocity reaches by about -10´10-2 Pa s-1 over 

Luzon Island. At Lag 0, mid-tropospheric descent can be seen over southwestern 

Philippines. However, the values of the vertical velocity are weak (less than 2´10-2 Pa 

s-1). This is still consistent with the rainfall in stations located over this region, as shown 

in Figure 3.2, where the rainfall does not decrease remarkably during the break period. 

Furthermore, during this period, the western edge of the WNPSH is located over Luzon 

Island (Figure 3.3d). Mid-tropospheric ascent can be seen to the north of Luzon Island 
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in the same day, which is consistent with the enhanced rainfall due to the convergence 

of the monsoon southwesterly WINDS850hPa and the southerlies from the western edge 

of the WNPSH in this area. In the succeeding lag days (Figures 3.5e to h), the location 

of the descending air shifts to the north, which is consistent with the northward 

migration of the WNPSH. The values of the vertical velocity between Lag 0 and Lag 

+5 exceed 2´10-2 Pa s-1, especially over the central and northern Luzon Island (not 

shown). At Lag +5 (Figure 3.5e), the mid-tropospheric descent seems to be confined 

along 12-15°N, with higher values of vertical velocity over the central and northern 

Luzon Island. At Lag +7 (Figure 3.5f), weak mid-tropospheric ascent can be seen over 

Luzon Island, suggesting the reactivation of the summer monsoon over this region. 

Mid-tropospheric ascent can be seen over Luzon Island in the succeeding lag days 

(Figures 3.5g and h), which is consistent with the increase in rainfall over this region, 

as shown in Figures 3.3g and h. In general, the westward intrusion of the WNPSH 

induces mid-tropospheric descent over Luzon Island. Olaguera et al. (2018a) noted that 

such mid-tropospheric descent is one of the factors that induces unfavorable conditions 

for synoptic-scale activities over Luzon Island. 

3.3.2.3. Changes in moisture transport  

Moreover, it is known that moisture transported from the Indian Ocean by the 

monsoon westerlies are essential for the formation of rainfall over the Philippines (e.g., 

Flores and Balagot, 1969; Olaguera et al., 2018a). Therefore, we also examined the 

time series of the averaged vertically integrated moisture flux convergence (VIMFC) 

over Luzon Island, as shown in Figure 3.6a. The vertical integration was performed 

from 1000 hPa to 300 hPa following Olaguera et al. (2018a, b). The VIMFC reaches by 

about 6´10-6 kg m-2 s-1 during the onset period (Lag -12) and gradually increases to 
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about 9´10-6 kg m-2 s-1 at Lag -4. This is followed by a sharp decrease in VIMFC at 

Lag -3. Then, the VIMFC decreases below 0 at Lag +1 until Lag +5, indicating 

enhanced divergence during the monsoon break period. In the succeeding lag days, 

convergence reappears over Luzon Island (between Lag +6 to Lag +20). However, the 

values are weaker (below 4´10-6 kg m-2 s-1) compared with those before the monsoon 

break.  

Also shown in Figure 3.6a is the averaged zonal wind at 850 hPa (U850hPa; green 

line) over Luzon Island. It appears that the enhanced VIMFC during the onset is 

accompanied by enhanced westerly U850hPa, while during the break period, the westerly 

U850hPa, weakens and easterlies appear over Luzon Island until Lag +5. In the 

succeeding lag days, the U850hPa remained around +2 m s-1 until Lag +16, which is 

relatively weaker than those during the onset.  

3.3.2.4. Changes in synoptic-scale disturbances  

To explain why such weakening of the WINDS850hPa persisted for a longer time, 

we checked the averaged HGT850hPa over Luzon Island in Figure 3.6b. During the onset, 

the WNPSH decreases below 1493 m, which is consistent with Figure 3.3b, where the 

WNPSH is located to the east of the Philippines. During the break period, the HGT850hPa 

increased to about 1507 m, which is consistent with the westward intrusion of the 

WNPSH, as shown in Figures 3.3d and e. From Lag +7 to Lag +12, the values of the 

HGT850hPa remained below 1, 500-m but not as remarkable compared with those during 

the onset period. This means that the WNPSH is still located near Luzon Island and has 

not progressed northwards yet, indicating that the ITCZ is not yet fully developed. This 

may have hindered the intrusion of westerly WINDS850hPa over Luzon Island. From Lag 
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+16 to Lag +20, Luzon Island is located just between the 1, 500 and 1, 505-m HGT850hPa 

contour line, like those features at Lag +18 (Figure 3.3h).  

Aside from the low-level divergence, some studies have pointed out that an 

anticyclone and enhanced vertical zonal wind shear located near the Philippines can 

suppress the development of synoptic-scale disturbances (e.g., Olaguera et al., 2018a). 

Therefore, we checked the time series of the vertical zonal wind shear (USHEAR; 

U200hPa minus U850hPa) over Luzon Island, as shown in Figure 3.6b. Note that a more 

negative USHEAR indicates stronger westerly U850hPa than easterly U200hPa. The 

USHEAR starts to decrease below 0 around Lag +14, which is consistent with the 

enhancement of the U850hPa, as shown in Figure 3.6a. Then, the USHEAR gradually 

decreases until Lag 0 (-7 m s-1)., The USHEAR is enhanced until Lag +5 to about  -4 

m s-1 during the monsoon break period. In the succeeding lag days, it gradually 

decreases again. This enhanced USHEAR during the monsoon break period, together 

with the enhanced low-level divergence and mid-tropospheric descent, imply that the 

atmospheric conditions over Luzon Island are unfavorable for synoptic-scale 

disturbances. 

To confirm whether the synoptic-scale disturbances are suppressed during the 

monsoon break period, we illustrate the time series of the average perturbation kinetic 

energy (PKE) over Luzon Island at 850 hPa in Figure 3.7a. This atmospheric parameter 

can be used to represent synoptic-scale disturbances including those disturbances that 

are weaker than TCs (i.e., residual lows, mid-latitude fronts, etc.) (e.g., Olaguera et al., 

2018a, 2018b). The PKE is calculated using the formula: 𝑃𝐾𝐸 = B𝑢D5 + 𝑣D5FGGGGGGGGGGGGGGG/2, where 

u' and v' are the perturbations obtained by subtracting an 11-day running mean to the 

daily U850hPa and V850hPa winds, respectively, while the overbar indicates the daily 
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means. During the onset period (Lag -12), the PKE increases to about 17.5 m2 s-2, 

indicating enhanced synoptic scale activities during this period. The PKE gradually 

increases in the succeeding lag days and peaks at Lag -2 (~30 m2 s-2). Then, it decreases 

to about 11 m2 s-2 at Lag +1 and remains below 17.5 m2 s-2 until Lag +13. This indicates 

that the synoptic-scale disturbances are suppressed during the monsoon break period, 

which corroborates the unfavorable background conditions mentioned previously. The 

PKE peaks again at Lag +15 and reaches by about 23 m2 s-2. We confirmed that an 

enhanced southerly wind, related to the western edge of the WNPSH, appeared over 

Luzon Island during this period (not shown). We also show the spatial map of TRMM, 

WINDS850hPa, and HGT850hPa, to explain the peak in PKE at Lag -2 in Figure 3.7b. 

Enhanced southwesterly WINDS850hPa can be seen from the Bay of Bengal to the 

Okinawa region along the northwestern flank of the WNPSH and enhanced rainfall of 

about 17 mm day-1 can be seen around Luzon Island. The WNPSH is also located to 

the east of Luzon Island. These results suggest that the eastward retreat of the WNPSH 

favors the enhancement of the synoptic-scale disturbances over Luzon Island. 

3.3.3. Possible mechanisms inducing the monsoon break 

As mentioned previously, So and Chan (1997) examined the post-onset break over 

SC during the summer monsoon season for the period 1985-1990 and suggested a 

cloud-radiation feedback mechanism that facilitated the westward intrusion of the 

WNPSH. They suggested that the convective clouds during the onset period reduce the 

incoming solar radiation leading to a decrease in temperature and an increase in the 

mean sea level pressure (MSLP) over the SC region. This increase in MSLP leads to a 

decrease in rainfall and favors the westward intrusion of the WNPSH. Huang and Sun 



 

 48 

(1992) also suggested that the decrease in rainfall over the Philippines favors the 

westward/southward intrusion of the WNPSH. 

To confirm this mechanism, we illustrate the MSLP, net shortwave radiation flux 

(NSWR), temperature at 850 hPa (TEMP850hPa) averaged over Luzon Island in Figure 

3.8. It is worth mentioning that higher values of the NSWR means more incoming solar 

radiation, which indicates less cloudiness or convective activity. Prior to the monsoon 

break, the MSLP drops to about 1007 hPa, while the NSWR drops to about 200 K 

(Figure 3.8a). In the same period, the TEMP850hPa is also below 292.6 K (Figure 3.8b). 

This is consistent with the enhanced rainfall during the onset, which may have cooled 

the atmosphere, as shown in Figure 3.3. The MSLP, NSWR, and TEMP850hPa start to 

increase at Lag -7. At Lag 0, the MSLP increases to about 1008.7 hPa, while the 

TEMP850hPa increases to about 292.8 K. In the same period, the NSWR increases to 

about 220 K. At Lag +5, the MSLP begins to decrease again, while the NSWR and 

TEMP850hPa start to decrease after Lag +6. While the values of the MSLP remained 

between 1008.5 hPa and 1009 hPa, the values of the TEMP850hPa gradually decreases in 

the succeeding lag days. This gradual decrease in TEMP850hPa indicates that frequent 

rainfall occurrences after the break cools the atmosphere. The increase in MSLP, 

NSWR, and TEMP850hPa during the monsoon break period are consistent with the 

decrease in rainfall and the westward intrusion of the WNPSH. Therefore, the 

mechanism proposed by So and Chan (1997) for the monsoon break over SC is one 

potential mechanism that can explain the monsoon break over the Philippines. 

3.4. Summary and Discussion 

This study investigated the climatology of the first post-onset break in rainfall over 

Luzon Island (120-122.5°E, 12.5-22°N) from 1998 to 2012. We defined the monsoon 
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break as the period with rainfall below 5 mm day-1 after the onset that lasted for three 

consecutive days or more. On the average, the examined monsoon breaks lasted for 

about 5 days and occurred 11 days after the onset. Specifically, the climatological onset 

date from 1998-2012 is May 22, while the first day of the monsoon break period is 

June 2.  

We also found that the cloud-radiation feedback mechanism proposed by So and 

Chan (1997) for the monsoon breaks over SC is one potential mechanism that could 

have facilitated the westward intrusion of the WNPSH over Luzon Island. However, 

So and Chan (1997) composited all the breaks during the summer monsoon season over 

SC (i.e., from April to June). Hence, this study is the first attempt to examine the 

monsoon break as a step related to the onset of the summer monsoon over the 

Philippines. In addition, this is also the first attempt to clarify the local impact of the 

WNPSH in the early summer monsoon season of the Philippines. The summer monsoon 

onset is characterized by enhanced convective activity, cloudiness, decreased MSLP, 

and decreased incoming solar radiation. However, the enhanced convective activity 

eventually leads to the cooling of the atmosphere and subsequent increase in MSLP in 

the succeeding periods. This, in turn, favors the westward intrusion of the WNPSH. 

The westward intrusion of the WNPSH induced enhanced divergence, enhanced 

vertical zonal wind shear, mid-tropospheric descent, weakening of the monsoon 

westerlies, and subsequent decrease in moisture transport over Luzon Island. These 

changes are unfavorable for synoptic-scale disturbances, as substantiated by the 

decreased PKE during the monsoon break period. 

After the monsoon break period, the magnitudes of the MSLP and NSWR (1008.5 

hPa and 250 W m–2, respectively) are relatively higher compared with those during the 



 

 50 

onset period, when their magnitudes decreased to about 1008 hPa and 200 W m–2, 

respectively. These can be explained by the weaker moisture convergence and monsoon 

westerlies after the break compared with those during the onset period. The weaker 

monsoon westerlies can be explained by the fact that the WNPSH is still near Luzon 

Island, which could have hindered the intrusion of the westerly winds over this region, 

and that it has not progressed northwards yet. The time-series of the HGT850hPa shows 

that its magnitude remained between 1, 497 to 1, 500 m after the break compared with 

those during the onset period, when it decreased to about 1490 m. The PKE also 

remained weaker until Lag +15, which can be explained by the weaker monsoon 

westerlies after the break. 

The precise controlling mechanism for the zonal displacement of the WNPSH in 

early summer is not yet known. Some studies used numerical models to explain the 

mechanisms controlling its zonal displacement during the summer monsoon season 

(e.g., Lu and Dong, 2001). However, these numerical models have large uncertainties 

and gave inconsistent results compared with actual observations (e.g., Kawatani et al., 

2008). For instance, Lu and Dong (2001) used an Atmospheric General Circulation 

Model (AGCM) to investigate the relationship between the local sea surface 

temperature (SST) anomalies and the zonal displacement of the WNPSH during the 

June to August season (JJA). They found that the lower SST anomalies over the warm 

pool region (110–160°E, 10–20°N) leads to suppressed rainfall, which is favorable for 

the westward intrusion of the WNPSH. However, the recent observational study by 

Kawatani et al. (2008) revealed inconsistencies in their results, especially for June and 

July. In particular, Kawatani et al. (2008) found that the geopotential height (HGT) 

anomalies over the western Pacific have a nearly barotropic structure, with a poleward 

tilt with height in these months, while the results of Lu and Dong (2001) shows a 
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baroclinic structure. They further noted that simulating the SST-rainfall relationship is 

somewhat challenging and that both the local and remote forcing should be considered 

in numerical simulations. The inability of AGCMs in correctly simulating the SST-

rainfall relationship was also pointed out by Wang et al. (2005). On the seasonal 

timescale, there is a negative relationship between SST and rainfall over the WNP 

(Wang et al., 2005; Kubota et al., 2016). However, most AGCMs that ignores the 

atmosphere-ocean interactions leads to positive SST-rainfall relationship (e.g., Dado 

and Takahashi, 2017). Wang et al. (2005) further showed that an AGCM coupled with 

an ocean model can better simulate this negative SST-rainfall relationship. 

Nevertheless, correctly simulating the timing of the monsoon break using numerical 

models is also of great interest. 

Although not presented, we also found that the occurrence of the monsoon breaks 

after the onset have important implications in the summer monsoon onset detection. 

We compared the PAGASA onset dates and those obtained using a more objective 

criteria such as those used by Matsumoto (1997), Cook and Buckley (2009), and Luo 

and Lin (2017). However, these indices led to delayed onset dates. Therefore, we are 

advocating that the zonal displacement of the WNPSH should be considered in 

developing a more robust summer monsoon onset criteria in future studies. Moreover, 

with the appearance of a monsoon break after the onset, it can be inferred that the early 

stage of the PSM can be divided into three distinct and abrupt phases, as schematically 

illustrated in Figure 3.9.  

Phase I (Onset Phase; Figure 3.9a) features the eastward retreat of the WNPSH, 

the northward advance of the Tibetan/South Asian anticyclone (SAA), and the onset of 

the summer monsoon over the SCS and west coast of the Philippines from mid to late 
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May. This phase almost corresponds to the period before and during Lag -12 in Figures 

3.3, 3.4, and 3.5.  

Phase II (Break Phase; Figure 3.9b) features the strengthening of the ITCZ in the 

equatorial WNP, and the sudden westward intrusion of the WNPSH in the lower level, 

the northwestward migration and intensification of the SAA in the upper level, and the 

onset of the ISM. This phase largely corresponds to the period between Lag 0 and Lag 

+5 in Figures 3.3, 3.4, and 3.5. Following the intensification of the WINDS850hPa south 

of 10°N is the intensification of the ITCZ in the equatorial WNP. The western ridge of 

the WNPSH is located over Luzon Island and reduces the moisture and rainfall in this 

region. The onset of the ISM also occurs in this phase. In the upper-level, the SAA 

moves northwestward over the northwestern part of the Indochina Peninsula.  

Phase III (Monsoon Revival Phase; Figure 3.9c) features the revival of the summer 

monsoon over the Philippines, further expansion of the SAA in the upper level, 

intensification of the ITCZ, and the mature phase of the Mei-yu/Baiu over central China 

and mainland Japan. This phase corresponds to the period after Lag +5 in Figures 3.3, 

3.4, and 3.5. The rainfall over the Indian Subcontinent and central Indochina Peninsula 

intensifies because of the acceleration of moist westerly winds along 10-20°N. The 

WNPSH shifts to the east of the Philippines and proceeds northward following the 

intensification of the ITCZ. Southwesterly WINDS850hPa are also apparent over Luzon 

Island. A monsoon break occurs over Taiwan, following the northward migration of the 

WNPSH. In the upper level, enhanced northeasterly WINDS200hPa along the eastern 

flank of the SAA are apparent over Luzon Island, which is consistent with the enhanced 

WINDS850hPa in this region. 
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Ueda and Yasunari (1996) suggested that the abrupt seasonal changes in the WNP 

summer monsoon involve important atmosphere-ocean interactions. They pointed out 

the importance of ISOs as triggers for the northeastward advance of rainfall from the 

SCS to the east Philippine Sea and the sub-seasonal changes in the SST over the Indian 

Ocean and the WNP. Previous studies found that instraseasonal oscillations on the 

10-25-day timescale is prominent over the WNP in early summer (BSISO; e.g., 

Fukutomi and Yasunari, 1999, 2002; Kajikawa and Yasunari, 2005; Kikuchi and Wang, 

2010; Kikuchi et al., 2012). The impact of BSISO on the local climate of the Philippines 

will be examined in future studies. The rainfall contribution of the different rainfall-

producing weather disturbances in the three phases will be examined in future studies. 

In addition, since the analysis period is relatively short, we did not examine the 

interannual variability of the monsoon break. How the sub-seasonal variabilities in the 

summer monsoon season of the Philippines, in general, are influenced by ENSO is also 

another interesting topic for future study. 
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Chapter 4. Non-tropical cyclone related winter heavy rainfall events 

over the Philippines: climatology and mechanisms 

4.1. Introduction 

Heavy rainfall events, which often lead to extreme flooding and related disasters 

(hereafter, HRF), have profound agricultural and socio-economic impacts. Projections 

from multiple climate models used in the recent assessment report by the 

Intergovernmental Panel on Climate Change (Stocker et al., 2013) show that the HRF 

events over the tropical regions are “very likely” to increase in the late 21st century. 

Located over the western rim of the Pacific Ocean, the Philippines is one of the 

countries over tropical Southeast Asia that is vulnerable to extreme HRF events. Recent 

observational studies over the country show increasing trends in extreme rainfall (Cinco 

et al., 2014; Villafuerte et al., 2014; Villafuerte et al., 2015). Therefore, understanding 

the mechanisms leading to these HRF events is crucial for disaster management and 

mitigation. 

HRF events over the Philippines occur almost throughout the year. Tropical 

cyclones (TC) generated over the South China Sea (SCS) and the Pacific Ocean are the 

primary cause of HRF events in the country, especially during the summer monsoon 

season (Cayanan et al., 2011; Kubota et al., 2017). Aside from the rainfall brought by 

TCs upon landfall, it has been shown that non-landfalling TCs can also enhance the 

prevailing summer monsoon westerlies that bring more rainfall over the country 

(Cayanan et al., 2011). Nevertheless, the number of landfalling and non-landfalling 

TCs decreases in the succeeding winter monsoon season (i.e., November to March), 

with the lowest number around March (Cinco et al., 2016). Hence, not all HRF events 
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are associated with TCs. Such seasonality in the TC influence is related to the seasonal 

migration of the monsoon trough, which provides ambient condition for TC activity.  

The HRF events during winter over the tropical Southeast Asia are often associated 

with cold surges (Yokoi and Matsumoto, 2008; Faustino-Eslava et al., 2011), westward 

propagating cold surge vortices (CSVs) that is formed from the interaction of the cold 

surges and easterly waves (Chen TC et al., 2012, 2013, 2015a, b), and other sub-

seasonal variabilities (Pullen et al., 2015; Takahashi et al., 2011).  Yokoi and 

Matsumoto (2008) found that the interaction of cold surges and the westward 

propagating tropical depression (TD)-type disturbances (TDDs) is important for the 

formation of winter HRF events over Vietnam and that the former, alone, does not 

contribute much to the total rainfall. Chen TC et al. (2012, 2013, 2015a, b) extensively 

examined the formation mechanism of westward propagating CSVs that induce HRF 

events over the Philippines, Vietnam, Peninsular Malaysia, and Borneo. They 

documented two types of CSVs: (1) the Philippine CSV that develops east of the 

Philippines due to the interaction of cold surge flow and easterly wave and the presence 

of an island-chain trough, and (2) the Borneo CSV that develops due to the interaction 

of the SCS cold surge flow, the near equatorial trough, and Borneo’s orography.  

Frequent non-TC related HRF events during winter often cause heavy flooding 

over the Philippines. Pullen et al. (2015), for example, examined an HRF event during 

February 2008 and linked this event to the interaction of multi-scale systems such as 

the Indian Ocean Dipole, the strong La Niña condition, the coincidence with the 

Madden Julian Oscillation (MJO), and cold surge activity. Faustino-Eslava et al. (2011) 

and Yumul et al. (2013) also documented an HRF event over the Mindanao Island in 

the southern Philippines on January 2009, which they associated with a “tail end of a 

cold front”. According to Yumul et al. (2013), the accumulated rainfall during January 
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2009 over Cagayan de Oro City (CDO; 300-400 mm) is almost four times than its 

climatological rainfall (50-100 mm). Similar HRF events were reported in other parts 

of Mindanao Island during January 2009 that led to extensive flooding and multiple 

landslides. Another HRF event occurred just recently over Mindanao Island, which has 

been locally associated with the interaction of the “tail end of a cold front” and a Low-

Pressure Area (LPA) by the Philippine Atmospheric Geophysical and Astronomical 

Services Administration (PAGASA), the country’s official weather bureau. 

Henceforth, this event will be referred to as JAN2017 for brevity. This HRF event is 

discussed further in Section 4.3. Moreover, the JAN2017 HRF event is one of the 

extreme events recorded in the world in the year 2017 (Hoell et al., 2019; Christidis et 

al., 2019). For example, an HRF event was also reported in Peru on March 2017 

(Christidis et al., 2019). 

Several issues arise based on the documented winter HRF events over the 

Philippines: 

(1) Non-TC related HRF events such as cold surges also cause extensive 

flooding over the Philippines. However, most of the previous studies only 

examined specific cases (e.g., Pullen et al., 2015) or focus on the impacts of 

these HRF events (e.g., Faustino-Eslava et al., 2011). How these non-TC 

related HRF events affect the country in the climatological mean sense have 

yet to be described in detail; 

(2) As will be shown later, the winter HRF events over the country occur more 

frequently over Mindanao Island (south of 10°N) from December to March 

of the succeeding year. This seems to be consistent with seasonal change in 

rainfall and winds over the country. The winter monsoon of the Philippines 
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usually occurs from November to March and rainfall over the eastern coast 

gradually increases from north to south (Chen et al., 2015a; Kubota et al., 

2017), concurrent with the seasonal change in the prevailing summer 

monsoon southwesterlies to northeasterlies. According to the recent 

agricultural statistics by the Philippine Statistics Authority (PSA) for the 

year 2017, a large portion of total corn (50 %) and coconut (60 %) 

productions came from Mindanao Island, indicating that it is an important 

agricultural region; therefore, understanding the rainfall variability over this 

region has important ramifications on the economy of the country; 

(3) Another purpose of this study is to describe the atmospheric conditions 

during the JAN2017 HRF event in detail and to discuss the mechanisms 

responsible for the HRF event over Mindanao Island. 

The rest of the paper is organized as follows. Section 4.2 describes the various data 

sources and methodology used in this study. We investigated the recent extreme HRF 

during January 2017 and performed composite analyses to confirm the mechanisms in 

Sections 4.3 and 4.4, respectively. Section 4.5 presents the summary and discussion. 

4.2. Data Sources and Methodology 

 
4.2.1. Data Sources 

This study utilized the following data sets: 

(1) Surface weather charts provided by the Japan Meteorological Agency and 

archived by the National Institute of Informatics “Digital Typhoon” from 1979 

to 2017 (http://agora.ex.nii.ac.jp). 
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(2) Global heavy rainfall/flood (HRF) events compiled by the Dartmouth Flood 

Observatory (DFO) from 1979 to 2017 (http://floodobservatory.colorado.edu).  

(3) 6-hourly mean sea level pressure (MSLP), zonal (U) and meridional (V) wind 

components, relative humidity, and air temperature at multiple levels from the 

National Centers for Environmental Prediction-Department of Energy (NCEP-

DOE) Atmospheric Model Intercomparison Project (AMIP-II) from 

1979-2017 (https://www.esrl.noaa.gov/psd; Kanamitsu et al., 2002). 

(4) 6-hourly TC best track archive from the Joint Typhoon Warning Center 

(JTWC; https://www.usno.navy.mil/NOOC/nmfc-

ph/RSS/jtwc/best_tracks/wpindex.php) from 1979-2017. 

(5) 3-hourly rainfall from the Tropical Rainfall Measuring Mission (TRMM; 

https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_V7/summary) 3B42RT 

version 7 from January 15-16, 2017 (Huffman et al., 2010). 

4.2.2. Methodology 

First, we examined the large-scale circulation features during the JAN2017 HRF 

event. For the climatological analysis, we only selected HRF events not categorized as 

TC-related in the DFO archive and cases without TCs in the vicinity of the Philippines 

(110-130°E, 5-25°N) from 1979-2017 using the JTWC TC best track data. There are 

34 reported HRF events from November to March during the analysis period, 25 of 

which occurred over Mindanao Island (south of 10°N). We define Mindanao Island and 

its vicinity as the region within 122-127.5°E and 5-10°N, which for brevity, is simply 

referred to as “Mindanao Island”. The TRMM rainfall was converted to 6-hourly 
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intervals to match the reanalysis data set. All anomalies are relative to the 1981-2010 

mean. 

4.3. The JAN2017 HRF  

In this section, we examine the large-scale circulation features during the JAN2017 

HRF event. An extreme flooding over CDO (124.63°E, 8.45°N) was reported around 

the afternoon of January 16, 2017 (between 06 and 12UTC). A weather station by the 

Weather Philippines Foundation Incorporated, located over CDO recorded a 24-hr 

accumulated rainfall of about 188.20 mm from 00 UTC January 16, 2017 to 00 UTC 

January 17, 2017 (https://weather.ph.org/understanding-the-weather-conditions-

behind-the-cagayan-de-oro-flooding), which exceeded the climatological daily 

maximum of January (97.9 mm) from 1979-2008 in one long-term recording weather 

station of PAGASA in CDO (i.e., Lumba station). The horizontal wind field at 925 hPa 

(WINDS925hPa) during 06 UTC January 16, 2017 (Figure 4.1a) features cyclonic 

circulations over Mindanao Island and in the broad North Pacific along 20-50°N 

centered around 45°N, 180°. The magnitude of the WINDS925hPa over the central and 

northern Philippines is about 10 m s-1, which is twice the climatological wind speed (5 

m s-1; Figure 4.1b) in these regions. Such enhanced WINDS925hPa during the JAN2017 

HRF event might be due to the enhanced pressure gradient induced by the cyclonic 

circulation around Mindanao Island and the anticyclonic circulation to its north. The 

zonal wind anomaly at 925 hPa (U925hPa; Figure 4.1c) features enhanced westerlies over 

Mindanao Island and enhanced easterlies over the central and northern Philippines. On 

the other hand, the meridional wind anomaly (V925hPa; Figure 4.1d), shows enhanced 

northerlies penetrating over northern Borneo and enhanced southerlies over Mindanao 
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Island. The enhanced westerly and southerly wind anomalies over Mindanao Island 

might have brought more moisture, resulting in heavier rainfall.  

Figure 4.2 shows the synoptic charts from 06 UTC January 15, 2017 to 12 UTC 

January 16, 2017. Some remarkable features on 06 UTC January 15, 2017 (Figure 4.2a) 

include the TD located in the south of Vietnam, the LPA that is located in the east of 

Japan along 40°N, and the southeastern ridge of the anticyclonic circulation located in 

the north of Luzon Island. On 12 UTC January 15, 2017 and 18 UTC (Figures 4.2b and 

c), the southeastern ridge of the anticyclonic circulation in the north of Luzon Island 

extends further southward and the LPA along 40°N further intensify. An LPA 

developed south of 10°N on 00 UTC January 16, 2017 (Figure 4.2d) and briefly 

intensified around 06 UTC (Figure 4.2e). Note also that the center of the LPA over 

Mindanao Island, which is denoted as “L”, moved slightly westward (Figures 4.2d to 

f). On 12 UTC January 16, 2017 (Figure 4.2f), this LPA weakens. As we have 

mentioned previously, the JAN2017 HRF event was associated with the “tail-end of a 

cold front” and its interaction with the LPA over Mindanao Island by PAGASA. 

However, considering the center of the LPA along 40°N as the “head” of the cold front, 

its “tail” is only depicted east of 160°E on the surface weather charts in Figure 4.2. It 

seems that using the term “tail-end of a cold front” is not appropriate for this case and 

needs further clarification.  

Figure 4.3 shows the 3-hourly rainfall from TRMM superimposed with the 

WINDS925hPa from 06 UTC January 15, 2017 to 12 UTC January 16, 2017. There are 

two anticyclonic circulations centered around 120°E, 35°N (A1) and 140°W, 30°N (A2) 

that are juxtaposed in a northwest-southeast orientation (NW-SE; a similar 

abbreviation method will be used in the succeeding sections) on 18 UTC January 15, 
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2017 (Figure 4.3a). The A1 has a NW-SE orientation, while the A2 has a SW-NE 

orientation. In the same figure, two cyclonic circulations centered around 165°E, 40°N 

(C1) and 125°E, 8°N (C2) are also juxtaposed in a SW-NE orientation. In addition, 

another cyclonic circulation can also be depicted in the south of Vietnam (around 10°N; 

Figure 4.3a), which is associated with the TD in the synoptic charts in Figure 4.2. Note 

that on 06 UTC January 16, 2017, the TD has already weakened (Figures 4.2e and 4.3e). 

In addition, this TD is no longer clear at 925 hPa from 18 UTC January 15, 2017 to 00 

UTC January 16, 2017, as shown in Figure 4.3c, although it is still indicated in the 

surface weather charts until 00 UTC January 16, 2017 (Figures 4.2c and d). This 

indicates that this dissipating TD is only detectable near the surface level. The 

northeasterlies from A1 interact with the easterlies of the TD and C2, while the 

southwesterlies on the western flank of A2 interact with the northwesterlies on the 

western flank of C1. The northeasterlies from A1 bring cool air from the mid-latitudes, 

while the easterlies from C2 bring warm and humid air from the tropics. The interaction 

of these two systems forms a confluence region, which is known as a shearline (e.g., 

Cabanerit, 2016). In general, the shearline is just part of a deformation zone and lies 

along its axis of dilatation. The total deformation (TDef) can be represented, 

mathematically, as the sum of the stretching (STD) and shearing (SHD) deformations 

(http://www.zamg.ac.at/docu/Manual/SatManu/main.htm?/docu/Manual/SatManu/C

Ms/Def/backgr.htm). These are calculated as follows: 

𝑆𝑇𝐷 = )*
)+
− )-

).
, (4.1)  

𝑆𝐻𝐷 =	 )-
)+
+ )*

).
, (4.2) 

𝑇𝐷𝑒𝑓 = √𝑆𝑇𝐷5 + 𝑆𝐻𝐷5, (4.3) 
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where U and V are the zonal and meridional wind components, respectively. We 

illustrate the STD925hPa, SHD925hPa, and TDef925hPa in Figure 4.4 to show the location of 

the shearline on 06 UTC January 16, 2017. Also shown is the meridional equivalent 

potential temperature gradient at 925 hPa (qe925hPa) to indicate to mean position of the 

cold front. During this period, the location of the deformation zone is centered around 

155°E,15°N, as indicated by the star in Figure 4.4. The southern edge of A1 extends 

further south of 10°N. The cold front is oriented in a southwest-northeast direction from 

120°E to 120°W just to the north of the deformation zone (Figure 4.4a). The shearline 

coincides with the region of more positive STD925hPa, indicating that the horizontal wind 

gradient/shear (i.e., 𝜕𝑈859:;</𝜕𝑥) is large along this region (Figure 4.4b). On the other 

hand, the SHD925hPa (Figure 4.4c) is weaker on the western side of the deformation zone 

but stronger on the eastern side. This suggests that the STD925hPa is more important in 

inducing the JAN2017 HRF event and that it contributed more to the TDef925hPa, as 

shown in Figure 4.4d. Along the shearline, cold air from A1 and warm air over the 

tropics induces enhanced convergence over Mindanao Island, as will be shown later. 

We also found enhanced mid-tropospheric ascent over the same region since warm air 

is pushed upwards by the cooler air (not shown).  

The rainfall distribution from the TRMM data, as shown in Figure 4.3, depicts a 

SW-NE oriented band of rainfall from the SCS to the north Pacific along the shearline. 

On 06 and 12 UTC January 15, 2017 and 12 UTC (Figures 4.3a and b, respectively), 

this rainfall band is located north of 10°N and rainfall clusters can only be depicted 

over the central Philippines. On 18 UTC January 15, 2017 and 00 UTC January 16, 

2017 (Figures 4.3c and d, respectively), this rainfall band progresses southward, 

concurrent with the weakening of the TD in the south of Vietnam, and the strengthening 
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of A1 and C1. On 06 and 12 UTC January 16, 2017 (Figures 4.3e and f, respectively), 

the rainfall clusters over Mindanao Island become well defined, especially along the 

shearline. Although, no more cyclonic circulation change can be depicted over 

Mindanao Island, a trough still exists in the same region. 

4.3.1. Maintenance of the JAN2017 heavy rainfall event 

Rainfall is maintained by the convergence of water vapor flux (𝑸; Chen et al., 

2013). According to Chen (1985), 𝑸 can be split into its rotational (𝑸𝑹) and divergent 

(𝑸𝑫) components: 

𝑸 = 𝑸𝑹 + 𝑸𝑫, (4.4)  

where 𝑸 = (1/𝑔) ∫ 𝑽𝑞𝑑𝑝;UVVV
;WVV , g, V, p, and q are the water vapor flux (kg m2 s-1), 

gravitational constant (m s-2), wind vector (m s-1), pressure (mb), and specific humidity 

(g g-1), respectively. The 𝑸𝑹 and 𝑸𝑫, can also be expressed in terms of the horizontal 

gradients of the streamfunction (𝑸𝑹 = 𝐤 × ∇𝝍𝑸) and velocity potential B𝑸𝑫 = ∇𝝌𝑸F, 

respectively. Thus, rainfall (𝑷) can be approximated as: 

𝑷 ≅ ∇ ∙ 𝑸𝑫 = −∇5𝝌𝑸. (4.5)  

The maintenance of rainfall is illustrated by the spatial plots of 𝝌𝑸, 𝑸𝑫, and 𝑸 in 

Figure 4.5, following Chen et al. (2013). A prominent north-south contrast of 

convergent and divergent fluxes during the JAN2017 HRF event can be seen over the 

tropical southeast Asia. The zero-contour line splits these two opposing circulations 

along 15°N over the Philippines. The enhanced 𝑸 can be seen in the downstream of the 

northerly fluxes along this zero-contour line (Figure 4.5a), which is consistent with the 

location of enhanced rainfall, as shown in Figure 4.3. The divergent fluxes originate 

from the negative 𝝌𝑸 center (130°E, 28°N) in the south of Japan, which is part of A1 in 
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Figure 4.3. Northerly fluxes appear to be confined along 10°N on 18 UTC January 15, 

2017 (Figure 4.5a) and a convergence region is located downstream of these northerly 

fluxes in the eastern side of Mindanao Island. On 06 UTC January 16, 2017, this 

convergence region shifts westward (Figures 4.4c and d), which is consistent with 

Figures 4.3d and e. On 12 UTC January 16, 2017 (Figure 4.5d), the northerly fluxes 

further intrude the equatorial region and the convergence region near Mindanao Island 

is located further south over the Indonesian archipelago. 

4.3.2. The vertical structure of the shearline 

To further clarify the vertical structure of the shearline, we derived the pressure-

latitude cross-section of the qe (shades) and relative humidity (contours) anomalies 

averaged from 122-127.5°E, as shown in Figure 4.5. On 12 UTC January 15, 2017 

(Figure 4.6a), the warm qe anomaly is slightly tilted with height to the north and the 

warmest region is located between 6-18°N, while the relative humidity anomaly 

appears to be standing below the 300 hPa level.  The location of the warmest qe 

anomaly coincides with the location of the maximum relative humidity anomaly. 

Ascending anomalies between these latitudes are confined below 600 hPa. From 12 

UTC January 15, 2017 (Figure 4.6b) to 00 UTC January 16, 2017 (Figure 4.6c), the 

cold qe anomaly below 700 hPa expands to the south along 15°N and the ascending 

anomalies south of this latitude reach 200 hPa. Concurrently, the relative humidity 

anomaly also increases to about 40 %. Also remarkable are the enhanced descending 

anomalies in the north of 18°N, indicating an enhanced cold surge activity. On 06 UTC 

January 16, 2017 (Figure 4.6d), the warm qe anomaly weakens and the cold qe anomaly 

to its north penetrates 12°N. On 12 UTC January 16, 2017 (Figure 4.6e), the ascending 

anomalies between 6-12°N weaken, which is consistent with the weakening of rainfall 
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during this period. In addition, positive relative humidity anomaly starts to extend in 

the upper levels (i.e., 200 hPa). On 18 UTC January 16, 2017 (Figure 4.6f), the cold qe 

anomaly below 900 hPa penetrates the equatorial region and the relative humidity 

anomaly decreases to about 20 %.  These changes are consistent with the northeasterly 

wind intrusion over the Philippines during this period. 

4.4. Composite Analysis 

Using the flood reports from the DFO, we checked all HRF events from 1979 to 

2017 and validated them using the surface weather charts. We only considered those 

cases that were not categorized as TC-induced (i.e., those cases due to shearlines, etc.) 

and cases when there was no reported TC within 110-130°E and 5-25°N. There are 34 

HRFs over the Philippines satisfying the above criteria, in which 25 cases (74 %) 

occurred over Mindanao Island. Since most of the cases occurred over Mindanao 

Island, we focus our analysis over this region in the succeeding sections. We classified 

the HRFs per month as shown in Figure 4.7. A majority of the cases occurred between 

December and March. This distribution appears to be consistent with the southward 

progression of the northeast monsoon over the Philippines (e.g., Kubota et al., 2017; 

Chen et al., 2015b). In particular, three cases occurred during December, eight cases 

during January, nine cases during February, and five cases during March.  

4.4.1. Climatology of non-TC related winter HRF events over Mindanao Island 

Unfortunately, we do not have a homogenous rainfall data over this area and since 

we are interested in the climatology of non-TC related HRF events, we need an index 

to represent them. Note that in the JAN2017 case, the region with enhanced rainfall 

coincides with the region of enhanced 𝑸 over Mindanao Island. Hence, in this study, 
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we represented the HRF event using 𝑸. The duration and the location of the HRF events 

are included in the DFO archive. We checked the time series of the 𝑸 in each of the 25 

cases and defined Lag 0 as the time when the area-averaged 𝑸 over Mindanao Island 

of the reported HRF event attains its maximum value. Then, we performed lag-

composites to determine the controlling mechanisms of these HRF events.  

Figure 4.8 shows the lag composites of WINDS925hPa and MSLP anomalies from 

Lag -3 to Lag +15. A westward propagating cyclonic anomaly can be seen over 

Mindanao Island. We refer to this cyclonic anomaly over Mindanao Island as 

“Mindanao vortex” for brevity. Moreover, a westward propagating cyclonic anomaly 

and an anticyclonic circulation anomaly behind it can be seen along 20-40°N (Figures 

4.8a to f). These circulation features resemble those from the JAN2017 case, suggesting 

that they are common for the winter HRF events over Mindanao Island. Notice that 

when the center of the anticyclonic circulation anomaly reaches around 160°E (Figure 

4.8f), the Mindanao vortex is already located to the west of Mindanao Island. This is 

also accompanied by the intrusion of the enhanced northeasterlies over the Philippines. 

4.4.2. Intensification and westward propagation of the Mindanao vortex 

Yokoi and Matsumoto (2008) examined a cold surge (CS) event during November 

1999 over central Vietnam that lingered there for several days. They suggested that the 

strong southerly winds over the central SCS prevented this CS from propagating 

southwards. The Mindanao vortex did not show southward propagation tendency from 

the composite anomalies. Therefore, we examine first the time-latitude cross section of 

the U925hPa and V925hPa in Figure 4.9.  
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The time-latitude cross section of V925hPa anomaly (Figure 4.9a) shows enhanced 

southerly winds south of 15°N from Lag -20 to Lag +8. The southerly V925hPa starts to 

intensify at Lag -5 between 10-15°N. Easterly U925hPa appears along 5-10°N between 

Lag -7 and Lag  -4 (Figure 4.9b). At Lag 0, enhanced southerly V925hPa appears along 

5-10°N, which is concurrent with the intensification of westerly U925hPa along the same 

latitude band. These changes favor the enhancement of the Mindanao vortex. The 

southerly V925hPa might have also facilitated the transport of warm and humid air from 

the equatorial region that interacted with the cool and dry northeasterlies. After Lag +1, 

the southerly V925hPa weakens.  These changes favor the southward/southwestward 

propagation of the Mindanao vortex, as shown in Figure 4.8. At Lag +8, northerly 

V925hPa and easterly U925hPa begin to penetrate the equatorial region concurrent with the 

westward propagation of the Mindanao vortex. 

On the other hand, Chen et al. (2015b) examined the westward propagating CS 

vortices (CSVs) during the winter monsoon season over the western North Pacific. 

They used vorticity budget analysis to diagnose the intensification and propagation 

tendencies of these CSVs. The vorticity tendency can be used to represent such 

propagation tendencies and can be calculated as follows: 

 

𝜉b = −𝑽 ∙ ∇(𝜉 + 𝑓) − (𝜉 + 𝑓)∇ ∙ 𝐕, (4.6) 

  

where f is the Coriolis parameter (s-1) and V is the wind vector (m s-1). The first term 

on the right-hand side of Equation 4.6 denotes the vorticity advection (𝜉<ef), while the 

second term indicates the vorticity stretching (𝜉gbhibj:). Chen et al. (2015b) noted that 

the westward propagation of CSVs is facilitated by a positive 𝜉<ef  to the west of the 

central vortex and larger values of 𝜉<ef  compared with the 𝜉gbhibj: . 
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Figures 4.10 and 4.11 show the 𝜉b , 𝜉<ef, 𝜉gbhibj:	anomalies. At Lag -3 (Figures 

4.10a to c), the spatial distribution of 𝜉<ef  shows favorable conditions (i.e., positive  

𝜉<ef  to the west of the vortex center) for westward propagation of the Mindanao vortex 

to the east of Mindanao Island. The magnitudes of 𝜉<ef  and 𝜉gbhibj:  are also comparable 

over the SCS and to the east of the Philippines. At Lag 0 (Figures 4.10d to f), the 

magnitude of the 𝜉gbhibj:  becomes larger than the 𝜉<ef  (almost five times), which 

inhibits the westward propagation of the cyclonic anomaly over Mindanao Island. This 

implies that the intensification of the Mindanao vortex is mainly achieved by the 

vorticity stretching, which is facilitated by the enhanced low-level convergence over 

this area. The Mindanao vortex starts its west/southwestward propagation when 𝜉gbhibj:  

weakens at Lag +1 (Figures 10g to i) together with the weakening of the southerly 

V925hPa in Figure 4.9a. Northeasterlies invade the southern Philippines in the succeeding 

lag hours (Figure 4.11). At Lag +3 (Figures 4.11a to c), the Mindanao vortex is located 

off the eastern coast of Borneo and centered around 120°E, 5°N. At Lag +5 and Lag 

+15 (Figures 4.11d to i), the center of the vortex becomes undefined. 

4.5. Summary and Discussion 

 
This study examined the large-scale circulation features associated with the recent 

non-TC related heavy rainfall event that led to extensive flooding (HRF) over Cagayan 

de Oro City (CDO) in Mindanao Island (122-127°E, 5-10°N), Philippines on January 

16, 2017 (JAN2017 event). This HRF event is associated with the interaction of a low-

pressure area (LPA) in the vicinity of Mindanao Island and a shearline that is associated 

with an anomalous eastward-propagating cyclonic circulation (cold front) along 

20-40°N and its interaction with the tropical easterlies. The maximum moisture 

convergence during this event was found during 06 UTC January 16, 2017. Enhanced 
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westerly U925hPa and southerly V925hPa during 06 UTC January 16, 2017 over Mindanao 

Island might have supplied more warm and humid tropical air that interacted with the 

cool and dry air from the enhanced northerly V925hPa. This interaction resulted in 

enhanced moisture convergence and rainfall over Mindanao Island. 

Using the flood reports archived by the Dartmouth Flood Observatory, we 

examined the climatology of non-TC related HRF events over the Philippines from 

1979 to 2017. As previously noted, previous studies on non-TC related winter HRF 

events focused only on specific cases or carried out impact-based studies. Hence, this 

study is the first attempt to characterize these winter HRF events in a climatological 

mean sense. We identified 34 cases of such HRF events, 25 (74 %) of which occurred 

over Mindanao Island (southern Philippines); therefore, we only focused our analysis 

over Mindanao Island since most of the cases occurred over this region. Using the 

maximum area-averaged vertically integrated moisture flux convergence of the 

reported HRF event over Mindanao Island to represent the peak rainfall, we created 

composites to understand the mechanisms leading to these HRF events. A schematic 

diagram of the possible mechanism leading to the winter HRF over Mindanao Island is 

shown in Figure 4.12. 

The winter HRF events over Mindanao Island is induced by the interaction of the 

eastward propagating cyclonic and anticyclonic circulation anomalies along 20-40°N 

and a westward propagating cyclonic anomaly along 5-10°N (i.e., the Mindanao 

vortex). A shearline is formed at the trailing end of the cold front associated with the 

eastward propagating cyclonic and anticyclonic circulation anomalies. The interaction 

of the shearline and the Mindanao vortex induces HRF events over Mindanao Island. 

Composite analysis of the large-scale circulation features further revealed that the 
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enhanced southerly V925hPa in the south of Mindanao Island prevented the Mindanao 

vortex from progressing southward despite the background northeasterlies. In addition, 

we also performed vorticity budget analysis to explain the westward propagation 

tendency of the Mindanao vortex. We decomposed the vorticity tendency into its 

advection and stretching terms. It turns out that the Mindanao vortex only propagated 

westward when both the advection and stretching terms were comparable to each other, 

together with the weakening of the southerly V925hPa. The enhanced convergence over 

Mindanao Island favored the enhancement of the stretching term, which inhibited the 

westward propagation of the Mindanao vortex. 

Yokoi and Matsumoto (2008) found the importance of westward propagating 

TDDs associated with an MJO-like convective activity over the maritime continent to 

the HRF over central Vietnam. Pullen et al. (2015) also found the role of MJO on the 

February 2008 HRF over the Philippines. Using the Wheeler and Hendon (2004) index 

(hereafter, WHI) for depicting the location and strength of the MJO, we checked the 

WHI of the 25 cases over Mindanao Island. The WHI defines the MJO component 

based on a multivariate empirical orthogonal function (EOF) analysis of daily 850 hPa 

zonal wind, 200 hPa zonal wind, and OLR between 15°S-15°N. Two principal 

component time series from the EOF analysis are defined as Real-time Multivariate 

MJO series 1 and 2, RMM1 and RMM2, respectively. The RMM1 and RMM2 are 

drawn in a phase-space diagram to indicate the magnitude and location of the MJO. 

The equatorial region is divided into 8 regions: South America to Africa (Phases 1 and 

8), Indian Ocean (Phases 2 and 3), Maritime Continent (Phases 4 and 5), and the Pacific 

Ocean (Phases 6 and 7). Since the MJO propagates eastward, its trajectory on the phase-

space diagram is drawn counter-clockwise. The MJO is weak (strong) when the WHI 

is less (greater) than 1.  
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There were 12 HRF cases that occurred when the MJO phase is weak, including 

the JAN2017 case, and only two cases occurred when the MJO is over the maritime 

continent (not shown). The rest occurred when the MJO is located over the Indian 

Ocean or the western Pacific. These results suggest that not all winter HRF cases can 

be associated with MJO and that other factors might be involved. On the other hand, 

aside from the MJO, Compo et al. (1999) found that cold surges south of 25°N also 

have significant periodicities at the submonthly (i.e., 6-30-days) time scale. Takahashi 

et al. (2011) examined the impact of long lasting northerly cold surges at the 

submonthly time scale on the TC formation over the tropical region. They found that 

the long-lasting northerly surges may facilitate the formation of TCs over the SCS 

during October and November. The role of these intraseasonal northerly surges on the 

formation and development of the Mindanao vortex will be discussed further in our 

future study. In addition, this study was limited by the availability of a long-term high 

temporal rainfall (and other variables) data set. Therefore, it would be interesting to 

extend the analysis when such data sets are already available in future studies. 
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Chapter 5. Abrupt climate shift in the mature rainy season of the 

Philippines in the mid-1990s 

5.1. Introduction 

Rainfall variability is an important issue in many climate studies because of its 

profound impact on the economy, especially in agricultural countries such as the 

Philippines. Generally, the rainfall of the Philippines is influenced by multi-scale 

systems and their interactions (e.g., tropical cyclone (TC)-enhanced monsoons) such as 

the monsoons, El Niño Southern Oscillation (ENSO), TC activity, intraseasonal 

oscillations, and other mesoscale processes (Matsumoto, 1992; Lyon and Camargo, 

2009; Cayanan et al., 2011; Cruz et al., 2013; Pullen et al., 2015) that contributes to 

rainfall variability. In particular, the seasonal transition of the Asian summer monsoon 

leads to regional differences in the rainfall over the Philippines. The western coast of 

the country, for example, has a distinct dry season in winter and a wet season in 

summer, while the eastern coast has no dry season and experience more rainfall in 

winter (Kintanar, 1984; Akasaka, 2010). 

A number of studies, using the long available observation data in the Asian 

monsoon region, found significant decadal-to-interdecadal shifts, especially in the 

recent decade (Ding et al., 2008; Inoue and Matsumoto, 2007; Villafuerte et al., 2014; 

Cinco et al., 2014). For example, a prominent interdecadal shift has been identified 

after the late 1970s over East Asia (Nitta and Yamada, 1989; Wang B, 1995; Wang HJ, 

2001; Ding et al., 2008; Ha et al., 2009). Wang HJ (2001) suggested that the Asian 

monsoon system has weakened after the 1970s. Some studies have linked this 

interdecadal shift to the changes in the sea surface temperature (SST) over the tropical 

Pacific and Indian Ocean (Nitta, 1987; Gong and Ho, 2002; Fu et al., 2009; Ding et al., 
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2009; Wang et al., 2013). The impact of the snow cover over the Tibetan Plateau in the 

preceding winter/spring was also suggested (Ding et al., 2009). Quite recently, several 

studies have found another interdecadal shift in the mid (i.e., 1992/1993 or 1993/1994) 

to late 1990s (i.e., 1999), especially over East Asia (Kwon et al., 2005, 2007; Wu et al., 

2010; Liu et al., 2011; Zhu et al., 2011; Kajikawa and Wang, 2012; Kajikawa et al., 

2012). According to Liu et al. (2011), the abrupt changes around 1993 features an 

increase in the summer rainfall over South China (SC), while that around 1999 features 

a decrease in rainfall over northeast China. Wu et al. (2010) found that the increase in 

rainfall over SC is accompanied by an increase in the low-level convergence, mid-

tropospheric ascent, and upper-level divergence, while other studies such as Kwon et 

al. (2007), Kim et al. (2012), and Chen J et al. (2012) attributed this increase in rainfall 

to the increase in the number of TCs over the western North Pacific (WNP) in the mid-

1990s. The impact of the shifting of the Pacific Decadal Oscillation (PDO) to a negative 

phase has also been linked to the changes in the summer rainfall over eastern China 

(Zhu et al., 2011). In addition, some studies have also found interdecadal changes in 

the intraseasonal variability (ISV) over the WNP (Kajikawa et al., 2009; Kim et al., 

2011; Luo and Zhang, 2015; Yamaura and Kajikawa, 2016). For example, Kajikawa et 

al. (2009) found that the periodicity of ISV over the South China Sea (SCS) became 

shorter after the mid-1990s. Most of these studies on the decadal-to-interdecadal 

changes in the monsoon system focused on the seasonal mean fields (i.e., average from 

June to August (JJA)). However, it is known that rainfall also exhibits strong sub-

seasonal (i.e., monthly) variabilities (e.g., Inoue and Matsumoto, 2007; Takahashi and 

Yasunari, 2008; Ha et al., 2009; Kim et al., 2011; Takahashi, 2011; Kajikawa et al., 

2012; Luo and Zhang, 2015; Yamaura and Kajikawa, 2016). 
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The rainfall over the Philippines has also experienced long-term changes (Akasaka, 

2010; Cruz et al., 2013; Cinco et al., 2014; Villafuerte et al., 2014; Kubota et al., 2017). 

For example, Cruz et al. (2013) found a significant decreasing rainfall trend in stations 

located over the western coast of the country from 1961 to 2010 but no detailed 

mechanisms for the trends were presented. Meanwhile, in analyzing the decadal 

changes in the East Asian summer monsoon circulation, Kwon et al. (2007) found a 

significant strengthening of upper level (i.e., 200 hPa) convergence over the Philippines 

around 1993/1994 (see their Figure 2a). However, their analysis used seasonal mean 

fields (JJA) and mainly focused on East Asia. As such, no detailed mechanisms for the 

change over the Philippines were presented. Akasaka (2010) found that the variability 

of the onset of the Philippine summer monsoon (PSM) has increased greatly since the 

1970s (see her Figure 7). Early onset dates of the PSM has been linked to the “great 

approach” of the easterly waves originating from WNP (Cruz et al., 2013) and the 

presence of TCs in the vicinity of the Philippines that can initiate the moist 

southwesterly winds over the southwestern portion of the country (Kubota et al., 2017). 

The onset of the PSM occurs almost five days (P29; 21 May–25 May) following the 

onset of the summer monsoon over the SCS (SCSSM) (Matsumoto, 1992; Lau and 

Yang, 1997; Akasaka, 2010; Chen et al., 2017). Recently, Kajikawa and Wang (2012) 

found a significant advance in the SCSSM onset dates around 1993/1994. It is 

suggested that the increase in the TC activity in May, changes in ISV (Kajikawa and 

Wang, 2012), earlier retreat of the western North Pacific Subtropical High (WNPSH) 

(Yuan and Chen, 2013), and a La Niña-like pattern SST change over the Pacific basin 

(Xiang and Wang, 2013) are responsible for the advanced SCSSM onset. Other studies 

such as Kajikawa et al. (2012) hypothesized that the variability in the thermal contrast, 

induced by aerosols and dust, between the Asian landmass and the Indian Ocean is 
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responsible for the advanced onset over the south and southeastern monsoon regions 

including the Bay of Bengal (BoB), the Indochina Peninsula, and western Pacific region 

(120–140°E). The role of natural decadal variability other than anthropogenic forcing 

in relation to the advanced summer monsoon onset has also been suggested (Xiang and 

Wang, 2013). Furthermore, Xu and Wang (2014) attributed the changes in TC activity 

in May to the increase in genesis potential index, maximum potential intensity, and 

vertical wind shear after the late 1990s over the WNP. 

In this study, we addressed the following issues: 

(1) With the observed decadal changes in the summer monsoon of the adjacent 

regions, it is necessary to confirm whether such an interdecadal change can be 

observed locally over the Philippines. In fact, an inconspicuous rainfall trend 

can be seen in Figure 1 of Kajikawa et al. (2012) using reanalysis datasets over 

Luzon Island. In particular, the increasing rainfall trend in May (see their Figure 

1a) only appears over the central and southern Philippines and the decreasing 

rainfall trend in June (see their Figure 1b) can only be depicted over the SCS. It 

is worth mentioning that the complex topography of the Philippines gives rise 

to four different climate types (Kintanar, 1984). The current resolution of 

available reanalysis datasets present difficulties in representing the correct sub-

regional characteristics of rainfall. Thus, to better capture the changes in rainfall 

in the sub-regional scale, station-based rainfall data are preferred. In this study, 

we used the station-based rainfall data and supplemented it by the rainfall 

estimates from the Climate Prediction Center Merged Analysis of Precipitation 

(CMAP) during 1979–1993 and 1994–2008 following the change point used by 

Kwon et al. (2007) and Kajikawa and Wang (2012) around 1993/1994. We also 

investigated other periods with remarkable changes. Additional tests were 
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performed in both datasets to confirm whether this change point in the mid-

1990s is significant or not over the Philippines. 

(2) To the best of our knowledge, very few studies have examined the decadal-to-

interdecadal changes in rainfall over the Philippines. Previous studies (e.g., 

Cruz et al., 2013; Villafuerte et al., 2014; Cinco et al., 2014) only focus on long-

term trends and variability of seasonal and annual rainfall or temperature. This 

study is part of our on-going endeavor in understanding the multi-temporal 

variability of rainfall in the Philippines. 

The rest of the paper is organized as follows. The datasets and methodology used 

in this study are presented in Section 5.2. Section 5.3 investigates the interdecadal shifts 

in the summer monsoon rainfall of the Philippines and the possible mechanisms leading 

to these shifts. Summary and discussions are presented in Section 5.4. 

5.2. Data sources and Methodology 

5.2.1. Data Sources 

Daily rainfall data from the Philippine Atmospheric, Geophysical and 

Astronomical Services Administration (PAGASA) for the seven stations located over 

the west coast of the Philippines and for the period 1979–2008 were used in this study. 

The seven stations are Laoag, Baguio, Iba, Dagupan, Science Garden, Ambulong, and 

Coron stations (blue circles in Figure 5.1). These stations were chosen because they 

have a relatively complete data during the study period, which is suitable for decadal 

change analysis. Furthermore, these stations are currently used by PAGASA in 

monitoring the summer monsoon of the Philippines. According to Cruz et al. (2013) 

the western coast of the Philippines, where these stations are located, receives about 
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80–90 % of the 30-year mean annual total rainfall (1961–1990) during the summer 

monsoon season (June–September). 

Daily data of zonal (U) and meridional (V) components of winds, geopotential 

height (HGT), vertical velocity (ω), and relative humidity (RHUM) at multiple levels 

from the National Centers for Environmental Prediction-Department of Energy (NCEP-

DOE) Atmospheric Model Intercomparison Project (AMIP-II) Reanalysis (hereafter 

NCEP-R2) (Kanamitsu et al., 2002) with 2.5° × 2.5° grid resolution were used to depict 

changes in the large-scale conditions. We also used the reanalysis data from the Japan 

Meteorological Agency (JMA) 55-year reanalysis with 1.25° × 1.25° grid resolution 

(hereafter, JRA55) (Kobayashi et al., 2015) to test the consistency of the results. Our 

comparison of the two reanalysis datasets actually yielded the same results. Thus, most 

figures presented here are based on NCEP-R2 data. Pentad-mean rainfall estimates 

from CMAP (Xie and Arkin, 1997), with 2.5° × 2.5° grid resolution from 1979 to 2008, 

were also used to supplement the station-based rainfall. 

We also used the best track data provided by the Joint Typhoon Warning Center 

(JTWC; https://www.usno.navy.mil/NOOC/nmfc-

ph/RSS/jtwc/best_tracks/wpindex.php) to depict TC activity. To check the consistency 

of the results, we compared the JTWC best track data with the TC track data from the 

Regional Specialized Meteorological Center of the Japan Meteorological Agency 

(hereafter, RSMC-Tokyo; http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-

pub-eg/trackarchives.html). Due to the difference in TC categories between these two 

datasets, we only consider TCs above Tropical Storm (TS) category or TCs with 

maximum wind speeds (Vmax) above 17.5 m s−1 (34 knots). In addition, we only 

considered TCs that entered the Philippine Area of Responsibility (PAR; 115-135°E 
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and 5-25°N). The genesis location is defined as the location where the TC first attained 

a TS category (Wang and Chan, 2002; Fudeyasu et al., 2006). It is worth mentioning 

that the RSMC-Tokyo and JTWC TC datasets yielded similar results. Thus, most of the 

figures presented in this study are only based on JTWC TC tracks. 

5.2.2. Methodology 

First, we divided the analysis period into two epochs, namely: 1979–1993 

(hereafter, ES1) and 1994–2008 (hereafter, ES2) following Kwon et al. (2007) and 

Kajikawa and Wang (2012). Then, we performed the Pettitt test (Pettitt, 1979) to 

confirm whether the shift is significant over the western coast of the Philippines. Unless 

otherwise stated, the daily variables from the reanalysis and PAGASA datasets were 

converted to five-day consecutive and non-overlapping averages (hereafter, pentads), 

where the first pentad corresponds to the first five days of January and the last pentad 

corresponds to the last five days of December. There are 73 pentads in a year. We also 

applied a running three pentad 1–2–1 filter to reduce the high-frequency fluctuations in 

all the datasets (Murakami and Matsumoto, 1994; Kim et al., 2011). 

The Pettitt test is a non-parametric test that detects the changes in the median of a 

sequence of observations. This test is commonly used for detecting change points in 

climatic and hydrological time series (Ha and Ha, 2006; Stone, 2010; Vincent et al., 

2011; Salarijasi et al., 2012; Bates et al., 2012; Yeh et al., 2015; Mallakpour and 

Villarini, 2016). For instance, Ha and Ha (2006) used this test for detecting the climate 

shift in rainfall over the Korean Peninsula. Bates et al. (2012) also used this test for 

detecting the change points in the North Atlantic Oscillation index, RHUM fields, and 

TC count series. The Pettitt test is performed as follows. 
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Let T be the length of the time series and t be the probable change point. Then, the 

single time series can be considered as two samples and represented by X1, …, Xt and 

Xt+1, …, XT with distributions F1(X) and F2(X), respectively. The null hypothesis of this 

test is that the two samples are independent and have identical distributions (i.e., 

𝐹U(𝑋) = 𝐹5(𝑋)). The non-parametric test statistic (KT) is defined by: 

 

𝐾m = maxq𝑈b,mq,			1 ≤ 𝑡 < 𝑇, (5.1) 

 

where 

𝑈b,m =u u 𝑠𝑔𝑛B𝑋x − 𝑋yF; 				𝑠𝑔𝑛(𝑋x

m

y{b|U

− 𝑋y) = }
−1, B𝑋x − 𝑋yF < 1
						0, B𝑋x − 𝑋yF = 0		
+1,									B𝑋x − 𝑋yF > 1

b

x{U

 

 
(5.2) 

 

Here, Ut,T, is equivalent to the Mann–Whitney statistic for testing whether the two 

samples belong to the same population. The value of t where the maximum KT occurs 

is the estimated change point in the sequence. The significance probability of KT can be 

approximated as: 

 

 

𝑝 ≅ 2 exp(
−6𝐾m5

𝑇W + 𝑇5). 
(5.3) 

 

A complete description and derivation of this test can be found in Pettitt (1979). 

We also used the Student’s t-test (Wilks, 2011) for testing the significance of the 

difference plots. It should be noted that we applied a logarithmic transformation to the 

rainfall data prior to applying Student’s t-test since rainfall does not follow a normal 

distribution. 
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In generating the TC track density, the TC track data were interpolated onto a 5° × 

5° grid boxes (Cinco et al., 2016). The same TC within a grid box is only counted once. 

Then, we derived the accumulated TC tracks in each grid box and divided it by the total 

number of years (i.e., 15 years in each epoch) to get the TC frequency in each year. 

 

5.3. Results 

5.3.1. Changes in rainfall 

Figures 5.2a and b show the smoothed pentad-mean rainfall distribution averaged 

across the seven PAGASA stations, as shown in Figure 5.1, and CMAP dataset 

extracted from the nearest five grid (red triangles in Figure 5.1) points to the PAGASA 

station location from 1979 to 2008, respectively. Climatologically, the rainy season 

over the western coast of the Philippines starts in mid-May and lasts until September 

(Akasaka, 2010). The peak of the PSM usually occurs between P41 and P49 (20 July–

2 September) based on Wang and Lin (2002), which is concurrent with the peak of the 

western North Pacific monsoon (WNPM) (Murakami and Matsumoto, 1994; Wang, 

1995; Wang and Lin, 2002). Using the rainfall data from the period 1961–2000 and 

from the 39 synoptic stations across the Philippines, Akasaka (2010) found that the 

climatological onset date of the PSM is around P29 (May 21–May 25). The onset 

pentad is indicated by the vertical line in Figures 5.2a and b. The CMAP rainfall dataset 

was able to capture the changes in rainfall structure although the values are 

underestimated in most of the pentads. In particular, the CMAP dataset was not able to 

capture the rainfall above 35 mm day−1 despite the high correlation (0.88) between the 

two datasets (not shown). Such a difference in magnitude of rainfall can be attributed 

to the coarse resolution of the CMAP dataset (e.g., Matsuyama et al., 2002). An obvious 
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increase in rainfall above 5 mm day−1 between P25 and P29 after the mid-1990s can be 

seen in Figures 5.2a and b. This result is consistent with a recent study by Kubota et al. 

(2017), who also found a tendency for more rainfall occurrence in May after the mid-

1990s. A decrease in rainfall occurrence above 25 mm day−1 (10 mm day−1) can also 

be seen between P46 to P50 (14 August to 7 September) in the PAGASA (CMAP) 

dataset. 

Figures 5.3a and b shows the smoothed rainfall time series between the two epochs 

and their difference, respectively, using the PAGASA dataset. It is worth mentioning 

that similar features were observed in the CMAP dataset (not shown). We found seven 

periods with significant rainfall differences (P28–P31, P33–P36, P38–P39, P43–P44, 

P45–P50, P52–P54, and P59–P60) above the 95 % confidence level, as indicated by 

the shaded pentads in Figure 5.3a. For instance, an obvious increase in rainfall from 

P28 to P31 (16 May–4 June) can be seen in Figures 5.3a and b with a peak around P30 

(26 May–30 May). The average daily rainfall for P28–P31 in ES1 is about 8 mm day−1 

(7 mm day−1), while that in ES2 is about 12 mm day−1 (13 mm day−1) using the 

PAGASA (CMAP) dataset. The difference in rainfall between the two epochs is 

statistically significant above the 95 % confidence level using the Student’s t-test in 

both datasets. The increase in rainfall in May is followed by a decrease in rainfall from 

P33 to P36 (10 June–29 June). The same features were observed by Kajikawa et al. 

(2012), where areas with increasing rainfall in May experience a decreasing rainfall in 

June (see their Figure 1b) especially over the SCS. They attributed this to the slowing 

down of the northward propagation of the first ISV. The average daily rainfall for P33–

P36 in ES1 is about 16 mm day−1 (13 mm day−1), while that in ES2 is about 10 mm 

day−1 (9 mm day−1) using the PAGASA (CMAP) dataset. The difference in rainfall is 

also significantly above the 95 % confidence level in both datasets. The decrease in 
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rainfall from early to late June is followed by a sharp increase in rainfall from P38 to 

P39 (5 July–14 July) in ES2. Climatologically, there is a simultaneous break (grand 

break) between the Indian summer monsoon (ISM), East Asian summer monsoon 

(EASM), and the WNPM during this period (Wang and Xu, 1997) from P36 to P39. 

This break appears shorter in ES2. Additionally, the sharp increase in rainfall from P38 

to P39 in ES2 is not significant in the CMAP dataset. An increase in rainfall from P41 

to P44 can also be seen in Figures 5.3a and b. However, only the increase in rainfall 

from P43 to P44 (30 July–8 August) is statistically significant at the 99 % confidence 

level using the PAGASA dataset. A decrease in rainfall from P45 to P50 is apparent in 

ES2, which is statistically significant at the 99 % confidence level in both datasets. The 

average daily rainfall for P45–P50 in ES1 is about 22 mm day−1 (15 mm day−1), while 

that in ES2 is about 16 mm day−1 (10 mm day−1) using the PAGASA (CMAP) dataset. 

The peak of the summer monsoon in ES1 appears to be shifted earlier in ES2 

(Figure 5.3a). To verify this, we estimated the annual rainfall peak using the sum of the 

first four Fourier harmonics of the pentad-mean rainfall time series (i.e., a smoothed 

time series) in each year. The first four Fourier harmonics represent the slowly-varying 

component of rainfall (i.e., low-frequency oscillations with periods longer than 90 days; 

Wang and Xu, 1997). As a test case, Figure 5.4a shows the pentad-mean rainfall time 

series during 1992 (black line) and the sum of the first four Fourier harmonics (blue 

line). The annual peak can then be estimated as the pentad when the smoothed series 

attains its maximum. During 1992, the annual peak occurred at P48. The time series of 

annual peaks from 1979 to 2008 using the method above is shown in Figure 5.4b. There 

are no significant shifts in the annual peaks of rainfall using the Pettitt test. In fact, the 

average rainfall peak for both epochs is around P44. This result suggests that the 

decrease in rainfall during P45–P50 is not related to the shifting of the rainfall peak. A 
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significant increase in rainfall (above the 95 % confidence level) from P52 to P54 (13 

September–27 September) follows the decrease in rainfall during P45–P50 in ES2. This 

increase in rainfall is only significant in the PAGASA dataset. The last period with a 

significant rainfall difference occurs from P59 to P60 (18 October–27 October), which 

features a decrease in rainfall in ES2. The rainfall difference is significant at the 99 % 

confidence level in both datasets. According to Wang and Xu (1997), the last wet spell 

of the WNPM and PSM usually occurs during this period. 

To confirm whether the change point significantly occurred around 1993/1994, we 

performed the Pettitt test on the smoothed average rainfall time series between the 

seven periods. The calculated change points are summarized in Table 5.1. Although 

there is a clear tendency for increased precipitation from P28 to P31 after 1994 (Figure 

5.2), the climate shift was found around 1995/1996 in the PAGASA dataset and no 

significant change point can be detected in the CMAP dataset. These results are still 

consistent with the earlier results of Kajikawa et al. (2012) (see their Figure 1a) using 

the CMAP data. The climate shift after 1994 cannot be detected in the CMAP dataset 

because it underestimates the rainfall in ES2. The climate shift for P33–P36 occurred 

around 1993/1994 and 1992/1993 in the PAGASA and CMAP datasets, respectively. 

This climate shift is significant at 95 % confidence level. Furthermore, the climate shift 

during P38–P39 was detected around 1998/1999 in both sets. However, only the shift 

in the PAGASA dataset is significant at the 95 % confidence level. Additionally, a 

significant climate shift during P45–P50 was also detected around 1993/1994 in both 

datasets, while the climate shift during P59–P60 was detected around 1999/2000. Only 

the periods P45–P50 and P59–P60 show a robust climate shift (i.e., similar change 

points in the two rainfall datasets) from the mid to late 1990s, respectively. In the 

succeeding sections, we mainly focus the discussion on the climate shift from P45 to 
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P50, since the changes in other periods are not robust or occurred later (1999/2000; 

e.g., P59–P60). Furthermore, P45–P50 coincides with the mature phase of the PSM. 

Thus, its relative importance outweighs the other periods. We checked and confirmed 

that the decrease in rainfall from P45 to P50 in ES2 is present at all seven PAGASA 

stations. Thus, taking the averaged time series across the seven stations can reasonably 

represent the observed trends over the west coast of the Philippines.  

We also performed a running Student’s t-test with varying time windows following 

the methodology of Choi et al. (2017) to check the robustness of the change points in 

Table 5.1. A significant change point corresponds to the year with the largest absolute 

t-statistic value exceeding a certain level of significance and should be the same for the 

different time windows. We found that the change points detected by the running 

Student’s t-test (Yin et al., 2015; Choi et al., 2017; Wang et al., 2018) are consistent 

with the results from the Pettitt test, which suggests that the change points in Table 5.1 

are robust. Only the period P28–P31 shows an unclear change point in the running 

Student’s t-test because the different time windows resulted in different maximum t-

statistics. The change point during this period is also insignificant using the Pettitt test. 

Nonetheless, the focus of the study is the P45–P50 period and we obtained the same 

change points for both the CMAP and PAGASA datasets. 

To further depict the large-scale change in rainfall, we illustrate the epochal 

difference (ES2 minus ES1) in CMAP rainfall during P45–P50 in Figure 5.5. A 

significant decrease in rainfall can be seen over the eastern Indochina Peninsula, the 

Korean Peninsula, Luzon Island, and some parts of Visayan Islands (121–127.5°E; 8–

12.5°N) in the Philippines. In contrast, a significant increase in rainfall can be depicted 

over southeastern China along 25–30°N and Mindanao Island (121–127.5°E; 5–8°N). 
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The possible mechanisms for the changes in rainfall will be discussed further in the 

succeeding section. 

5.3.2. Possible influencing factors 

In this section, we investigate the possible causes leading to the abrupt shift in the 

rainfall during P45–P50. 

5.3.2.1. Changes in moisture transport 

Moisture transported from the Indian Ocean by the monsoon winds are essential 

for the formation of rainfall over the Asian monsoon region (Okada and Yamazaki, 

2012; Nguyen-Le et al., 2016). Thus, we examined first the possible contribution of the 

changes in the vertically integrated moisture flux (VIMF) and vertically integrated 

moisture flux divergence (VIMFD) to the changes in rainfall. The VIMFD is calculated 

as:  

𝑉𝐼𝑀𝐹𝐷 = 	∇ ⋅ ∫ 𝑞;���
;�

-
�
𝑑𝑝, where Ps, P300, q, g, and V are the pressure at the surface 

(mb), the pressure at 300 hPa (mb), specific humidity (g g-1), gravitational acceleration 

constant (9.8 m s−2), and wind vectors (m s-1), respectively. 

Figure 5.6 shows the time series of area-averaged VIMFD over Luzon Island 

(117.5–122.5°E; 10–20°N). The average VIMFD in ES1 is about −3´10-4 kg m−2 s−1, 

while that in ES2 is about −1´10-4 kg m−2 s−1. The epochal difference is statistically 

significant at the 99 % confidence level by Student’s t-test. This result indicates that 

the reduction of rainfall in ES2 over Luzon Island can be associated with the weakening 

of the eastward moisture transport (or moisture convergence) by the summer monsoon. 
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To further clarify the changes in the moisture transport between the two epochs, 

we illustrate the spatial patterns of VIMF and VIMFD including their epochal difference 

in Figure 5.7. The most remarkable feature is the increase of VIMFD over the 

Philippines in ES2 (Figure 5.7b). In particular, the moisture flux convergence (i.e., 

negative VIMFD), which is centered around 112°E, 20°N and stretches over the western 

coast the Philippines in ES1 (Figure 5.7a), weakens in ES2. Additionally, a northwest–

southeast tilted moisture flux convergence, which corresponds to the monsoon trough, 

near Taiwan that stretches around 115°E, 25°N to the equatorial WNP (around 150°E, 

5°N) can be seen in ES1. In contrast, the monsoon trough appears more southward and 

stretches from 125°E, 15°N to the equatorial WNP in ES2. The VIMF also appears to 

bifurcate to southwesterly and westerly direction over the Luzon Island in ES2. This 

bifurcation leads to the strengthening of VIMFD over the Luzon Island. On the other 

hand, the VIMF in ES1 is southwesterly over the Philippines and extends eastward up 

to 140°E along 15°N. These results imply that the monsoon trough near the Philippines 

has weakened in ES2.  

What causes this bifurcation in the moisture flux in ES2? We illustrate the 850 hPa 

HGT (HGT850hPa) in Figures 5.7a and b (blue contours) since the wind vectors generally 

follow the HGT contours. It turns out that the western ridge of the WNPSH has 

extended further westward during ES2. In particular, the 1, 490-m contour line is 

located near 120°E in ES2 and crosses the Korean Peninsula. In ES1, this contour line 

is located near 130°E. Additionally, the 1, 500-m contour line, which is located along 

9°N and crosses the northern part of Mindanao Island in ES1, has shifted northwards 

along the Visayan Islands in ES2. In general, the bifurcation of VIMF appears to result 

from the westward extension of the WNPSH. 
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We also check the epochal difference in relative vorticity at 850 hPa to confirm the 

weakening of the monsoon trough (Figure 5.8a) and found significant negative low-

level relative vorticity difference (anticyclonic circulation) over the SCS and northeast 

of the Philippines. The epochal difference in the VIMFD in Figure 5.7c also shows 

significant divergence over the SCS including the western coast and the northeast of 

the Philippines along 20°N, which indicates a weakening of monsoon 

westerly/southwesterly winds. To confirm this, we also checked the epochal difference 

in zonal winds at 850 hPa (U850hPa; Figure 5.8b) and found an apparent decrease 

between 10 and 20°N, with a significant change over the SCS and eastern Indochina 

Peninsula. The epochal difference in HGT850hPa in Figure 5.7c shows significant 

positive difference along 10–30°N, which indicates the strengthening of the WNPSH.  

5.3.2.2. Changes in tropical cyclone activity 

The rainfall peak from August to September in the PSM is usually attributed to TC 

activity and TC-monsoon interaction (e.g., Cinco et al., 2016; see their Figure 4). Thus, 

the apparent weakening of rainfall from P45 to P50 might be related to the changes in 

the TC activity (i.e., changes in TC tracks, genesis location, occurrence frequency, etc.). 

An earlier study by Kubota and Wang (2009) found that the TC-induced rainfall 

accounts for about 30–50 % of the total rainfall during the TC season (July to October) 

in stations located over the eastern coast and the northern Philippines (see their Table 

2), while that over the western coast of the Philippines accounts for about 40 % (e.g., 

Bagtasa, 2017; see his Figure 5c). Aside from landfalling TCs, non-landfalling TCs 

also contribute to the rainfall over the western coast of the country by enhancing the 

prevailing summer monsoon system (Cayanan et al., 2011; Kubota et al., 2017). 

Therefore, in this section, we examine the changes in the TC activity. 
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Figure 5.9 shows the TC tracks, passage frequency over a 5° × 5° grid, and the 

mean location of 500 hPa HGT (HGT500hPa) in the two epochs during P45–P50. There 

are 48 (43) TCs that entered the PAR in ES1, while there are 40 (37) TCs in ES2 using 

the JTWC (RSMC-Tokyo, Japan) dataset. A decrease in the TC activity northeast of 

Luzon Island during ES2 between 20 and 25°N can be seen in Figure 5.9b. The TC 

frequency between these latitudes is about 0.5 to 1 y−1 in E1. In contrast, an increase in 

TC frequency can be seen north of Luzon Island around 20°N and 120°E in ES2. Over 

central Luzon Island and SCS (along 15°N), the TC frequency decreased from 0.3 y−1 

to 0.1 y−1 in ES2 (Figure 5.9b). Furthermore, no TC occurrence can be depicted over 

the Visayan and Mindanao Islands in ES2 along 10°N. The TC tracks in Figures 5.9c 

and d show that less TCs made landfall over the Philippines in ES2. There is also a 

northwestward shift in the genesis location and fewer northeastward recurving TCs in 

ES2 compared with ES1. The changes in the TC tracks are consistent with a recent 

study by He et al. (2015), who found a decrease in northeastward recurving TCs 

towards Japan and increase in TC frequency over southeastern China and the Okinawa 

region during July to October in the late 1990s. The TC tracks in ES2 also appears to 

be similar to the TC tracks during La Niña years (e.g., see Figure 2d of Fudeyasu et al., 

2006). Earlier studies such as Saunders et al. (2000) and Zhang et al. (2012) found a 

significant increase in the number of landfalling TCs over the Philippines during the 

peak of La Niña years because of the shift in the mean genesis location. However, this 

is not the case in the observed TC tracks in ES2. The changes in the tracks might also 

be related to the changes in the steering flow pattern. Previous studies such as Choi et 

al. (2010), Hirata and Kawamura (2014), and Yang et al. (2015) have shown that the 

steering flow of TCs is highly influenced by the western ridge of the WNPSH. Thus, 

we illustrate the location of the WNPSH as represented by the 5870-m HGT500hPa 
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(dashed contour line) in Figures 5.9c and d. The 5, 870-m contour line expands further 

westward near 90°E in ES2, whereas its western ridge is located near 125°E in ES1. 

The westward extension of the WNPSH in ES2 reduced the number of recurving TCs 

towards Japan and allowed more northwestward moving TCs towards southeastern 

China. Additionally, the increase in TC frequency north of Luzon Island between 18 

and 20°N in ES2 can be attributed to this change in the location of the western ridge of 

the WNPSH. It is worth mentioning that we observed the same features in the tracks 

and genesis location using the RSMC-Tokyo dataset, which highlights the consistency 

of these results. 

To quantify the rainfall contribution of TCs to the climate shift during P45–P50, 

we derived the total TC-induced rainfall (PTC) following the estimation method by 

Kubota and Wang (2009) and Bagtasa (2017). In these studies, the TC rainfall rate is 

expressed as a function of the distance of each station to the TC center from the 6-

hourly best track data. They classified the rainfall as PTC when the distance between the 

station and the TC center is less than or equal to 10° (~1000–1100 km). We interpolated 

the daily rainfall data into six-hourly data in each station to match the best track data 

by dividing the daily rainfall into 6-hourly intervals. We derived the accumulated PTC 

during P45–P50 in each station and for each epoch. The remaining rainfall other than 

PTC was classified as PNOTC. The results are summarized in Table 5.2. The accumulated 

rainfall (PTOTAL) averaged across the seven PAGASA stations during the entire period 

(1979–2008) is 558 mm, about 46 % of which (256 mm) comes from PTC using the 

JTWC dataset and 54 % comes from PNOTC. The average PTC in ES1 is about 352 mm 

(~54 % of 651 mm) and decreased to about 160 mm (~35 % of 464 mm) during ES2. 

The difference between the two epochs is significant at the 95 % confidence level by 
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Student’s t-test. These results clearly indicate that the decrease in rainfall during ES2 

can be partly attributed to the decrease in TC activity. 

The changes in the TC activity in the vicinity of the Philippines raises some 

important issues: (1) there are fewer TCs that made landfall over the Philippines in ES2 

than in ES1; and (2) no TC was formed over the western coast of the Philippines in ES2 

compared with ES1. To clarify these issues, we examined the changes in the 500 hPa 

ω, 700 hPa RHUM, and vertical zonal wind shear (U200hPa minus U850hPa) that are 

essential for the formation of TCs (He et al., 2015; Ha and Zhong, 2015) in Figure 5.10. 

The changes in the 500 hPa ω (Figure 5.10a) and 700 hPa RHUM (Figure 5.10b) 

are largely consistent with the changes in rainfall in Figure 5.5. For instance, the 

epochal difference in the ω features significant mid-tropospheric descent (subsidence) 

over the Philippines and ascent over southeastern China. A significant mid-tropospheric 

descent can also be depicted near 160°E. However, the rainfall change over this 

longitude is not significant. The subsidence over the Philippines is accompanied by a 

decrease in RHUM, as shown in Figure 5.10b. On the other hand, a significant increase 

in RHUM can be depicted over mainland Japan, which resembles a negative Pacific-

Japan (PJ) pattern (Kubota et al., 2016). Huang and Sun (1992) and Zhou and Cui 

(2008) suggested that the weakened convection over the Philippines leads to a 

southward shifting of the WNPSH, which induces a negative PJ pattern (Nguyen-Le 

and Matsumoto, 2014; Kubota et al., 2016). On the other hand, an apparent increase in 

the vertical zonal wind shear (Figure 5.10c) can be seen along 10–20°N west of 140°E, 

which is also unfavorable for TC activity (He et al., 2015). 

Several studies suggest that an anticyclonic circulation over the WNP inhibits the 

development of TCs (Zhou and Cui, 2008; Du et al., 2011; Wang et al., 2013). Kubota 
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and Wang (2009) also noted that an anticyclonic circulation located over the Philippine 

sea causes the TC-induced rainfall to be shifted further eastward, which leads to a 

decrease in the total rainfall of the Philippines. To confirm whether the synoptic-scale 

disturbances changed in the vicinity of the Philippines, we derived the perturbation 

kinetic energy (PKE) of the low-level winds (Figure 5.10d). The PKE can be used to 

depict synoptic-scale disturbances including those disturbances weaker than TCs such 

as residual lows and frontal activities in mid-latitudes (Maloney and Dickinson, 2003; 

Takahashi and Yasunari, 2006; Kim et al., 2012). The PKE can be calculated using the 

formula: 𝑃𝐾𝐸 = (𝑢D5 + 𝑣D5)GGGGGGGGGGGGGG/2, where u′ and v′ are the perturbations obtained by 

subtracting an 11-day running mean to the daily U850hPa and V850hPa wind components, 

respectively, while the overbar denotes the epochal mean of the daily PKE values. 

There is an apparent decrease in PKE over Luzon Island along 10–18°N with stronger 

change over the Philippine Sea near 140°E. This result suggests that the low-level 

divergence and subsidence in the vicinity of the Philippines inhibits the formation of 

synoptic-scale disturbances. In general, the changes in the ambient environmental 

conditions became unfavorable for TC development and other synoptic-scale 

disturbances in the vicinity of the Philippines as substantiated by the decrease in PKE. 

5.4. Summary and Discussion 

This study examined the recent interdecadal shift in the summer monsoon rainfall 

of the Philippines and investigated the associated changes in the large-scale conditions 

and TC activity. As noted earlier, many studies found a significant climate shift around 

the mid-1990s. In this study, we clarified whether such climate shift can be observed 

locally over the Philippines and examined its robustness (i.e., the same change can be 

depicted in the station and reanalysis datasets). We provided a schematic diagram to 
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summarize the interdecadal changes in the large-scale conditions and TC activity, and 

how they contribute to the decrease in rainfall over the Philippines after the mid-1990s 

(Figure 5.11). 

We found a robust interdecadal shift in rainfall in stations located over the western 

coast of the Philippines around 1993/1994 from early August to early September, which 

corresponds to the mature phase of the summer rainy season over this area. In particular, 

the average daily rainfall during 1994–2008 (ES2; ~16 mm day−1) is significantly lower 

than during 1979–1993 (ES1; ~22 mm day−1). We also found inconsistent climate shifts 

in May, June, July, and September between the rainfall data from the stations and the 

Climate Prediction Center Merged Analysis of Precipitation, which highlights the 

importance of sub-seasonal analysis in decadal-to-interdecadal climate change studies. 

Since this decreasing period corresponds to the peak rainy season of the country, this 

may partly explain the recent rainfall decrease in the Philippines (Cruz et al., 2013). 

We examined the plausible role of the changes in the moisture transport and TC 

activity in suppressing the rainfall during ES2. The results show enhanced low-level 

moisture flux divergence over the Philippines, which is accompanied by weak monsoon 

westerlies and less moisture transport. On the other hand, the TC frequency (e.g., less 

TC landfall and formation) has decreased over the Philippines in ES2. These changes 

can be attributed to the unfavorable background conditions for synoptic-scale 

disturbances induced by a mid-tropospheric descent, enhanced vertical zonal wind 

shear, and decreased low-level relative humidity in the vicinity of the Philippines. This 

is further substantiated by the decrease in the perturbation kinetic energy, which can 

represent synoptic-scale disturbances other than TCs. We also found that the averaged 

TC contribution has significantly decreased by about 20 % in ES2. The steering flow 

of TCs, which is highly influenced by the western ridge of the WNPSH, has also 
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changed in ES2. In particular, the WNPSH has extended further westward in ES2 that 

led to more landfalling TCs over southeastern China and northern Luzon Island. 

Additionally, the number of recurving TCs towards Japan has decreased in ES2. 

Some studies have shown a La Niña-like SST change over the tropical Indo-Pacific 

region in the recent decade, with cooling over the central eastern Pacific and warming 

over the western Pacific including the SCS and the equatorial Indian Ocean (Nguyen-

Le and Matsumoto, 2016; Kobayashi et al., 2015; He et al., 2015; Choi et al., 2017; 

Zhang and Karnauskas, 2017; Xu and Lu, 2018). It has been suggested that the warming 

of the Indian Ocean can induce a lower-level anticyclonic circulation (low-level 

divergence) over the SCS (Zhou and Cui, 2008; Wu et al., 2010; Du et al., 2011; Wang 

et al., 2013), which is unfavorable for the development of TCs. Du et al. (2011) 

suggested that the warming of the Indian Ocean induces a northeastward propagating 

warm Kelvin wave that promotes surface divergence and reduces rainfall over the 

WNP. On the other hand, He et al. (2015) found a significant decrease in TC activity 

(e.g., Genesis, TC frequency, etc.) over the southern WNP (105–170°E; 5–20°N), 

which they also attributed to the Indo-Pacific SST warming (see their Figure 11) after 

the late 1990s. They suggested that the cooling of SST over the central eastern Pacific 

can shift the Walker cell leading to suppressed convection around 160°E, which, in 

turn, can induce an anticyclone to the northwest through a Rossby wave response (Gill 

1980) and enhanced convection over the maritime continent. We checked the spatial 

difference of monthly SST (ES2 minus ES1) and found significant warming over the 

equatorial Indian Ocean during ES2. However, the SST warming appears throughout 

the summer season (i.e., from June to September; Figure 5.12) and the cooling of SST 

over the central eastern Pacific is not very clear and insignificant. The decrease in 

rainfall around 160°E is also not significant (Figure 5.5). It should be noted that the 
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decrease in rainfall over the Philippines is only limited from early August to early 

September in E2 and we found no significant rainfall decrease in July and September. 

Thus, the decrease in rainfall in ES2 cannot be solely explained by the changes in the 

SST. 

In this study, we speculate that the decrease in rainfall is due to the further 

westward extension of the WNPSH, which resulted in the bifurcation of moisture flux, 

weakening of the monsoon trough, and enhanced low-level divergence over the 

Philippines. As noted earlier, these changes inhibit synoptic-scale disturbances. 

Furthermore, the low-level divergence is reinforced by the anomalous upper-level 

cyclonic circulation centered around 100°E and 28°N (Figure 5.13) (Kwon et al., 2005, 

2007). Kwon et al. (2007) suggested that this upper-level cyclonic circulation is a 

barotropic response from the enhanced convection over southeastern China. They also 

suggested that the enhanced TC activity after the mid-1990s is partly responsible for 

the increase in rainfall. 

Why is the shift only remarkable from early August to early September? As we 

have noted earlier, the decrease in rainfall during E2 is associated with the westward 

extension of the WNPSH. Xiang et al. (2013) examined the variability of the WNPSH 

from 1979 to 2010 and found that the majority of strong WNPSH cases occur during 

August. They suggested a local-convection-wind-evaporation-SST (CWES) feedback 

mechanism to explain the intensification of the WNPSH. In particular, the enhanced 

rainfall over the WNP during August leads to the cooling of SST, which can induce the 

westward emanation of descending Rossby waves. These descending Rossby waves 

induce a decrease in rainfall, which, in turn, promotes low-level divergence that favors 

the intensification of the WNPSH. In addition, Xiang et al. (2013) confirmed this 

mechanism through numerical simulations with prescribed SST cooling over the WNP. 
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Some studies also found interdecadal changes in the intraseasonal variability (ISV) 

over the WNP (Kajikawa et al., 2009; Yamaura and Kajikawa, 2016), which has been 

associated with the changes in SST. For example, Kajikawa et al. (2009) found that the 

periodicity of ISV over the SCS in boreal summer became shorter during 1994–2007 

compared with 1979–1993. Additionally, Yamaura and Kajikawa (2016) found that the 

boreal summer ISO activity has been enhanced after 1998/1999 with most remarkable 

change during August to October. These two studies suggested the possible role of the 

changes in the SST over the tropical Indo-Pacific region in modifying the ISV over the 

WNP. However, how the changes in SST contribute to the interdecadal changes in the 

ISV is still unclear. Numerical simulations to quantify the contribution of the SST to 

the changes in ISV is warranted. Additionally, the impact of the changes in ISV on the 

rainfall of the Philippines will be examined in future studies. 

We also found significant climate shifts during early to late June (P33–P36) and 

during mid to late October (P59–P60) around 1993/1994 and 1999/2000, respectively. 

As noted earlier, Kajikawa et al. (2012) suggested that the decreasing rainfall trend in 

June may be related to the slowing down of the northward propagating ISV. However, 

other factors such as the role of the changes in TC activity and the large-scale 

circulation should also be considered. In addition, October corresponds to the transition 

from the summer to the winter monsoon over the Philippines. Thus, it is also interesting 

to examine the interdecadal changes in the transition period of the summer monsoon in 

future studies. Furthermore, we only found a single shift in the rainfall time series due 

to limited rainfall data. Whether this shift is permanent or will change in the future is 

another important issue to address in future studies. The performance of state-of-the-

art climate models in simulating these interdecadal variabilities is also of great interest. 
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Chapter 6. Interdecadal shifts in the winter monsoon rainfall of the 

Philippines 

6.1. 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 in understanding the decadal-

to-interdecadal variabilities of rainfall (Mantua et al., 1997; Nitta and Yamada, 1989; 

Trenberth, 1990; Wang, 2001; Inoue and Matsumoto, 2007; Kajikawa and Wang, 2012; 

Nguyen-Le and Matsumoto, 2016; Xiang and Wang, 2013). Variabilities at these time 

scales can modulate atmospheric circulations at higher frequencies (e.g., interannual) 

that have important ramifications for the predictability of rainfall (Sen Roy et al., 2003; 

Goswami, 2006). Sen Roy et al. (2003), 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 Niño-Southern Oscillation (ENSO). In addition, Wang 

et al. (2008) 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 

(2009) found that the annual number of landfalling TCs over the Philippines decreases 

(increases) during the negative phase of PDO and El Niño (La Niña) years. The phase 
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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 (Nitta and Yamada, 1989; Trenberth, 1990; Mantua et al., 1997; 

Wang and An, 2001). Numerical simulations of Wang and An (2001) 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 Niña-like sea surface 

temperature (SST) change over the Pacific basin (Kajikawa and Wang, 2012; Xiang 

and Wang, 2013; Nguyen-Le and Matsumoto, 2016). It has been suggested that this 

SST change in the mid-1990s can partially explain the advanced Asian summer 

monsoon onset (Kajikawa and Wang, 2012; Xiang and Wang, 2013) and delayed 

withdrawal of the autumn rainy season in Vietnam (Nguyen-Le and Matsumoto, 2016). 

Several studies also found interdecadal shifts in the autumn and winter rainfall in the 

recent decades over East Asia and Vietnam (Hung and Kao, 2010; Zhou and Wu, 2015; 

Nguyen-Le and Matsumoto, 2016; Choi et al., 2016; Jia and Ge, 2017). For example, 

Zhou and Wu (2015) 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 (2012) 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 
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Matsumoto (2016) found a significant interdecadal shift in the rainfall of Vietnam 

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) (Akasaka et al., 2007; Moron et al., 2009; 

Akasaka, 2010; Chen et al., 2017). Recently, a number of studies found long-term 

changes in the rainfall and temperature of the Philippines (Akasaka, 2010; Cruz et al., 

2013; Cinco et al., 2014; Villafuerte et al., 2014, 2015; Cinco et al., 2016; Bagtasa, 

2017; Akasaka et al., 2018). For example, Cruz et al. (2013) 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. (2015) but for the January to March season, while Cinco 

et al. (2014) found a warming tendency in the annual mean and daily minimum 

temperatures across the country. Bagtasa (2017) found increasing annual trends in the 

tropical cyclone (TC)-induced rainfall since the year 2000. Olaguera et al. (2018a) 

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 1994-2008 promotes lower level 

divergence in the vicinity of the country, which is unfavorable for synoptic-scale 

disturbances. 
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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 (Akasaka, 2010; Cruz et al., 2013; Cinco et al., 2014; Villafuerte 

et al., 2014, 2015; Cinco et al., 2016; Bagtasa, 2017; Akasaka et al., 2018; 

Olaguera et al., 2018a), the variability of the winter monsoon rainfall has 

received less attention. According to Asuncion and Jose (1980), the winter 

monsoon accounts for about 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 monsoon is equally important with that from 

the summer monsoon. Thus, this study is part of our ongoing endeavor to fill 

this research gap. 

(2) Previous studies such as Cruz et al. (2013) and Villafuerte et al. (2014) focused 

on the changes in the annual and seasonal mean of rainfall and temperature. 

However, it is known that rainfall also exhibits strong sub-seasonal variabilities 

(Inoue and Matsumoto, 2007; Olaguera et al., 2018a). For example, Olaguera 

et al. (2018a) 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., 2017) on the 

eastern coast of the country. This month is also the peak planting season of rice 
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and maize that are major agricultural products in the Philippines (Gerpacio et 

al., 2004). 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 6.2. Section 6.3 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 6.4. 

6.2. Data Sources and Methodology 

6.2.1. Data Sources 

In this study, we utilized the following datasets: 

(1) 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 6.1. Because of the heterogeneous topography and strong 

monsoon influence, the climate of the Philippines has been originally divided 

into four climate types (Coronas, 1920; Kintanar, 1984). The first climate 

classification of the country was done by Coronas (1920) 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 
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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 (1984) 

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 (1920). 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. (2017) 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 6.1. 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 6.2. 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 6.2a. The rainy season of 

stations that belong to climate Type II (blue circles) starts around October and 

lasts until February, as shown in Figure 6.2b, 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 6.2c. Based on this three-climate type classification, Tacloban 

station belongs to climate Type II. However, based on the Kintanar’s (1984) 

climate classification, this station belongs to climate Type IV (i.e., stations 
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with no pronounced rainfall peak and rainfall is more 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. (2017) 

instead of the Kintanar’s (1984) 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° ´ 1.25° grid resolution (JRA55) (Kobayashi et al., 2015).  

(3) TC best track data from the Joint Typhoon Warning Center (JTWC). We only 

considered the TC that entered the Philippine Area of Responsibility (PAR; 

115-135°E and 5-25°N) and above the tropical storm categories (TS; 

maximum wind speed is above 17.5 m s-1). 

(4) Monthly SST with 1° ´ 1° grid resolution from the Hadley Center Global Sea 

Ice Sea Surface Temperature data version 1.1 (HadISST1) (Rayner et al., 

2003). 

6.2.2. Methodology 

In this study, we used the moving Student’s t-test (Yin et al., 2015; Choi et al., 

2016; Wang et al., 2018) 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) 
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method proposed by Matteson and James (2014) 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 (2014). 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 Student’s t-

test (Efron and Tibshirani, 1993) in estimating the significance of the difference in the 

rainfall means. For the other variables, we used an ordinary Student’s t-test. 

In generating the TC frequency plot in each epoch, we counted the same TC (i.e., 

similar identification number) in each 5° ´ 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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6.3. Results 

6.3.1. Shifts in rainfall 

Figure 6.3 shows the average monthly rainfall time series of climate Type II 

stations, as shown in Figure 6.1, 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 (Kubota et al., 2017) 

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 6.3b, 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 6.4. In contrast, the 

shift around 1976/1977 is not remarkable in other winter monsoon months, as shown 

in Figures 6.3a, c, d, and e. To confirm this, we also performed the running Student’s 

t-test in these months and the results are also illustrated in Figure 6.4. There are no 

significant change points detected during November, January, and February. During 

March, however, a change point exceeding the 95 % 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, EW1), 1977-1992 (hereafter, EW2), and 1993-2008 (hereafter, EW3). To 
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confirm the robustness of these shifts, we also examined the epochal differences in 

other stations across the country. 

Figure 6.5 shows the interpolated epochal difference in rainfall from EW1 to EW2 

(EW2 minus EW1), as shown in Figure 6.5a, and from EW2 to EW3 (EW3 minus 

EW2), as shown in Figure 6.5b. A decrease in rainfall can be depicted over the 

Philippines except in central Mindanao Island from EW1 to EW2, as shown in Figure 

6.5a, 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 EW2 and EW3 and the significant difference can be depicted in 23 stations, as 

shown in Figure 6.5b. 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 (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–1). Baguio station, on the other hand, 

shows a robust signal since it is in an elevated location (~1, 500 m). All of the 13 

stations with a significant decrease in rainfall from EW1 to EW2 show a significant 

increase in rainfall from EW2 to EW3, as shown by the stars with red outlines in Figure 

6.5. 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 6.3b 

(not shown). Thus, in the succeeding sections, we only use these 13 stations in the 

regional analysis. The average rainfall amounts across these stations during EW1, EW2, 
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and EW3 are 10.7, 6.2, and 11.8 mm day-1, respectively. The corresponding variances 

are 27.5, 4.1, and 35.4 mm2 day-2 during EW1, EW2, and EW3, respectively. The 

difference in rainfall between EW1 and EW2 (EW2 and EW3) is significant at the 95 

% (99 %) confidence level by bootstrapping, while the differences in the variances 

between EW1 and EW2 as well as EW2 and EW3 are both significant at the 99 % 

confidence level by F-test. 

6.3.2. 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. 

6.3.2.1. Changes in the low-level winds 

In the climatological mean sense, northeasterly to easterly winds (trades) are 

apparent between 5-20°N during December (Matsumoto, 1992; Chang et al., 2005; 

Hattori et al., 2011). Thus, we first compare the epochal means of 850 hPa winds 

(WINDS850hPa) and HGT850hPa in Figure 6.6. During EW1, as shown in Figure 6.6a, 

strong low-level easterlies (~12 m s-1) can be seen east of 125°E (along 10-20°N). 

During EW2, as shown in Figure 6.6b, however, the low-level easterlies weaken (~8 m 

s-1). In addition, northeasterlies appear to dominate over the eastern coast of the 

Philippines in EW2 compared with EW1. This is partly induced by the eastward 

extension of the 1, 530-m HGT850hPa near 135°E. Another important feature is the 

weakening of the equatorial trough as indicated by the 1, 500-m HGT850hPa, which is 

located further south below 10°N in the same epoch. During EW3, as shown in Figure 

6.6c, on the other hand, the low-level easterlies intensify and reach some parts of Luzon 
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Island, which is consistent with Nguyen-Le and Matsumoto (2016). 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 Niño (La Niña) 

conditions. A similar weakening of zonal winds during the summer monsoon was 

reported by Xiang and Wang (2013; 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. 

 

6.3.2.2. Changes in moisture transport 

Previous studies have shown that the changes in rainfall are directly associated 

with the changes in moisture transport (Li et al., 2009; Hattori et al., 2011; Olaguera et 

al., 2018a). Thus, in this section, we examine the possible role of the changes in the 

vertically integrated moisture flux (VIMF) and moisture flux divergence (VIMFD). 

Figure 6.7 shows the epochal difference in VIMF and VIMFD integrated from 1000 

hPa to 300 hPa. The difference in VIMF between EW1 and EW2 (EW2 minus EW1), 

as shown in Figure 6.7a, features an anticyclonic circulation and enhanced divergence 

over the SCS along 18°N that can be associated with the increase in HGT850hPa there 

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. An anticyclonic circulation over the SCS may inhibit synoptic-scale 

disturbances and meander the TC tracks from the western North Pacific (WNP) (Kubota 

and Wang, 2009; Wang et al., 2013; Olaguera et al., 2018a). Another remarkable 

feature in Figure 6.7a is the enhanced cyclonic circulation centered around 122°E, 5°N. 

This cyclonic circulation is part of the monsoon trough that progressed southwards 
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during the winter monsoon season (Chen et al., 2013, 2015a, b). 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 VIMF between EW2 and EW3 

features a cyclonic circulation and enhanced convergence (i.e., negative VIMFD) over 

the SCS and eastern coast of the Philippines above 10°N, which is consistent with 

Nguyen-Le and Matsumoto (2016), as shown in Figure 6.7b. Nguyen-Le and 

Matsumoto (2016) further suggested that the background conditions might have been 

favorable for the enhancement of moisture convergence over this area. 

6.3.2.3. Changes in tropical cyclone activity 

Tropical cyclone activity also contributes to the variability of the winter rainfall 

over the Philippines (Kubota and Wang, 2009; Bagtasa, 2017). In general, TCs 

contribute about 20 % to 50 % to the total mean annual rainfall over the eastern coast 

of the country (Kubota and Wang, 2009; Bagtasa, 2017). Cinco et al. (2016) 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 (2016) found that the number of TCs 

passing through the southern SCS increased during December from 1993 to 2006. 

Motivated by these findings, 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 6.8. The total 

number of TCs that entered the PAR are 15, 21, and 25 during EW1, EW2, and EW3, 

respectively. During EW1, as shown in Figure 6.8a, the number of TCs that made 
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landfall over the Philippines is around 0.2 to 0.3 per year. During EW2, as shown in 

Figure 6.8c, 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 EW3, as shown in Figure 6.8e, increased to about 0.4 to 0.7 per year. 

The TCs during EW2 appear to be short-lived and less TCs reach the Indochina 

Peninsula (Figure 6.8b) compared with EW1, as shown in Figure 6.8d, and EW3, as 

shown in Figure 6.8f. The genesis location of TCs in EW1 mostly occurs near 130°E 

while that in EW2 and EW3 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 6.9, and found 

that the warm SST extends further eastward near 120°W in both EW2 and EW3. In 

addition, during EW1, four TCs are generated over the SCS, while only one is generated 

during EW2. The TCs during EW2 recurves more along 130°E compared with EW1 

and EW3. Also, more TCs cross the Philippines and SCS between 10-15°N during 

EW3.  

These changes in the TC tracks might be related to the changes in the steering flow. 

Takahashi and Yasunari (2008) 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 

(WINDS600hPa and HGT600hPa) to depict the TC steering flow in Figures 6.8b, d, and f. 

The magnitude of the HGT600hPa during EW1 is lower by about 10 meters compared 

with the other epochs. This strengthening of the WNPSH after the late 1970s has been 

noted in previous studies (Yun et al., 2010). We used the 4, 405-m contour line to 

represent the WNPSH during EW1, while using the 4, 415-m contour line for EW2 and 

EW3. During EW1, as shown in Figure 6.8b, the western ridge of the WNPSH is 

located along 120°E. During EW2, as shown in Figure 6.8d, however, it appears to split 
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into two cells along 120°E. According to Wu et al. (2004; 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 EW3, as 

shown in Figure 6.8f, 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 (Takahashi and 

Yasunari, 2008; Cayanan et al., 2011; Olaguera et al., 2018a). In this study, we used 

the perturbation kinetic energy (PKE) of the low-level winds (WINDS850hPa) 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 = (𝑢D5 + 𝑣D5)GGGGGGGGGGGGGG/2, where u’ and v’ are the perturbations obtained by subtracting 

an 11-day running mean from the daily U850hPa and V850hPa, 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 (Seiki and 

Takayabu, 2007). 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 (Wu et al., 2012). 

Figure 6.10 shows the average PKE in each epoch and the corresponding epochal 

differences. During EW1, as shown in Figure 6.10a, the PKE over the western coast of 

the Philippines including the SCS is about 10-14 m2 s-2, while that over the eastern 

coast is about 16-20 m2 s-2. However, during EW2, as shown in Figure 6.10b, the PKE 
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over the western coast decreased, while the PKE over the eastern coast increased. The 

decrease in PKE between EW1 and EW2 is significant at the 95 % confidence level, as 

shown in Figure 6.10d. The changes in PKE are also consistent with the TC frequency 

change in Figure 6.8. On the other hand, during EW3, as shown in Figure 6.10c, the 

PKE increased over the western coast and decreased over the eastern coast, as shown 

in Figure 6.10e. These changes in the PKE over the SCS is consistent with Nguyen-Le 

and Matsumoto (2016), who reported an increase in the intraseasonal oscillations at 

different frequencies (e.g., 5, 12-24, and 30-60 day) during 1993-2006. 

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 (Olaguera et al., 2018a). Figure 6.11 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 200 hPa (U200hPa) and 850 hPa levels 

(U850hPa). An anomalous descent, as shown in Figure 6.11a, in the vicinity of the 

Philippines is accompanied by a decrease in RHUM, as shown in Figure 6.11c, 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 EW1 and EW2, as shown in Figure 6.11e 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 

EW2. In contrast, there is an increase in RHUM between EW2 and EW3 over the SCS 

and the Philippines, as shown in Figure 6.11b, which is accompanied by a mid-

tropospheric ascent over the same area, as shown in Figure 6.11d, and a decrease in 

vertical zonal wind shear, as shown in Figure 6.11f, west of 120°E. These results 
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suggest favorable background conditions for synoptic-scale disturbances during EW3 

(Olaguera et al., 2018a). 

6.3.2.4. Impact of sea surface temperature 

It is known that ENSO modulates the interannual variability of rainfall over the 

Philippines (Ropelewski and Halpert, 1987; Lyon et al., 2006; Kubota and Wang, 2009; 

Lyon and Camargo, 2009; Villafuerte et al., 2014). For example, Villafuerte et al. 

(2014) found that El Niño (La Niña) 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. 

Figures 6.12 shows the epochal differences in SST and 10-m winds (WINDS10m). 

The SST change between EW1 and EW2, as shown in Figure 6.12a, shows an El Niño-

like pattern or a positive phase of the PDO, which is consistent with Nitta and Yamada 

(1989). 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, 

as shown in Figure 6.12a. On the other hand, the SST change between EW2 and EW3, 

as shown in Figure 6.12b, shows a La Niña-like pattern, with cooler SST over the 

equatorial central Pacific and warmer SST over the western Pacific similar to previous 

studies (Xiang and Wang, 2013; Nguyen-Le and Matsumoto, 2016). The SST change 

over the Indian Ocean shows warming but the change is not as significantly uniform as 

that between EW1 and EW2. 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 
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of the strengthened Walker circulation over the western Pacific (Yamaura and 

Kajikawa, 2016; see their Figure 14).  

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 EW1 (10.7 mm day-1) and EW3 (11.8 

mm day-1) 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 6.12a is not exactly the reverse of Figure 6.12b, where 

warming is both observed west of 160°E. The SST difference between EW3 and EW1, 

as shown in Figure 6.12c, shows significant warmer SST over the Indian Ocean and 

western Pacific during EW3. In addition, the mean December SST during EW2 and 

EW3 are both warmer than in EW1 especially over the eastern equatorial Pacific, as 

shown in Figure 6.9. The warm SST (i.e., the 28 °C contour line) also expands further 

eastward near 120°W in the same epochs compared with EW1. As previously noted, 

the WNPSH as well as the zonal winds, are stronger during EW3 compared with EW1.  

The El Niño-like SST change over the Pacific basin may also affect TC landfalls. 

For instance, Wu et al. (2004) 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 Niño years. They suggested that the southeastward shift of the genesis 

location over the WNP and a break in the WNPSH around 130°E during El Niño 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 6.8d. Thus, the El Niño-like 

SST change over the equatorial Pacific in EW2 can partly explain the observed changes 

in the steering flow and TC tracks. 
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6.4. 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 (EW1), 1977-1992 (EW2), and 1993-2008 (EW3). The average 

rainfall and its interannual variability are significantly suppressed (enhanced) during 

EW2 (EW3). The schematic diagrams summarizing the possible mechanisms leading 

to the suppressed rainfall during EW2 and enhanced rainfall during EW3 are shown in 

Figures 6.13 and 6.14, respectively. 

The shift around 1976/1977 is probably related to the shifting of the PDO from a 

negative phase to a positive phase (Mantua and Hare, 2002; Hartmann and Wendler, 

2005; Jacques-Coper and Gerreaud, 2015; Kubota et al., 2016). The time series of the 

PDO index for December is shown in Figure 6.15a, where the shift from negative to 

positive in the late 1970s is clear. However, the shift in PDO around 1992/1993 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 Niño-like SST change over 

the equatorial central Pacific (Nitta and Yamada, 1989). As we have previously noted, 



 

 115 

the low-level easterlies (i.e., the surface branch of the Walker circulation) are weaker 

during El Niño conditions resulting in less moisture transport over the Philippines. 

Moreover, the TC frequency has decreased over the SCS in EW2 compared with 

EW1 and EW3. Liu and Chan (2013) 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 (2013) 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 EW2 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 (Wang et al., 2013). However, the SST warming over 

the Indian Ocean appears in both of the difference plots in Figure 6.12, suggesting that 

the decrease in TC activity over the SCS cannot be solely explained by the SST 

warming over the Indian Ocean. 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, which occurred during 

EW2. These changes are unfavorable for synoptic-scale disturbances, which is 

substantiated by the decrease in the perturbation kinetic energy (PKE).  

What induced these unfavorable background conditions during EW2? The 

decrease in RHUM can be partly attributed to the weakening of the low-level easterly 

winds. We also checked the changes in the U200hPa and found significant enhancement 

(weakening) of the upper-level westerlies between the equator and 30°N between EW1 
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and EW2 (not shown; EW2 and EW3). It should be noted that during El Niño 

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 EW2. In general, the unfavorable 

background conditions leading to decreased synoptic-scale disturbances over the 

Philippines are induced by the El Niño-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 EW2. 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 Niña-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 EW3 (Nguyen-Le and Matsumoto, 2016; Zhang and Karnauskas, 

2017). Using numerical simulations, Zhang and Karnauskas (2017) 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 Niña conditions, the 

Walker circulation is enhanced over the western Pacific. We also checked the epochal 

difference in the U200hPa between EW2 and EW3 and found significant upper-level 

easterlies (i.e., divergence), which can explain the weakened vertical zonal wind shear 

during EW3 (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. (2004) noted that the monsoon trough and the WNPSH shifts westward during 
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La Niña years leading to more westward/northwestward moving TCs. In other words, 

the La Niña-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 during EW2 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 Niño-like SST 

change between EW1 and EW2 (EW2 minus EW1) and a La Niña-like SST change 

between EW2 and EW3 (EW3 minus EW2). Figure 6.12b shows the time series of SST 

anomaly (SSTA) over the Niño 3.4 region (170°W-120°W, 5°S-5°N). 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 EW2 compared with the other epochs. The 

correlation between the December rainfall and the Niño 3.4 SSTA is high and significant 

above the 99 % confidence level (r= -0.5, p = 0.0008). This result suggests that the El 

Niño-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 (2009), 

who reported a significant reduction in rainfall over the entire Philippines during the 

October to December season (OND) and El Niño years. They further noted that an 

anticyclonic circulation anomaly develops over the SCS, which is accompanied by a 

weaker monsoon trough. 

Wang and He (2012) found a decreasing trend in the interannual variability of the 

EAWM during the December to February (DJF) season after the mid-1970s. They 
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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. (2008) 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. (2014) found decreasing trends in extreme rainfall events during the January to 

February (JFM) 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 (2015) (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 with its east-west counterpart (Wang and 

Chen, 2015). 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 

6.16. Thus, using the north-south index is reasonable. 
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Figure 6.17 shows the monthly time series of the EAWMI from November to 

March. The correlation of the rainfall and the EAWMI during December is significant 

above the 99 % confidence level using Student’s 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 6.17b, 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 6.17c. 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 EW2? 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 (Chang et al., 2005). Endo 

et al. (2009) 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 EW1 and 

EW2 over Siberia in Figure 6.18, suggesting a weaker Siberian High. In addition, Wang 

and Zhang (2002) 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. 



 

 120 

Why are the climate shifts only remarkable during December? Some studies 

suggested that the PDO can modulate the climate anomalies resulting from ENSO 

(Gershunov and Barnett, 1998). In particular, Gershunov and Barnett (1998) found that 

El Niño signals are stronger and more consistent during the positive phase of PDO, 

while the La Niña signals are only stronger and consistent during the negative phase of 

PDO. On the other hand, ENSO (either El Niño or La Niña) usually peaks in December 

(Tziperman et al., 1998; Ballester et al., 2016). Hence, the impact of PDO is more 

pronounced during this month. We also compared the MSLP and the WINDS850hPa 

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 EW2, as shown in Figure 6.18. During November, 

as shown in Figure 6.18a, 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 

6.18b (Wang and Zhang, 2002; Wu et al., 2017a, b). Wu et al. (2017a, b) suggested 

that these anomalous northerlies are induced by the heating anomaly over the central 

equatorial Pacific (i.e., a Rossby wave response) and advection of 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 anomaly (Wu et al., 2017a, b). According to Wu et al. (2017a, b), 

this eastward retreat of the cyclonic anomaly is modulated by the sign reversal (from 

positive to negative) of the background relative vorticity gradient. 
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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 6.18c, 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 6.18d. This, in turn, forces the anticyclonic 

circulation that is initially located northeast of the Philippines to move southwards. 

During March, as shown in Figure 6.18e, an anomalous anticyclone is prominent over 

the WNP. 

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. (2015) 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 
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phases of PDO during El Niño and La Niña years. Longer and homogenous datasets 

are needed to address this issue in future studies. 
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Chapter 7. General conclusions and outlook 

7.1. General conclusions 

This study comprehensively examined the climatology of the rainfall variability in 

the Philippines from synoptic to decadal time scales. Six main aims were addressed and 

restated as follows:  

1. To examine the different rainfall producing synoptic-scale systems and their 

climatology during the pre-summer monsoon season over the Philippines; 

2. To investigate the role of the WNPSH on the early summer monsoon break over 

Luzon Island; 

3. To investigate the role of shearlines on the winter monsoon heavy rainfall events 

over the Philippines; 

4. To detect whether the summer monsoon season of the Philippines has an 

interdecadal shift in the mid-1990s; 

5. To determine potential interdecadal shifts in rainfall during the winter monsoon 

season; 

6. To determine the possible mechanisms that are inducing these interdecadal 

shifts in rainfall during the summer and winter monsoon seasons. 

In order to address the aforementioned objectives, this dissertation first examined 

the climatology of the wet and dry conditions in the pre-summer monsoon season of 

the Philippines that are less emphasized in previous works. Using the OLR and winds 

at 925 hPa (WINDS925hPa), intermittent convective events (wet cases; Type W), which 

accounts for about 23 % of the total pre-summer monsoon days from 1979 to 2012, 
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were identified from April 1 to the monsoon onset defined by the PAGASA, the 

country’s official weather bureau. The differences between the Type W and dry cases 

(Type D) are presented. Then, the synoptic conditions associated with the Type W cases 

are sub-divided into two sub-types based on the wind conditions, the (1) westerly 

WINDS925hPa intrusion over Luzon Island (Type WW), and (2) enhanced easterly 

WINDS925hPa (Type WE). A subset of Type WE cases (Type WEDef), which features an 

eastward propagating cold front north of Luzon Island and an intensifying anticyclone 

to its west originating from the eastern Tibetan Plateau and their differences were also 

examined. These two opposing circulations interact with the WNPSH over the northern 

Pacific and the easterlies over Luzon Island, and forms a deformation zone to the north. 

The confluence region of this deformation zone (i.e., the shearline), where the cold front 

interacts with the warm and humid air brought by the easterly WINDS925hPa, lies over 

Luzon Island and contributes to the convective activities during the pre-summer 

monsoon over this region. The results also show that mid-latitude disturbances such as 

cold fronts besides the easterlies along the southern flank of the WNPSH, contribute to 

the convection during the pre-summer monsoon season over the Philippines. This is the 

first attempt to clarify such phenomenon and document the role of deformation zones 

as another synoptic-scale convective system during the pre-summer monsoon season 

of the country. 

The impact of the WNPSH on rainfall is not limited during the pre-summer 

monsoon season. We demonstrated in Chapter 3 that the WNPSH tended to intrude 

Luzon Island in early summer, which induced a monsoon break in rainfall over this 

region. The climatology of the first post-onset monsoon break was examined.  We 

found that this break is more remarkable in stations located over the northwest and 

central Luzon Island. Composite analysis of the large-scale circulation features during 
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the monsoon break period showed that the westward extension of the WNPSH induced 

unfavorable background conditions for synoptic-scale disturbances over Luzon Island. 

The westward extension of the WNPSH could have been facilitated, through a cloud-

radiation feedback process, by the enhanced rainfall and cloudiness during the onset 

period. In particular, the enhanced rainfall during the onset period leads to the cooling 

of the atmosphere, while the enhanced cloudiness leads to a decrease in the incoming 

solar radiation. These changes lead to the increase in the sea level pressure and 

subsequent decrease in rainfall around Luzon Island that favors the westward extension 

of the WNPSH. With the occurrence of the monsoon break in early summer, the 

seasonal march of the summer monsoon over the Philippines can be divided into three 

phases: (1) the monsoon onset phase, which occurs between mid to late May under the 

influence of the westerly/southwesterly winds, (2) the monsoon break phase, when 

rainfall decreases over Luzon Island in early June, and (3) the monsoon revival phase, 

when rainfall increases again due to the intrusion of monsoon westerlies over the 

Philippines. This chapter showed the complex features of the summer monsoon onset 

and the impact of the WNPSH on the local climate of the Philippines in early summer. 

The role of deformation zones, as demonstrated in Chapter 2 is more common 

during the winter monsoon season. In fact, we found that the shearlines along the axis 

of dilatation of these deformation zones induces heavy rainfall events (HRFs), 

especially over the southern Philippines. In Chapter 4, an HRF event that occurred on 

January 2017 (JAN2017), was examined first. Then, the climatology of non-TC related 

winter HRFs were examined. This is the first attempt to examine the climatological 

impact of non-TC related winter HRF events over the Philippines. We found that the 

JAN2017 HRF event was due to the interaction of the shearline and a westward 

propagating cyclonic circulation over the Mindanao Island (southern Philippines). 
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Using the flood reports archived by the Dartmouth Flood Observatory (DFO) and 

synoptic weather charts from 1979-2017, 34 non-TC related HRF events were 

identified over the Philippines, in which 25 cases (74 %) occurred over Mindanao 

Island. Focusing on these 25 cases and using composite analysis, we found a westward 

propagating cyclonic circulation anomaly over Mindanao Island (Mindanao vortex) and 

the circulation features in the composites resemble those found in the JAN2017 HRF 

event. Based on the composites, the Mindanao vortex intensified briefly over Mindanao 

Island and only progressed west/southwestward when both the southerly winds and the 

vorticity stretching weaken. This study clarified how cold fronts over the north Pacific 

together with a westward propagating tropical cyclonic vortex induced winter HRF 

events over the Philippines. 

For the interdecadal variability of rainfall, a robust interdecadal shift was identified 

in the summer monsoon rainfall of the country around the mid-1990s that is most 

remarkable from early August to early September. These findings were presented in 

Chapter 5. Moreover, the results revealed a robust interdecadal shift around 1993/1994 

from early August to early September, which corresponds to the peak summer rainy 

season over the Philippines. The average daily rainfall during 1994-2008 (ES2) was 

significantly lower than that during 1979-1993 (ES1). This decreased rainfall during 

ES2 favored the westward extension of the WNPSH, which led to the weakened 

monsoon westerlies and enhanced moisture flux divergence over the Philippines. The 

westward intrusion of the WNPSH also induced unfavorable background conditions for 

TC activity and other synoptic-scale disturbances as substantiated by the suppressed 

PKE in the vicinity of the Philippines. Using numerical simulations, Xiang et al. (2013) 

demonstrated that the enhanced rainfall around August induces the cooling of the sea 

surface temperature over the WNP, which, subsequently induces an increase in the sea 
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level pressure and enhanced low-level divergence that favors the intensification of the 

WNPSH. Therefore, this mechanism, which is referred to as the local convection-wind-

evaporation-SST (CWES) feedback, can potentially explain why the decrease in 

rainfall is most remarkable between August and September.  

Another objective of this dissertation is to identify a similar interdecadal shift in 

rainfall during the winter monsoon season of the Philippines, as presented in Chapter 

6. The robust interdecadal shifts during winter were detected around 1976/1977 and 

1992/1993. Furthermore, these shifts are most remarkable during December. The 

analysis period was carried out from 1961 to 2008 and was divided into three epochs: 

1961-1976 (EW1), 1977-1992 (EW2), and 1993-2008 (EW3). The mean rainfall and 

its interannual variability were significantly suppressed during EW2 compared with the 

two adjacent epochs. The shift around 1976/1977 is related to the PDO shift from a 

negative phase to a positive phase and featured an El Niño-like SST change of the 

Pacific basin, while the 1992/1993 shift featured a La Niña-like SST change. A weaker 

low-level easterly wind, decreased moisture transport, and decreased TC activity 

contributed in suppressing the mean rainfall during EW2. The El Niño-like SST change 

and the weakening of the East Asian winter monsoon during EW2 partly contributed in 

suppressing the interannual variability of December rainfall in the Philippines. 

Although the rainfall shift during December before 1976/1977 appears symmetric to 

the shift after 1992/1993 (i.e., reversed), some notable differences in their 

corresponding circulation features were also noted. For instance, the warming was 

observed over the Indian Ocean since the 1960’s, which is probably a manifestation of 

climate change. In addition, the WNPSH is stronger during EW3 compared with EW1. 

This enhancement of the WNPSH after the 1970s was also noted in previous studies 

(e.g., Yun et al., 2010).  
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It is interesting to note that the interdecadal shift during the peak summer monsoon 

season around 1993/1994 is almost coincident with the December shift around 

1992/1993. In addition, both summer and winter interdecadal shifts feature the 

westward shift of the WNPSH, which is a common feature of La Niña years (Wu et al., 

2004). However, the monthly epochal differences of SST from June to September, as 

shown in Figure 5.12, did not show significant cooling over the central Pacific, although 

significant warming were found over the western Pacific. A similar SST warming over 

the western Pacific were found around 1992/1993 during December, as shown in Figure 

6.12b, besides the significant cooling over the central Pacific. The westward extension 

of the WNPSH in summer induces bifurcation of the monsoon westerlies promoting 

enhanced divergence and weaker monsoon trough, not favorable for synoptic-scale 

activities and less TC landfall over the Philippines. In contrast, the westward extension 

of the WNPSH during winter facilitates stronger winter monsoon and more landfalling 

TCs over the country. 

The overall findings of this dissertations highlight the complexity of the pre-

summer, summer and winter monsoon seasons of the Philippines. While the interannual 

variability of rainfall in the country and the impact of synoptic-scale systems such as 

TCs are well documented, the impact of shearlines, which is another rainfall-producing 

synoptic-system besides the easterlies from the southern flank of the WNPSH during 

the pre-summer monsoon season, were documented for the first time. This study is also 

the first to clarify the climatological impact of shearlines in inducing HRF events during 

the winter monsoon season of the Philippines. The local impact of the WNPSH in the 

early summer monsoon season was also examined for the first time. Specifically, its 

role in inducing a monsoon break following the summer monsoon onset over the 

Philippines were investigated. The interdecadal shifts in rainfall during both the 
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summer and winter monsoon seasons and the mechanisms inducing these shifts were 

further clarified. Contrary to most previous studies that used boreal summer or winter 

mean fields in decadal-to-interdecadal climate change studies, we demonstrated that 

the shifts in the summer and winter monsoon rainfall over the Philippines are more 

robust and remarkable at the sub-seasonal scale.  

7.2. Outlook 

There are still many issues left unaddressed in this manuscript that requires further 

investigations. It was stated in Chapter 1 that this study is only limited from synoptic 

to decadal time scales. In fact, not all of the processes between these time scales were 

completely analyzed in this study. Rainfall variability occurs over a wide range of 

spatial and temporal spectrum and the inter-relationship between the scales makes it 

more complicated. For instance, the decadal-scale variabilities modulate the interannual 

variabilities, the sub-seasonal variabilities depend on the nature of the interannual-scale 

variabilities, etc. Hence, further investigations are required.  

The intermittent convective events during the pre-summer monsoon season was 

only viewed as a synoptic-scale phenomenon in Chapter 2. The contribution of the 

localized thunderstorms on the pre-summer monsoon convection have yet to be 

investigated. How the shearlines can affect the onset detection of the summer monsoon 

over the Philippines is also an interesting issue. In addition, we did not examine the 

thermodynamic aspects of the impact of shearlines on the rainfall of the Philippines. In 

particular, temporal changes in the convective instability should also be examined in 

future works. The precise controlling mechanism for the zonal displacement of the 

WNPSH in early summer is still unclear since most of the numerical simulations cannot 

correctly simulate its vertical structure. 
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 The important role of ISOs on the rainfall variability of the Philippines is also less 

emphasized in previous studies. How the ISO induces the break in early summer is an 

important question that needs to be addressed. Recently, some studies found significant 

shifts in the ISO of the summer and winter monsoon rainfall over the WNP (e.g., 

Kajikawa et al., 2009; Kajikawa and Wang, 2012; Nguyen-Le and Matsumoto, 2016; 

Yamaura and Kajikawa, 2016). For example, Kajikawa and Wang (2012) suggested the 

possible contribution of the enhanced ISO in inducing an advanced summer monsoon 

onset over the SCS after the mid-1990s. Most of these aforementioned studies linked 

these changes in the ISO with the mean state change in SST over the Pacific basin in 

the mid to late 1990s. However, what mechanism maintains the mean state change in 

SST is still unclear. The role of the changes in ISO on the interdecadal shifts found in 

this study should be explored in future studies. 

The shifting of PDO from a negative phase to a positive phase in inducing the shift 

around 1976/1977 during December is significant. However, no significant shift in the 

PDO index was found around 1992/1993, suggesting that another mechanism induces 

this shift. This should be clarified further in future studies. In addition, how the PDO 

affects the local climate of the Philippines, in general, has yet to be clarified. As noted 

in Chapter 1, Villafuerte et al. (2014) found inconclusive results regarding the impact 

of PDO on extreme rainfall in the Philippines. The availability of homogenous and 

longer historical data set is one of the major challenges in determining the precise 

mechanism on how the PDO affects the local climate of the country. Furthermore, we 

only explored the role of the changes in the dynamical aspects of the large-scale 

circulation features on the interdecadal shifts during the summer and winter monsoon 

seasons. The role of the changes in the thermodynamics (i.e., radiation, convective 

stability, etc.) on these interdecadal shifts have yet to be explored. 
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The role of extra-tropical systems such as cold surge activities in inducing the 

changes in the mean rainfall during the winter monsoon season is another interesting 

topic that requires further investigation. While several studies (e.g., Pullen et al., 2015) 

found that cold surges can induce heavy rainfall over the Philippines, most of these 

studies are based on specific cases and its climatological impact on the rainfall and 

long-term trends have yet to be examined. Moreover, it was noted in Chapter 6 that the 

interannual variability of rainfall during December was significantly reduced during 

EW2 (i.e., the variance is smaller compared with the two adjoining epochs). A closer 

inspection of the December rainfall time series, as shown in Figure 6.3b, further reveals 

that the maximum rainfall values during EW1 and EW3 are almost similar in 

magnitude. The minimum rainfall values between the three epochs are also almost 

similar in magnitude. Although we have noted some of the differences between EW1 

and EW3 in Chapter 6, it is also interesting to examine their similarities in future works. 

In particular, a comparison of the atmospheric conditions and SST during the maximum 

rainfall years between EW1 and EW3 as well as those during the minimum rainfall 

years should be performed. 

Finally, the performance of state-of-the-art numerical models in simulating these 

synoptic to decadal time scale variabilities is also of great interest. Accurately 

simulating the timing of the shifts during the summer and winter monsoon seasons has 

profound implications for the management of water resources in the country. 
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Figure 1.1. The Philippines and its topography (m) from the Global 30-Arc-Second 

elevation data set (GTOPO30). The dashed red lines demarcate the Philippine Area of 

Responsibility (PAR). The figure on the right shows the enlarged map of Luzon Island 

and its major mountain ranges. 
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Figure 2.1. Spatial distribution of Outgoing Longwave Radiation (OLR; shades; W m–

2) and winds at 925 hPa (WINDS925hPa) and 200 hPa (WINDS200hPa) (streams; m s–1) for: 

Type D (a, b); Type W (c, d); and their difference (e, f). Shaded areas in (e) and bold 

vectors in (e) and (f) indicate significant differences at the 95 % confidence level by 

Student’s t-test. The scale of the vectors in (e) and (f) are 5 and 20 m s-1, respectively. 
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Figure 2.2. Times series of area-averaged: (a) Outgoing Longwave Radiation (OLR; 

W m-2); and (b) zonal wind at 925 hPa (U925hPa; m s-1) over Luzon Island (120-122.5°E 

and 12.5-22°N) for the year 1981. The dashed blue vertical line indicates the onset of 

the summer monsoon on June 4, defined by the Philippine Atmospheric, Geophysical 

and Astronomical Services Administration (PAGASA). The four dates (month/day) 

shown in red fonts denote the four case studies discussed in Section 2.3. 
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Figure 2.3. Spatial distribution of Outgoing Longwave Radiation (OLR; shades; W 

m-2) and winds at 925 hPa (streams; m s-1) for: (a) May 1; (b) May 11; (c) May 17; and 

(d) May 24 in the year 1981. 
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Figure 2.4. Spatial distribution of the: (a) stretching deformation (STD925hPa; shades; 

´10-5 s–1); (b) shearing deformation (SHD925hPa; ´10-5 s–1); and (c) total deformation 

(TDef925hPa; ´10-5 s–1) superimposed with the winds at 925 hPa (streams; m s–1) on May 

17, 1981. 
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Figure 2.5. Surface weather charts from the Japan Meteorological Agency on: (a) 12 

UTC May 16, 1981; (b) 00 UTC May 17, 1981; and (c) 12 UTC May 17, 1981. (d) 

Averaged daily meridional equivalent potential temperature gradient at 925 hPa 

(qe925hPa; shades; ´10-5 K m–1) and winds at 925 hPa (WINDS925hPa; streams; m s–1). 
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Figure 2.6. Spatial distribution of Outgoing Longwave Radiation (OLR; shades; W m–

2) and winds at 925 hPa (WINDS925hPa) and 200 hPa (WINDS200hPa) (streams; m s–1) for: 

Type WW (a, b); Type WE (c, d); and Type WED (e, f). 
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Figure 2.7. Composites of Outgoing Longwave Radiation (OLR; shades; W m–2) and 

winds at 925 hPa (streams; m s–1) for: (a) Lag –3; (b) Lag –2; (c) Lag –1; (d) Lag 0; (e) 

Lag +1; (f) Lag +2; and (g) Lag +3. The cyclonic and anticyclonic circulations, and 

deformation zone are denoted as “C”, “A”, and “D”, respectively. 
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Figure 2.8. As in Fig.2.7 but for the vertically integrated moisture flux (streams; ´10-4 

kg m–1 s–1) and its convergence (shades; ´10-4 kg m–2 s–1). 
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Figure 2.9. Surface weather chart from the Japan Meteorological Agency on 12 UTC 

May 13, 2006. (b) As in (a) but for the daily averaged Outgoing Longwave Radiation 

(OLR; shades; W m–2) and winds at 925 hPa (WINDS925hPa; streams; m s–1). (c) As in 

(b) but for the meridional equivalent potential temperature gradient at 925 hPa (qe925hPa; 

shades; ´10-5 K m–1). (d) As in (b) but for the total deformation at 925 hPa (TDef925hPa; 

shades; ´10-5 

 s–1). 
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Figure 3.1. Location of the 16 meteorological stations from the Philippine 

Atmospheric, Geophysical and Astronomical Services Administration (PAGASA) and 

the topography of the Philippines. The open circles are the stations used by PAGASA 

in their operational onset, while the stars are the three additional stations used for 

discussion in this study. The black crosses indicate the seven stations used for the 

monsoon break detection. 
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Figure 3.2. Annual variations of daily rainfall climatology (1998-2012) for: (a) Basco; 

(b) Vigan; (c) Laoag; (d) Baguio; (e) Cabanatuan; (f) Dagupan; (g) Science Garden; 

and (h) Coron. The red solid line represents the smoothed curve obtained by adding the 

first 18 Fourier harmonics of the daily rainfall time series. 
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Figure 3.3. Spatial distribution of the lag composites of TRMM rainfall (mm day–1; 

shaded), 850 hPa HGT (HGT850hPa; m; contours), and 850 hPa winds (WINDS850hPa; m 

s–1; vectors) for: (a) Lag -20; (b) Lag -12; (c) Lag -5; (d) Lag 0; (e) Lag +5; (f) Lag 

+7; (g) Lag +12; and (h) Lag +18. The scale of the wind vectors is 5 m s–1. The contour 

interval of the HGT850hPa is 5 m between 1, 500 and 1, 520 m. 
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Figure 3.4. As in Fig. 3.3 but for the 200 hPa winds (WINDS200hPa; vectors; m s-1) and 

200 hPa geopotential height (HGT200hPa) only. The scale of the wind vectors is 20 m 

s-1. The contour interval of the HGT200hPa is 10 m, between 12, 470 and 12, 500 m. 
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Figure 3.5. As in Fig. 3.3 but for the 500 hPa vertical velocity (´10-2 Pa s-1). The 

contour interval is 2´10-2 Pa s-1. 
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Figure 3.6. Time series of: (a) vertically integrated moisture flux convergence 

(VIMFC; orange line; ´10-6 kg m-2 s-1) and zonal wind at 850 hPa (U850hPa; green line; 

m s-1) over Luzon Island (120-122.5°E., 12.5-22°N). (b) As in (a) but for the 

geopotential height (HGT850hPa; blue lines; m) and vertical zonal wind shear (USHEAR; 

U200hPa minus U850hPa; red line; m s-1). The solid horizontal line in (a) indicates the 0 

VIMFC and U850hPa. The solid horizontal line in (b) indicates the 1, 500-m HGT850hPa 

and 0 USHEAR. Shaded lag days indicate the monsoon break period. 
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Figure 3.7. (a) As in Fig. 3.6a but for the perturbation kinetic energy (PKE; m2 s-2) 

only. (b) As in Fig.3.3 but for Lag -2 only. 

(a) PKE

(b) TRMM; WINDS850hPa; HGT850hPa  (Lag –2)

[mm day–1]
5



 

 182 

 

Figure 3.8. (a) Time series of mean sea level pressure (MSLP; hPa; red line) and net 

shortwave radiation (NSWR; W m-2; blue line) over Luzon Island (120-122.5°E, 

12.5-22°N). (b) As in (a) but for the temperature at 850 hPa only (TEMP850hPa; K). 

Shaded lag days indicate the monsoon break period. 
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Figure 3.9. Schematic diagram illustrating the three-phase onset process of the summer 

monsoon over the Philippines: (a) Phase I (Onset Phase; mid to late May); (b) Phase II 

(Break Phase; early June); and (c) Phase III (Monsoon Revival Phase; mid-June). 

Phases I, II, and III correspond to the periods before and during Lag -12, Lag 0 to Lag 

+5, after Lag +5, in Figs. 3.3, 3.4, and 3.5, respectively. Stippled areas correspond to 

dry areas. The red broken line and “A” indicates the location of the anticyclonic 

circulation at 200 hPa. 
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Figure 4.1. Horizontal winds at 925 hPa (WINDS925hPa; shades and contours; m s-1) on: 

(a) 06 UTC January 16, 2017; and (b) its corresponding climatology (06 UTC January 

16; 1981-2010). Anomalies of the 925 hPa: (c) zonal (U925hPa; shades and contours; m 

s-1); and (d) meridional (V925hPa; shades and contours; m s-1) winds. Shadings in (a) and 

(b) indicate the magnitude of the WINDS925hPa. The contour interval in (c) and (d) is 2 

m s-1. 
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Figure 4.2. Surface weather charts provided by the Japan Meteorological Agency for: 

(a) 06 UTC January 15, 2017; (b) 12 UTC January 15, 2017; (c) 18 UTC January 15, 

2017; (d) 00 UTC January 16, 2017; (e) 06 UTC January 16, 2017; and (f) 12 UTC 

January 16, 2017. 

 
 

(d) 00 UTC Jan 16, 2017(c) 18 UTC Jan 15, 2017 

(e) 06 UTC Jan 16, 2017 (f) 12 UTC Jan 16, 2017

(a) 06 UTC Jan 15, 2017 (b) 12 UTC Jan 15, 2017 



 

 186 

 

Figure 4.3. As in Fig. 4.2 but for the distribution of rainfall from the Tropical Rainfall 

Measuring Mission (TRMM) 3B42 version 7 (shades; mm hr-1) and 925 hPa winds 

(WINDS925hPa; streams; m s-1). The cyclonic and anticyclonic circulations are denoted 

as “C” and “A”, respectively. 
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Figure 4.4. Spatial distribution of the 925 hPa: (a) meridional equivalent potential 

temperature gradient (qe925hPa; shades; ´ 10-5 K m-1); (b) stretching deformation 

(STD925hPa; shades; ́  10-5 s-1); (c) shearing deformation (SHD925hPa; shades; ́  10-5 s-1); 

and (d) total deformation (TDef925hPa; shades; ´ 10-5 s-1) on 06 UTC January 16, 2017. 

The 925 hPa wind anomalies (streams; m s-1) are superimposed for discussion. The 

black star indicates the location of the deformation zone. The “A” and “C” are similar 

to those in Fig. 4.3. 
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Figure 4.5. Spatial distribution of vertically integrated moisture flux convergence (𝑄; 

shades; ´10-4 kg m-2 s-1), velocity potential (𝜒#; contours; ´ 106 kg s-1), and the 

divergent component of 𝑄 (𝑄$; vectors; kg m-1 s-1) for: (a) 18 UTC January 15, 2017; 

(b) 00 UTC January 16, 2017; (c) 06 UTC January 16, 2017; and (d) 12 UTC January 

16, 2017. The contour interval of 𝜒# is 100 ´ 106 kg s-1, while the scale of the vectors 

is 1000 kg m-1 s-1. 
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Figure 4.6. Vertical profile of the equivalent potential temperature anomaly (shades; 

K) and relative humidity anomaly (contours; %) averaged from 122-127°E for: (a) 12 

UTC January 15, 2017; (b) 18 UTC January 15, 2017; (c) 00 UTC January 16, 2017; 

(d) 06 UTC January 16, 2017; (e) 12 UTC January 16, 2017; and (f) 18 UTC January 

16, 2017. The vectors are the meridional and vertical velocity anomalies (m s-1; scale 

is 20 m s-1). The anomalies are relative to the 1981-2010 mean. 
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Figure 4.7. The location of the 34 non-tropical cyclone related heavy rainfall/flood 

(HRF) events from November to March over the Philippines from 1979-2017 based on 

the Dartmouth Flood Observatory archive. 
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Figure 4.8. Lag composite anomalies of mean sea level pressure (shades; hPa), 925 

hPa winds (streams; m s-1) for: (a) Lag -3; (b) Lag 0; (c) Lag +1; (d) Lag +3; (e) Lag 

+5; and (f) Lag +15. Lag 0 refers to the time when the area-averaged vertically 

integrated moisture flux convergence (VIMFC) of the recorded HRF event over 

Mindanao Island is maximum. Note that the reanalysis data is 6-hourly so that Lag -3 

(+3) means 18 hours before (after) the peak VIMFC. 
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Figure 4.9. Composite anomalies of: (a) 925 hPa meridional wind (V925hPa; shades and 

contours; m s-1); and (b) 925 hPa zonal winds (U925hPa; shades and contours; m s-1) 

averaged from 122-127.5°E. The contour interval is 0.5 m s-1. 
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Figure 4.10. Spatial distribution of composite anomalies of vorticity tendency (zt; 

´10-10 s-2), its advection term (zadv; ´10-10 s-2), and stretching term (zstretch; ´10-10 s-2) 

for: Lag -3 (a, b, c); Lag 0 (d, e, f); and Lag +1 (g, h, i), respectively. The 925 hPa wind 

anomalies (m s-1) are superimposed for discussion. 
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Figure 4.11. As in Fig. 4.10 but for: Lag +3 (a, b, c); Lag +5 (d, e, f); and Lag +15 (g, 

h, i). 
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Figure 4.12. Schematic diagram of the possible mechanism leading to the winter HRF 

over the Mindanao Island (southern Philippines). The cyclonic and anticyclonic 

circulations are denoted as “C” and “A”, respectively. The dot-dashed line indicates the 

location of the shearline. 
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Figure 5.1. Location of the seven meteorological stations of the Philippine 

Atmospheric, Geophysical and Astronomical Services Administration (PAGASA; blue 

circles), Climate Prediction Center Merged Analysis of Precipitation (CMAP) grid 

points (+ markings), and the topography of the Philippines above 250 m (gray contour 

lines). The contour interval of the topography is 250 m. The red triangles indicate the 

nearest five CMAP grid points to the location of the PAGASA stations. 
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Figure 5.2. Rainfall distribution (mm day−1) from 1979–2008 averaged across the: (a) 

seven PAGASA stations; and (b) five nearest CMAP grid points to the PAGASA 

stations. The rainfall distributions are smoothed by 1–2–1 filter in both x- and y-axis. 

The two vertical lines in (a) and (b) indicates P25 (start of May) and P29 (climatological 

summer monsoon onset based on Akasaka, 2010), respectively. The horizontal lines in 

(a) and (b) indicate 1994. 
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Figure 5.3. (a) Smoothed (1–2–1 filter) pentad-mean rainfall between ES1 (1979–

1993) and ES2 (1994–2008) averaged across the seven PAGASA stations on the 

western coast of the Philippines; and (b) their epochal difference. Shaded pentads in (a) 

and gray bars in (b) indicate statistically significant difference above the 95 % 

confidence level using the Student’s t-test. 

 

(a) Pentad-mean time series of rainfall
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Figure 5.4. (a) Pentad-mean rainfall time series during 1992 (black line; mm day−1) 

and its equivalent smoothed time series (blue line) obtained by adding the first four 

Fourier harmonics of the original time series; and (b) time series of annual peak 

pentads, defined as the maximum of the smoothed time series, from 1979 to 2008. 

(a) Pentad-mean rainfall (1992)

(b) Annual Peaks (1979−2008)
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Figure 5.5. Epochal difference (ES2 minus ES1) in the spatially smoothed (1–2–1 

filter; both longitudinal and latitudinal direction) CMAP rainfall (mm day−1) during 

P45–P50. Cross (+) markings indicate statistical significance at the 95 % confidence 

level. 
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Figure 5.6. Time series of area-averaged vertically integrated moisture flux divergence 

(VIMFD; ´10-4 kg m−2 s−1) over 117.5–122.5°E and 10–20°N during P45–P50. The 

blue (red) line is the unfiltered (1–2–1 filtered) time series. Dashed horizontal lines 

indicate the epochal means. 
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Figure 5.7. Smoothed (1–2–1 filter) vertically integrated moisture flux (VIMF; vectors; 

kg m−1 s−1), moisture flux divergence (VIMFD; shades; ´10-4 kg m−2 s−1), and 850 hPa 

geopotential height (HGT850hPa; contours; m) for P45–P50 during: (a) ES1 (1979–

1993); (b) ES2 (1994–2008); and their (c) epochal difference (ES2 minus ES1). (a–c) 

The contour interval is 10 m. Shaded areas, black arrows, and purple contours in (c) 

indicate statistical significance at the 95 % confidence level. The scale of the vectors is 

indicated on the lower-left corner of each figure. 
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Figure 5.8. Epochal difference (1994-2008 minus 1979-1993) in smoothed (1-2-1 

filter): (a) 850 hPa relative vorticity (´10-6 s-1); and (b) 850 hPa zonal winds (U850hPa; 

m s-1). Cross (+) markings indicate statistical significance at the 95 % confidence level. 
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Figure 5.9. Tropical cyclone (TC) track frequency (per year) in P45–P50 interpolated 

onto a 5° × 5° grid for: (a) ES1 (1979–1993); and (b) ES2 (1994–2008) based on JTWC 

track dataset. As in (a) but for TC tracks and location of 5, 870-m contour line of the 

500 hPa geopotential height (HGT500hPa; dashed blue line) for: (c) ES1; and (d) ES2. 

Dashed boxes in (a) and (b) indicate the Philippine Area of Responsibility (PAR; 

115-135°E and 5-25°N). The genesis locations in (c) and (d) are indicated by the red 

markings. 
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Figure 5.10. As in Fig. 5.5 but for: (a) 500 hPa vertical velocity (w; ×10−2 Pa s−1); (b) 

700 hPa relative humidity (RHUM; %); (c) vertical zonal wind shear (U200hPa minus 

U850hPa; m s−1); and (d) 850 hPa perturbation kinetic energy (PKE; m2 s−2). Cross (+) 

markings indicate statistical significance at the 95 % confidence level. 
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Figure 5.11. Schematic diagram showing the possible mechanism leading to the 

decrease in rainfall over the Philippines from early August to early September occurring 

in the mid-1990s (1993/1994). 
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Figure 5.12. Epochal difference (1994-2008 minus 1979-1993) in smoothed sea 

surface temperature (SST; °C) during: (a) June; (b) July; (c) August; and (d) September. 

Dotted areas indicate statistical significance at the 95 % confidence level by Student’s 

t-test. The SST data came from monthly Hadley Center sea ice and sea surface 

temperature data set (HadISST version 1.1; Rayner et al., 2003). 
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Figure 5.13. Epochal difference (1994-2008 minus 1979-1993) in smoothed (1-2-1 

filter) 200 hPa winds (U200hPa). Bold vectors are statistically significant at the 95 % 

confidence level by Student’s t-test. 
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Figure 6.1. The location of the 32 stations from the Philippine Atmospheric, 

Geophysical and Astronomical Serviced Station (PAGASA) and the topography of the 

Philippines (shades; m). The colors of the circles indicate the climate types based on 

Villafuerte et al. (2017). 
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Figure 6.2. Average monthly rainfall (mm day–1) 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. 
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Figure 6.3. Time series of average monthly rainfall (mm day-1) 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: EW1 

(1961-1976); EW2 (1977-1992); and EW3 (1993-2008). The green line indicates the 

9-year running average. 
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Figure 6.4. Time series of tau statistics from the moving Student’s t-test with varying 

time windows for: (a) November; (b) December; (c) January; (d) February; and (e) 

March. The horizontal lines from (a) to (e) indicate the statistical significance at the 95 

% and 99 % confidence level for each time window. 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: EW1 (1961-1976); EW2 (1977-1992); and EW3 

(1993-2008). 
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Figure 6.5. Differences in interpolated rainfall (contours) during December between: 

(a) EW1 (1961-1976) and EW2 (1977-1992) (EW2 minus EW1); and (b) EW2 and 

EW3 (1993-2008) (EW3 minus EW2) across the 32 PAGASA stations (stars). 

Negative (positive) contours are indicated by dashed (solid) lines. The contour interval 

is 2 mm day-1. Yellow shaded stars indicate a significant difference at the 95 % 

confidence level by bootstrapping. The stars with red outlines indicate the 13 stations 

with significant difference in both (a) and (b). 

(a) December Rainfall (EW2−EW1)

(b) December Rainfall (EW3−EW2)
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Figure 6.6. The epochal means of 850 hPa winds (WINDS850hPa; streamlines; m s-1), 

850 hPa zonal winds (U850hPa; shades; m s-1), and 850 hPa geopotential height 

(HGT850hPa; contours; m) during December for: (a) EW1 (1961-1976); (b) EW2 

(1977-1992); and (c) EW3 (1993-2008). The contour interval is 10 meters. 
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Figure 6.7. The epochal difference in the vertically integrated moisture flux (VIMF; 

vectors; kg m-1 s–1) and moisture flux divergence (VIMFD; shades; ´10-4 kg m-2 s-1) 

during December between: (a) EW1 (1961-1976) and EW2 (1977-1992) (EW2 minus 

EW1); and (b) EW2 and EW3 (1993-2008) (EW3 minus EW2). Shaded areas and black 

vectors indicate statistical significance at the 95 % confidence level by Student’s t-test. 

The scale of the wind vectors is indicated on the upper right corner in each plot. 
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Figure 6.8. Tropical cyclone (TC) track frequency (y–1) interpolated onto a 5° ´ 5° grid 

during December, TC tracks (black lines), 600 hPa winds (WINDS600hPa; gray 

streamlines; m s-1), and 600 hPa geopotential height (HGT600hPa; blue contours; m) for: 

EW1 (1961-1976; a, b); EW2 (1977-1992; c, d); and EW3 (1993-2008; e, f) based on 

the Joint Typhoon Warning Center (JTWC) track dataset. Dashed boxes in (a), (c), and 

(e) indicate the Philippine Area of Responsibility (PAR; 115-135°E and 5-25°N). The 

TC genesis locations in (b), (d), and (f) are indicated by the red markings. 
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Figure 6.9. Epochal mean of December sea surface temperature (SST; °C) above 26 

°C during (a) EW1 (1961–1972); (b) EW2 (1977–1992); and (c) EW3 (1993–2008). 

The contour interval is 1 °C. 
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Figure 6.10. Spatial distribution of the mean 850 hPa perturbation kinetic energy (PKE; 

m2 s-2) during December for: (a) EW1 (1961-1976); (b) EW2 (1977-1992); and (c) 

EW3 (1993-2008). Epochal difference in PKE between (d) EW1 and EW2 (EW2 

minus EW1) and (e) EW2 and EW3 (EW3 minus EW2). The contour interval from (a) 

to (c) is 2 m. Cross markings in (d) and (e) indicate a significant difference at the 95 % 

confidence level using the Student’s t-test. 
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Figure 6.11. Epochal difference in 500 hPa vertical velocity (´10-2 Pa s-1; a, b), 700 

hPa relative humidity (RHUM; %; c, d); and vertical zonal wind shear (U200hPa minus 

U850hPa; m s-1; e, f) during December. Figures 6.11a, c, and e are the differences 

between EW1 (1961–1976) and EW2 (1977–1992) (EW2 minus EW1). Figures 6.11b, 

d, and f are the differences between EW2 and EW3 (1993–2008) (EW3 minus EW2). 

Cross markings indicate statistical significance at the 95 % confidence level using the 

Student’s t-test. 
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Figure 6.12. Epochal difference in sea surface temperature (SST; °C) and 10-m winds 

(WINDS10m; m s-1) in December between: (a) EW1 (1961-1976) and EW2 

(1977-1992) (EW2 minus EW1); (b) EW2 and EW3 (1993-2008) (EW3 minus EW2); 

and (c) EW3 and EW1 (EW3 minus EW1). Stippled areas and vectors in (a), (b), and 

(c) indicate significant difference at the 95 % confidence level using the Student’s t-

test. The scale of the arrows is indicated on the upper right corner of (a) and (b). 
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Figure 6.13. Schematic diagram showing the possible mechanisms leading to the 

decrease in rainfall during December during EW2 (1977-1992) over the Philippines. 

PDO: Pacific Decadal Oscillation. 
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Figure 6.14. As in Fig. 6.13 but for the increase in rainfall during EW3 (1993-2008). 

WNPSH: western North Pacific Subtropical High. 
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Figure 6.15. Time series of: (a) the December Pacific Decadal Oscillation (PDO); and 

(b) December SST anomaly (SSTA) over the Niño 3.4 region (5°S-5°N, 

170°E-120°W) from the period 1961 to 2008. The green line indicates the 9-year 

running average. The red vertical lines indicate the change points around 1976/1977 

and 1992/1993 based on the December rainfall time series for reference discussion. 
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Figure 6.16. Epochal difference in mean sea level pressure (MSLP; hPa) during 

December between: (a) EW1 (1961–1976) and EW2 (1977–1992) (EW2 minus EW1); 

and (b) EW2 and EW3 (1993–2008) (EW3 minus EW2). Stippled areas indicate 

statistical significance at the 95 % confidence level using the Student’s 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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Figure 6.17. Time series of the East Asian winter monsoon index (EAWMI) 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. 
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Figure 6.18. Composite anomalies of the mean sea level pressure (MSLP; shades; hPa) 

and 850 hPa winds (WINDS850hPa; streamlines; m s–1) during EW2 for: (a) November; 

(b) December; (c) January; (d) February; and (e) March. The anomalies are the 

deviations from the long-term means (1961–2008). 
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Table 2.1. Classification of the pre-summer monsoon convection over Luzon 

Island in the Philippines. 

Type Variables Used Conditions No. of cases 

(days) 

Type D 

 (Dry days) 

OLR OLR ³ 240 W m-2 1459 

Type W 

(Wet days) 

OLR OLR < 240 W m-2 433 

 Type WW 

(Westerlies) 

OLR, U925hPa OLR < 240 W m-2 

U925hPa > 0 m s-1 

160 

Type WE 

(Easterlies) 

OLR, U925hPa OLR < 240 W m-2 

U925hPa < 0 m s-1 

273 

 Type 

WEDef 

OLR, U925hPa, 

Deformation 

parameters at 925 

hPa 

OLR < 240 W m-2 

U925hPa < 0 m s-1 

Total Deformation > 

0 s-1 

52 
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Table 2.2. List of deformation cases that lasted for at least 2 consecutive days from 

1979 to 2012. 

Year Month-Day Duration (days) 

1981 May 17-19 3 

1985 April 22-24 3 

1986 April 5-7 3 

1991 May 28-30 3 

1999 April 5-6 2 

2000 April 15-16 2 

2001 April 25-26 2 

2006 May 13-14 2 

2008 April 24-26 3 

2009 April 25-27 3 

2010 April 29-30 2 

Average  2.5 
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Table 3.1. Summary of the first post-onset breaks, their duration (days), and timing 

(days) relative to the onset dates from 1998 to 2012. 

Year 
First post-onset 

break 
Duration 

Number of days 

relative to the onset 

1998 June 3-5 3 11 

1999 June 8-12 5 7 

2000 May 28-June 2 6 18 

2001 May 13-19 7 6 

2002 June 10-15 6 18 

2003 May 16-21 6 14 

2004 May 29-June 1 4 14 

2005 June 12-15 4 15 

2006 June 28-July 4 7 17 

2007 June 3-7 5 9 

2008 May 24-May 26 7 13 

2009 May 10-13 4 7 

2010 June 6-9 4 5 

2011 May 31-June 7 8 8 

2012 June 21-24 4 23 

Average June 2 5 12 
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Table 5.1. Summary of change points based on the Pettitt test between the 

CMAP and PAGASA rainfall datasets. 

PERIOD    CMAP PAGASA 

P28–P31 1986/1987 1995/1996* 

P33–P36 1992/1993* 1993/1994* 

P38–P39 1998/1999             1998/1999 

P43–P44 1989/1990 1993/1994* 

P45–P50 1993/1994** 1993/1994* 

P52–P54 1990/1991 1990/1991* 

P59–P60 1999/2000*   1999/2000** 

                            * significant at the 95 % confidence level; ** significant at the 99 % confidence level. 
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Table 5.2. The seven-station averaged PTOTAL, PTC, and PNOTC for P45–P50 (9 

August–7 September) during ES1 (1979–1993) and ES2 (1994–2008). 

 ES1 (1979–1993) ES2 (1994–2008) Average 

PTOTAL (mm) 651.00 464.11 557.55 

PTC (mm) 352.03 160.42 256.22 

PNOTC (mm) 298.97 303.69 301.33 

 

 

 

 

 

 

 

 


