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Abstract
A network of 411 ground stations across Luzon Island, Philippines (12.5–20° N, 119–126.5° E) was used to characterize the
diurnal cycles of summer precipitation, in terms of amount (PA), frequency (PF), and intensity (PI), during the southwest
monsoon season (SWM; May–September) between 2011 and 2018. In addition to monsoon exposure, the effect of topography
on the diurnal cycle of precipitation also was investigated by comparing a valley, plain, west- and east-facing coasts near
mountains. Results show that monsoon exposure significantly influenced diurnal precipitation such that PA and PF decreased
(PI increased) toward the leeward side of Luzon Island. Most topographies showed late afternoon-early evening peaks; however,
the east-facing coast exhibited a late night-early morning peak. Orographic effects led to a high PA over mountains and enhanced
the spatiotemporal propagation of PA inmonsoon-exposed areas. The first (second) half of the diurnal peak exhibited high PI/low
PF (low PI/high PF), suggesting both PI and PF are important indicators of PA. Finally, graded analysis revealed that light
precipitation (0.01–2.5 mm h−1) captured overall precipitation trends across Luzon Island, highlighting the importance of this
intensity of precipitation. Heavy precipitation (2.5–7.5 mm h−1) peaked in the morning; however, underlyingmechanisms remain
unknown. The study presents the first examination of the diurnal precipitation cycle in Luzon Island using a dense network of
synoptic stations. The study demonstrates the complex effect of topography on precipitation and the importance of the SWM in
the diurnal cycle of precipitation.
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1 Introduction

As the diurnal cycle of precipitation is an important compo-
nent of regional climate, understanding the mechanisms be-
hind precipitation formation is essential not only for the

characterization of climate but also for the evaluation of sat-
ellite datasets and the improvement of the simulation and
forecasting abilities of numerical models (Yang and Slingo
2001; Betts and Jakob 2002; Dai et al. 2007; DeMott et al.
2007; Jamandre and Narisma 2013). Furthermore,
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precipitation amount (PA), frequency (PF), and intensity (PI)
are important factors in determining several environmental
quantities such as soil moisture variations, evaporation and
runoff levels, and sensible heat flux over land (Qian et al.
2006; Takahashi and Polcher 2019). As such, the characteri-
zation of precipitation is needed to develop our understanding
of regional climate variability as well as other environmental
variables.

Characterization of precipitation is an extensively studied
topic in climate research (Dai 2001a, 2001b; Trenberth et al.
2003; Sun et al. 2006, 2007; Dai et al. 2007; Zhang et al.
2017). It is well known that afternoon peaks in precipitation
are characteristic of inland regions, while coastal regions typ-
ically exhibit late night-early morning peaks (Johnson 2011).
Different precipitation intensities in the tropics show distinct
diurnal peaks; showery precipitation tends to peak in the early
morning and thunderstorms tend to occur around midnight,
while diurnal peaks of drizzle and non-showery precipitation
occur in the morning, particularly over land areas (Dai 2001).
As differing intensities of precipitation vary in terms of their
diurnal cycles, it is important to account for this when
assessing precipitation characteristics (Hirose 2005; Zhuo
et al. 2014). Topography also plays a major role in the local-
scale precipitation patterns (Zhang et al. 2017). Peninsular
regions such as Malaysia show coast-specific patterns of pre-
cipitation based on the prevailing monsoonal winds (Oki and
Musiake 1994). Mountain ranges have also been shown to act
as moisture barriers, thereby affecting precipitation levels on
the leeward and windward sides of mountains (Xie et al.
2006). Similarly, numerical simulations have shown that
land-sea breeze, orographic uplifting, and the horizontal scale
of islands over the Maritime Continent (MC) are important in
determining the timing of convective intensity (Saito et al.
2001). Furthermore, numerical simulations of precipitation
in the South China Sea found that both local- and large-scale
circulation must be accounted for to properly model the peak
timing of diurnal precipitation (Park et al. 2011). Local-scale
convection in the form of mountain-valley breeze and land-
sea breeze are important considerations in determining peak
precipitation timing (Ohsawa et al. 2001). Similarly, large-
scale monsoonal circulation plays an important role in the
seasonal moderation of the diurnal precipitation cycle (Qian
et al. 2010; Yuan et al. 2010).

In tropical and subtropical Asia, precipitation characteris-
tics has been extensively studied in the Indochina Peninsula
(Satomura 2000; Ohsawa et al. 2001; Yokoi et al. 2007;
Takahashi 2010, 2016; Tsujimoto et al. 2018; Takahashi and
Polcher 2019), Malaysia (Oki and Musiake 1994), Indonesia
(Mori et al. 2004; Sakurai et al. 2005, 2009, 2011; Shibagaki
et al. 2006; Qian 2008; Qian et al. 2010; Yamanaka 2016;
Yamanaka et al. 2018), and East Asia (Fujibe 1999; Zhou
et al. 2008; Yin et al. 2009; Yuan et al. 2010; Zhuo et al.
2014); however, although previous studies have addressed

long-term, seasonal, and sub-seasonal precipitation trends in
the Philippines (Akasaka et al. 2007; Cruz et al. 2013;
Villafuerte et al. 2014; Olaguera et al. 2018a, 2018b), little
attention has been paid to characterizing the diurnal precipita-
tion cycle. The Philippines (5–25° N, 115–135° E) is an ar-
chipelago located in the western Pacific, east of the South
China Sea. As shown in Fig. 1a, the Philippines is composed
of two major islands in the north and south: Luzon and
Mindanao, respectively and a central cluster of smaller
islands: Visayas. The Philippines is topographically diverse,
characterized by mountain ranges, plains, valleys in relative
proximity, and surrounded by coasts through which the coun-
try is exposed to large-scale monsoonal winds (Coronas 1920;
Flores and Balagot 1969; Matsumoto et al. 2020). Previous
precipitation studies divided areas of interest into sub regions
to identify the effect of terrain distribution on the diurnal cycle
of precipitation (Yu et al. 2007; Zhou et al. 2008, 2014). In
this study, we focus on four regions in the northern major
island of Luzon as case studies of the effect of topography
and monsoonal influence on the diurnal cycle of precipitation,
due to the exposure to the monsoonal influence and the pres-
ence of key topographical features. These four regions are
shown in Fig. 1b and include: the Central Luzon Plain
(CLP; 15–16.15° N, 120.5–121.2° E), the West Luzon Coast
(WLC; 15–18.5° N, 119.7–120.55° E), the East Luzon Coast
(ELC; 14.6–16.5° N, 121.3–122.5° E), and Cagayan Valley
(CV; 16.5–18° N, 121.4–122° E). These areas were chosen
due to their distinct topography and location relative to mon-
soonal winds.

As the monsoons are integral components of the Philippine
climate, one focus of our analysis is the influence of monsoon
exposure on the diurnal precipitation profile of a region.
Large-scale meteorological phenomena such as seasonal mon-
soons are of particular importance when characterizing pre-
cipitation in a region such as the Philippines, which is situated
near the Asian monsoonal trough (Akasaka et al. 2007). The
Philippines experiences wet and dry seasons depending on the
prevailing influence of the southwest (SWM; May to
September, MJJAS) and northeast monsoon (NEM;
November to March, NDJFM) seasons (Matsumoto et al.
2020). The months of October and April act as transition pe-
riods between the SWM and NEM (Moron et al. 2009;
Akasaka 2010; Olaguera and Matsumoto 2019; Matsumoto
et al. 2020). Monsoon transition is nonhomogeneous such that
onset and withdrawal do not occur uniformly across the
Philippines. For example, it was observed that NEM onset
begins in the northern regions of the Philippines moving
southwards (Kubota et al. 2017). The annual progression of
the monsoon is a result of several changes in large-scale cir-
culation. The seasonal march of precipitation is marked by
sudden changes in circulation, particularly the eastward shift
in the subtropical high, deepening of the monsoon trough east
of the Philippines, and the retreat of the easterlies (Akasaka
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et al. 2007). Akasaka et al. (2007) andMatsumoto et al. (2020)
noted a sharp contrast between the seasonal march on the west
and east coasts of the Philippines: the west coast shows its
rainy season in the summer while the east coast experiences
its rainy season in the winter. While the mountain ranges
along the western and eastern side of the Philippines
(Cordillera and Zambales mountain ranges on the west and
Sierra Madre mountain range on the east, respectively as
shown in Fig. 1b) contribute to the spatial contrast of precip-
itation by creating drier conditions on the leeward sides of the
mountains relative to the prevailing winds (Qian 2008), the
changes in the prevailing large-scale monsoon system primar-
ily influence the distribution of rainfall. During MJJAS, for
example, the western (eastern) coast experiences its (dry)
rainy season. The opposite occurs during NDJFM.
Therefore, we expect the diurnal precipitation cycle of the
Philippines to be a combination of local- and large-scale mon-
soonal influences, which is characteristic of island regions
(Chang et al. 2005; Akasaka et al. 2007; Xin-Xin et al. 2015).

Often in regions that lack high resolution observation
datasets, high resolution regional climate models and land
surface models are needed to study variability in the water
cycle and to produce seasonal climate predictions (Qian
et al. 2006); however once high-resolution observation
datasets exist, it is important for these model-based studies
to be validated using observation datasets. Previous precipita-
tion studies on the Philippines utilized a limited number of
meteorological stations from the Philippine Atmospheric,
Geophysical and Astronomical Services Administration

(PAGASA), and most of these studies used a maximum of
59 operational stations distributed over the Philippines
(Akasaka et al. 2007; Jamandre and Narisma 2013;
Villafuerte et al. 2014). Additionally, these studies did not
focus on the diurnal cycle of precipitation or the characteriza-
tion of the diurnal cycle at different precipitation intensities,
since almost no observation data have been available in a sub-
daily time scale. With the lower spatiotemporal resolution
used in previous ground-based studies and the need to validate
studies using satellite data, the novel network of 411 meteo-
rological stations across Luzon Island offers an opportunity to
characterize precipitation in the Philippines at a much higher
spatial and temporal resolution. In this study, we focus on
Luzon Island to highlight the influence of topography on the
diurnal cycle. Furthermore, we narrow the scope of the study
to MJJAS due to the role of the SWM as it contributes the
majority of precipitation throughout the year in most of the
target region. Given the diverse topography types and influ-
ence of the SWM, we ask: how do the diurnal cycles of PA,
PF, PI respond spatially through different topography types
considering the influence of the SWM?

The objectives of this study are, therefore, to (1) describe
the spatial patterns of the diurnal cycle of precipitation over
the Philippines including PA, PF, and PI; and (2) identify
regional differences (i.e., topography or location) in the diur-
nal cycle of precipitation in relation to the SWM. The rest of
the paper is organized as follows. Section 2 provides a de-
scription of the datasets and methodology used in this study.
The regional characteristics of the diurnal cycle of

Fig. 1 a Elevations (m) and locations of all stations used in this study, and
b enlarged map of northern Luzon Island showing only stations in West
Luzon Coast (WLC, blue), Central Luzon Plain (CLP, orange), Cagayan
Valley (CV, green), and East Luzon Coast (ELC, red). Major islands of

the Philippines are divided by dashed lines in (a) and major mountain
ranges are labelled in (b). Elevation color bar and station symbols are for
both (a) and (b)
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precipitation are examined in Section 3. A summary and dis-
cussion are provided in Section 4.

2 Data and Methodology

2.1 Data

A ground-based, high spatiotemporal-resolution dataset of
411 stations in Luzon Island by the Weather Philippines
Foundation (WPF; https://weatherph.org) spanning between
January 2011 and April 2018 was used in this study to
describe the diurnal variations of precipitation in Luzon
Island. Previous studies have shown that several years of
data spanning less than a decade is sufficient to obtain a
stable diurnal cycle (Dai et al. 2007; Zhou et al. 2008). The
dataset was collected at a 10 min resolution and includes sev-
eral meteorological variables such as precipitation amount, 2-
m temperature, dew point, wind speed, wind direction, and
incident solar radiation. The minimum threshold of precipita-
tion measured by the stations is 0.2 mm in 10 min. The data
were converted into hourly resolution to obtain accumulated
hourly precipitation.

To further examine the mechanisms behind the observed
diurnal precipitation cycle, data on 3-hourly 925 mb divergence
and wind vectors for MJJAS between January 2011–April 2018
were obtained from the European Centre for Medium-range
Weather Forecasts (ECMWF) reanalysis ERA5 (0.25° × 0.25°)
via the Copernicus Climate Change Service (https://cds.climate.
copernicus.eu) (Hersbach et al. 2019).

2.2 Methodology

Station data were filtered via completeness test per station,
which removed months with more than 20% of precipitation
data missing. We removed days when a tropical cyclone (TC;
wind speed >17m s−1) is located within the Philippine Area of
Responsibility (PAR; bounded by the following six coordi-
nates: 120° E, 25° N; 135° E, 25° N; 135° E, 5° N; 115° E,
5° N; 115° E, 15° N; 120° E, 21° N; see Fig. 6 of Matsumoto
et al. 2020) – hereafter termed TC days, in order to avoid their
pronounced non-diurnal precipitation. As a consequence,
about 18–35% of the data were removed from the stations
during the peak TC season in MJJAS. No station had a miss-
ing month after this filtering of TC days. During the study
period, 365 days were classified as TC days and were re-
moved from the dataset. It is also worth mentioning that the
precise influence of the monsoon is difficult to isolate in this
study. Therefore, precipitation is expected to be a combination
of the diurnal cycle and the effect of the prevailing monsoon.

The precipitation data from the stations were interpolated
onto regular grid points with a horizontal resolution of
0.15° × 0.15° (~17 km × 17 km). Interpolation was performed

through inverse distance weighting (IDW) that employs
proximity-weighted interpolation, which means that consider-
ing a neighborhood of points, nearer values are given more
importance than farther values when interpolating. The IDW
algorithm is described more fully in Chen and Liu (2012). We
focus our analysis only on the MJJAS season, but we note
here that the spatial trends for NDJFM are largely opposite
to those of MJJAS, which may be explained by the opposite
direction of prevailing wind (Akasaka et al. 2007). Spatial
trends for April resemble an intermediate between the two
seasons, a characteristic of a transition period. Following
Zhang et al. (2017), for each hour in a day, PA is defined as
the climatological average of accumulated hourly precipita-
tion divided by the total number of hours within the season,
PF is defined as the total number of hours with hourly-
averaged precipitation above 0.01 mm hr.−1 divided by the
total number of hours in the season, and PI is defined as PA
divided by PF (PI=PA/PF). We note that the total number of
hours within the season excludes hours with missing data.

As mentioned in Section 1, we divide Luzon Island into
four regions to further depict the regional differences in the
diurnal cycle of precipitation. These four regions are shown in
Fig. 1b and include the CLP (46 stations), the WLC (36 sta-
tions), the ELC (10 stations), and the CV (32 stations). We
note that weather stations located on mountain ranges (Fig.
1b) have poor data completeness and were not included in the
comparison of topography types.

3 Characteristics of PA, PF, and PI

3.1 Seasonal Changes in PPA, PPI, PPF

3.1.1 Peak Precipitation Amount

Figure 2 shows the peak PA/PF/PI (hereafter, PPA/PPF/PPI)
throughout Luzon for the SWM period in MJJAS. The
Philippines in MJJAS (Fig. 2a) exhibits high PPA values
above 1.0 mm h−1 along theWLC due to the Cordillera moun-
tains (Fig. 1b), indicating orographic effects on precipitation
amount as observed in other studies (Ohsawa et al. 2001; Xie
et al. 2006; Minamide and Yoshimura 2014) associated with
heat balance along the mountain slope (Reiter and Tang,
1984). The presence of the mountain ranges creates a remark-
ably clear delineation between leeward (PPA < 0.8 mm h−1)
and windward (PPA > 1.0 mm h−1) sides, similar to other
studies (Akasaka et al. 2007; Zhuo et al. 2014; Pullen et al.
2015; Takahashi 2016). Over the ELC, PPA appears to be
relatively less compared to the WLC. Figure S1 of the
Supplementary Information (SI) depicts the timing of PPA/
PPF/PPI. Most of Luzon Island exhibits PPA in the late after-
noon (Fig. S1a), indicating the effect of solar heating on the
diurnal cycle. An exception to the late afternoon occurrence of
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PPA is seen over the ELC, which shows PPA between late
evening and early morning (23–3 LST).

3.1.2 Peak Precipitation Frequency

As shown in Fig. 2b, PPF in Luzon shows a similar spatial
distribution as PPA, which suggests that total precipitation
amount is largely dependent on the frequency of precipitation.
Heightened PPF above 0.4 is observed along the WLC, CLP,
and the Cordillera mountains while lower PPF below 0.3 are
observable in the CV and ELC. Spatially, PPF in MJJAS
generally decreases from west to east, corresponding to mon-
soon flows. The strong relationship between PA and PF has
also been observed in other coastal regions (e.g., Zhuo et al.
2014). Such a connection is also observable in the similar
timings of PPF and PPA (Fig. S1a–b).

3.1.3 Peak Precipitation Intensity

Luzon Island shows a spatial distribution of PPI (Fig. 2c) that
is distinctive from PPA and PPF (Fig. 2a–b). Figure 2c reveals
high PPI (>6.0 mm h−1) over the CV and along the northeast
coast of Luzon, and low PPI (<4.0 mm h−1) over the CLP and
most of the WLC. The late afternoon occurrence of PPI (Fig.
S1c) (18–21 LST) over the CLP and the CV generally agrees
with the timing of PPA and PPF (Fig. S1a–b). Over the ELC,
PPI (18–22 LST) occurs in advance of PPA and PPF.
Interestingly, parts of the WLC exhibit PPI in the morning
(6–12 LST), in contrast to the timings of PPA and PPF in
the late afternoon (Fig. S1a–b). This feature is further exam-
ined in Sections 3.5 and 4.

3.2 Seasonal-Diurnal Profiles of Selected Regions

Seasonal-diurnal plots of PA (Fig. 3) show the time evolution
of the diurnal cycle throughout the year. In general, the annual

peak of PA occurs in MJJAS with the exception of ELC,
which has its annual PA peak in December (Fig. 3d)—a dif-
ference attributable primarily to monsoon influence and to a
lesser degree heterogeneous topography. In theWLC (Fig. 3a)
and CLP (Fig. 3b), high PA values (>0.6 mm h−1) are seen
from June to August during the peak of the SWM. while
moderate PA values (0.2–0.6 mm h−1) are seen in May and
September. The diurnal peaks of PA (>0.6 mm h−1) in the
WLC and CLP occur between 15 LST and 20 LST, with
WLC exhibiting noticeably higher PA throughout the day.
As the WLC is located on the windward side of the
Philippines relative to the prevailing SWM winds in MJJAS,
the Cordillera mountains to the east most likely enhance PA
(Fig. 1b). The CLP exhibits heightened PA in MJJAS, which
is attributable to SWM influence as well as orographic effects
from the nearby Cordillera and Sierra Madre mountain ranges
(Fig. 1b). In contrast, the Zambales mountains to the west of
the CLP (Fig. 1b) may induce a rain shadow effect over the
western side of the CLP, lowering PA. Such spatial effects are
further discussed in Section 3.4.

In July and August, the WLC exhibits higher PA through-
out the day than the CLP, which may be due to the more direct
exposure of the WLC to the southwesterly monsoon. The
different timings of precipitation in the WLC may be ex-
plained by different mechanisms such as daytime convection
induced by differential heating over land (Park et al. 2011) and
evening land breeze converging with large-scale monsoonal
winds (Ohsawa et al. 2001), which are further discussed in
Section 3.6. The WLC and CLP show low PA during other
times of the year, suggesting that PA in these two regions is
regulated by the orientation of the nearby mountain ranges to
the seasonal monsoons (Fig. 1b), typical of insular regions in
Asia (Chang et al. 2005).

Compared to the CLP and WLC, the CV (Fig. 3c) shows a
longer seasonal peak of PA from May to September and a
slightly narrower diurnal peak between 17 LST and 20 LST.

Fig. 2 a Peak precipitation amount (PPA; mm h−1), b frequency (PPF), and (c) intensity (PPI; mm h−1) for the southwest monsoon season (MJJAS).
Regions are labelled in (a)
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The CV region shows its clearest diurnal cycle in May, with a
peak PA value exceeding 0.8 mm h−1 from 17 to 20 LST.
Furthermore, the diurnal peak of PA in the CV between
June and August reaches 0.5 mm h−1. This is not as high as
the PA peak in the CLP and WLC, which suggests the
Cordillera mountain range west of the CV (Fig. 1b) plays a
role in dampening the influence of the SWM. Interestingly,
we observe a shift in the diurnal peak between September and
December towards earlier times of the day, perhaps related to
the transition of the SWM to the NEM.

In contrast to the usual peak in MJJAS in other regions, the
ELC (Fig. 3d) shows an annual PA maximum of around
0.5 mm h−1 in December with near-constant precipitation
throughout its diurnal cycle. This characteristic was also ob-
served by Akasaka et al. (2007), who noted that precipitation
in the ELC peaks in December and is more strongly influ-
enced by the NEM than the SWM. Aside from the PA max-
imum in December, we observe a secondary maximum in
August–September of 0.4 mm h−1 that occurs around 20
LST. This is likely related to a combination of sea breeze
and solar heating over the mountains to the west. This peak
shifts from early evening in August (20 LST) to early morning
in December (3 LST), suggesting that it is a function of the
SWM and NEM.

3.3 Diurnal Profiles of Selected Regions

The PPA/PPI/PPFmaps (Fig. 2) and seasonal-diurnal plots (Fig.
3) reveal distinct diurnal cycles across different regions as a
function of local topography and the seasonal monsoon. To

further elucidate these differences, Fig. 4 shows the diurnal cycle
in terms of PA/PI/PF at the four selected regions for MJJAS.

3.3.1 Precipitation Amount

Figure 4a shows the diurnal cycle of PA across the four re-
gions. MJJAS is characterized by the highest PA, exceeding
0.8 mm h−1 in the WLC, 0.6 mm h−1 in the CLP, 0.5 mm h−1

in the CV, and 0.25mm h−1 in the ELC (Fig. 4a). These values
are significantly higher than those in other months (not
shown). The PA values in MJJAS represent the annual max-
imum in all four regions except for ELC. Diurnal peak timings
differ among regions, occurring first in the CLP (16 LST),
followed by the WLC (17 LST), then the CV (18 LST), and
finally the ELC (20 LST). Similar late afternoon-early evening
precipitation peaks have been observed in other insular re-
gions (Takahashi 2010; Xin-Xin et al. 2015) and reflect the
large-scale monsoon influence (Zhuo et al. 2014). We note
that the slightly delayed PA peak in the ELC may be due to
the presence of the southern Sierra Madre mountains sup-
pressing SWM flows (Fig. 1b).

3.3.2 Precipitation Frequency

The diurnal cycle and seasonal profiles of PF (Fig. 4b) track
those of PA (Fig. 4a) quite well across regions, suggesting that
PF is an important factor for PA. PF is the highest in MJJAS
for all regions (0.3 in theWLC and CLP, 0.2 in the CV) except
the ELC, which peaks in NDJFM (not shown). Interestingly,
the ELC shows relatively low diurnal variability in PF (0.8–

Fig. 3 Seasonal-diurnal profiles
of precipitation amount (in units
of mm h−1) for (a) West Luzon
Coast (WLC), (b) Central Luzon
Plain (CLP), (c) Cagayan Valley
(CV), and (d) East Luzon Coast
(ELC)
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1.3) in MJJAS, indicative of sustained precipitation through-
out the day. This feature may be explained by the combination
of daytime mountain and sea breeze producing stronger up-
slope flow along the Sierra Madre mountains (Fig. 1b) and the
combination of nighttime land and mountain breeze leading to
convergence due to the concave curve of the ELC (i.e., sea
extending landward). Such mechanisms are known to influ-
ence precipitation over the coastal regions near mountains
(Biasutti et al. 2012), discussed further in Section 3.6.

3.3.3 Precipitation Intensity

The diurnal cycle of PI (Fig. 4c) reveals a general increase
throughout the day, indicative of local convective activities
(Zhuo et al. 2014). Peaks in PI occur in the late afternoon
(16–17 LST) in the WLC, CV, and CLP, and early evening
(19 LST) in the ELC. All regions exhibit PI peaks exceeding
2.0 mm h−1 in MJJAS, with the highest PI occurring over the
WLC (16–17 LST) and CV (17 LST). These coincident diurnal
peaks across regions are indicative of the large-scale influence
of the SWMover Luzon inMJJAS, as such homogeneity in the
diurnal cycle was not observed in other seasons (not shown).

The similarity among the timings of diurnal peaks in PA,
PF, and PI suggests that PF and PI are both important factors
for the total PA. We note that in general PI (PF) peaks before
(after) PA by 1–2 h. This reveals a shift in the characteristics
of precipitation over the course of the diurnal PA peak, with
the first (second) half exhibiting high PI and low PF (low PI
and high PF). It is also noted that peak PI is highest in the CV
followed by the WLC, while lower PI are observed over the
ELC and CLP.

3.4 Spatiotemporal Propagation of PA

The time-longitude plots are useful for showing the spatial
propagation of precipitation over time. Figure 5 shows the
time-longitude plots of PA in each region for MJJAS. In the
WLC (Fig. 5a), multiple PA peaks (>0.4 mm h−1) are ob-
served west of 120.2° E at 9, 14, and 17 LST. One explanation

for this longitudinal variation may be related to a more pro-
nounced orographic effect from the Zambalesmountains com-
pared to the Cordilleras (Fig. 1b), the former (latter) of which
is adjacent to the southwest (northeast) portion of the WLC.
We note that the boundary between southwest and northeast
WLC is denoted by a black arrow in Fig. 5a. The southwestern
WLC located west of the Zambales mountains (119.7–
120.2° E) shows multiple peaks over 0.6 mm h−1 at 9, 15,
and 18–22 LST, indicative of different physical mechanisms.
In comparison, the northeast WLC located west of the
Cordilleras (120.2–120.55° E) shows a clear PA peak of over
0.6 mm h−1 between 17 and 18 LST. The PA peak over the
WLC shows a slight eastward time delay, occurring first at
around 14 LST over the southwestern WLC, propagating
northeast and resulting in a peak at 18 LST across the whole
WLC. The recession of nighttime PA exhibits a slight delay
along the southwestern WLC, dropping at 21 LST first over
the northeastern WLC (120.3–120.6° E) then past 23 LST
over the southwestern WLC (119.7–120.3° E). The propaga-
tion of PA over the WLC is only visible in MJJAS and is not
observed in other seasons (not shown), which is explainable
by the weakening of large-scale circulation in other seasons by
nearby mountain ranges (Xie et al. 2006).

The CLP (Fig. 5b) shows heightened PA values over
0.4 mm h−1 across the plain (120.5–121.2° E) beginning at
14 LST until 20 LST; however, the propagation of PA is not
uniform. The onset of the peak begins as early as 12 LST,
occurring first on the east and west edges of the CLP near
the mountains (Fig. 1b) likely from convection induced by
solar heating, but after 14 LST, higher PA values
(>0.5 mm h−1) are well-constrained to the eastern side of the
CLP (120.9–121.2° E). During the recession of the diurnal PA
peak, PA first drops along the western side of the CLP (120.5–
120.8° E) below 0.4 mm h−1 as early as 17 LST, while the
eastern side exhibits heightened PA lasting until 20 LST. The
lower (higher) PA over the western (eastern) CLP is likely due
to its location on the leeward (windward) side of the Zambales
(southern Cordillera and Sierra Madre) mountain ranges rela-
tive to the prevailing SWM wind (Fig. 1b).

Fig. 4 Diurnal variations of (a)
precipitation amount (PA; in units
of mm h−1), (b) frequency (PF),
and (c) intensity (PI; in units of
mm mm h−1) for West Luzon
Coast (WLC; blue), Central
Luzon Plain (CLP; orange),
Cagayan Valley (CV; green), and
East Luzon Coast (ELC; red) for
the southwest monsoon season
(MJJAS). Values were
smoothened with a 3-hourly run-
ning mean
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In MJJAS, the CV (Fig. 5c) shows a very sharp PA peak
over 0.5 mm h−1 between 17 and 18 LST that is largely
constrained to its western side (121.4–121.7° E) adjacent to
Cordillera mountains, which is indicative of convection in-
duced by slope heating or interactive effects of heat balance
(Reiter and Tang 1984; Ohsawa et al. 2001; Xie et al. 2006;
Takahashi 2010; Xin-Xin et al. 2015). The eastern CV ex-
hibits a similar late afternoon peak in PA but at lower values,
reaching 0.5 mm h−1 between 17 and 20 LST.

The ELC (Fig. 5d) in MJJAS shows region-wide PA peaks
appearing between 14 LST and 22 LST, with the highest PA
occurring at 22 LST. These peaks occur synchronously across
the ELC, indicating uniform convection along the east coast,
perhaps from land breeze (Qian 2008; Qian et al. 2010). The
multiple peaks scattered throughout the day appears in other
seasons as well (not shown), indicating that this feature is local
in origin. One explanation is the migration of precipitation
down mountain slopes in the afternoon and evening in com-
bination with the concave curvature of the coast (i.e., sea ex-
tending landward) (Biasutti et al. 2012). These factors may
also be responsible for the early evening PI peak (Fig. 4c)
but the migration of precipitation is not visible in Fig. 5d
due to the equal distances of the ELC stations from the
Sierra Madre mountain range (Fig. 1b).

3.5 Diurnal Profiles of PA with Different Precipitation
Intensities

The diurnal cycle has been shown to vary depending on the
intensity of precipitation (Zhuo et al. 2014). To investigate

diurnal cycles of different intensities, hourly precipitation
was divided into grades: 0.01–2.5 mm h−1 (hereafter referred
to as light precipitation), and 2.5–7.5 mm h−1 (heavy precip-
itation). PA was then calculated for each precipitation grade.
Precipitation above 7.5 mm h−1 is not described as it was
rarely observed due to the filtering of TC days. Figure 6 shows
stacked bar graphs of the diurnal cycles of the WLC (blue),
CLP (orange), CV (green), and ELC (red) by precipitation
grade for MJJAS.

Across regions,MJJAS shows a very defined diurnal cycle,
accumulating into a late afternoon-early evening peak (17–18
LST; 2.4 mm h−1) for light precipitation (Fig. 6a) and a morn-
ing peak (8–9 LST; 12.5 mm h−1) for heavy precipitation (Fig.
6b). Light precipitation is predominantly contributed by the
WLC and CLP, as expected due to their SWM enhancement.
Heavy precipitation in MJJAS is contributed largely by the
WLC from 8 to 12 LST, while the ELC, CV, and CLP con-
tribute to heavy precipitation only from 8 to 9 LST. The heavy
precipitation observed in the WLC is perhaps a product of
local effects as it is also observed for the NEM months (not
shown). Heavy precipitation over the WLC likely contributes
to the timing of PPI in the morning (Fig. S1c).

The graded PA analysis reveals that light precipitation is
largely responsible for observed precipitation in Luzon. This
is corroborated by the similarity of the diurnal cycles of total
precipitation per region (Fig. 4) to the diurnal cycles of light
precipitation (Fig. 6a). This finding has implications for the
accuracy of satellite-based precipitation products, which have
shown to exhibit biases under precipitation extremes
(Jamandre and Narisma 2013; Maggioni et al. 2016;

Fig. 5 Time-longitude cross
sections of precipitation amount
(PA; in units of mm h−1) during
the southwest monsoon season
(MJJAS) for (a) West Luzon
Coast (WLC), (b) Central Luzon
Plain (CLP), (c) Cagayan Valley
(CV), and (d) East Luzon Coast
(ELC). The boundary between
northern/eastern and southern/
western WLC is indicated by an
arrow along the x-axis of (a)
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Mahmud et al. 2017). Furthermore, this underlines the need to
better understand the behavior of precipitation in regions of
complex topography in order to improve the performance of
satellite-based precipitation products.

3.6 Low-Level Convergence and Winds

Figure 7 depicts ERA5 3-hourly 925 mb divergence and
winds over Luzon Island averaged for MJJAS in terms of
the diurnal anomaly, which is defined as the difference be-
tween the circulation features at the specified time and the
daily mean. Figure S2 is similar to Fig. 7 but provides the
circulation features in terms of the mean at the specified time.
The diurnal cycle of divergence over the selected regions (Fig.
S3) is directly comparable to the diurnal cycle of precipitation

(Fig. 4). The diurnal cycle of PA is generally well-explained
by low-level afternoon convergence (Figs. 7e–g, S2e–g, S3)
over the CLP (17 LST), WLC (20 LST), CV (17 LST). Such
convection is the result of late afternoon-early evening con-
vection from solar heating throughout the day (Zhang et al.
2017). Additionally, southwesterly-westerly wind west of
Luzon between 14 and 17 LST (Figs. 7e–f and S2e–f) in
combination with orographic uplift may contribute to the re-
markably high PA observed over the WLC (Fig. 4a).
Convergence maxima over the Cordillera and Sierra Madre
mountains highlight the importance of mountain ranges in
determining the diurnal cycle of precipitation (Figs. 1 and
7). Consequently, the regions generally show late afternoon-
early evening precipitation peaks (Fig. 4). In the case of the
ELC, we observe a profile (Fig. S3) that somewhat

Fig. 7 Spatial distribution of ERA5 3-hourly 925 mb horizontal divergence (s−1) and winds (m s−1) in terms of the anomaly from the daily mean over
Luzon Island averaged during the southwest monsoon season (MJJAS)

Fig. 6 Diurnal cycle of PA
(mm h−1) over the four regions,
West Luzon Coast (WLC),
Central Luzon Plain (CLP),
Cagayan Valley (CV), and East
Luzon Coast (ELC) for (a) 0.01–
2.5 mm h−1 and (b) 2.5–
7.5 mm h−1
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corresponds to the diurnal precipitation cycle (Figs. 4 and 5);
however, the ELC experiences divergence throughout its di-
urnal cycle (Fig. S3) and thus the mechanism behind the
scattered precipitation over the ELC remains a topic for future
research. Furthermore, the effect of coastal curvature on diur-
nal winds is not visible and requires higher resolution model-
ling in future work. The potential migration of precipitation
down mountain slopes (e.g., Biasutti et al. 2012) from the
Cordillera mountain range to the WLC is also recommended
as a topic of future research.

We note that mountain regions in Luzon island show early
convergence maxima at 14 LST (Fig. 7), which is earlier than
other parts of the island and precede precipitation peaks in
adjacent regions. The slight difference in timing of the ob-
served precipitation compared to the ERA5 convergence max-
imamay be explained by the time delay of migration down the
mountain slopes. The calculation of accumulated precipitation
also consequently creates a time delay between accumulated
and real-time variables. Finally, the parameterization of the
ERA5 reanalysis as a global output may lead to a bias in peak
timing, as opposed to a locally parametrized model.

4 Discussion and Conclusions

4.1 Discussion

Precipitation in the Philippines has been shown to be a product
of both local and large-scale circulation patterns (Park et al.
2011). Luzon is exposed to the SWM/NEM for majority of the
year. Consequently, the diurnal cycle of precipitation over
Luzon is largely a function of the interaction of different to-
pographical features (valleys, mountains, coasts, plains) with
the seasonal monsoons (Akasaka 2010; Cruz et al. 2013;
Pullen et al. 2015; Riley Dellaripa et al. 2020). Diurnal and
seasonal precipitation is further complicated by heterogeneous
topography such as (1) mountain ranges, which serve as mois-
ture barriers (Ohsawa et al. 2001; Xie et al. 2006) and produce
strong vertical motion and subsequently heavy precipitation
on windward sides (Cayanan et al. 2011), and (2) coasts,
which serve as centers of interaction between local and
large-scale circulation.

The interaction of topography and monsoon is most evi-
dent in the enhancement of all precipitation variables over
Luzon Island, associated with the convergence of the prevail-
ing SWM flow with nearby mountain ranges (Figs. 1 and 4).
Our results corroborate the findings of Riley Dellaripa et al.
(2020), which found topographic height to be a major factor in
precipitation characteristics over the Philippines. During
MJJAS, we observed generally late afternoon-early evening
PA peaks (Fig. 4a) with slight differences in timing between
regions: CLP (16 LST), WLC (17 LST), CV (18 LST), and
ELC (20 LST). The generally late afternoon-early evening

peaks have been observed in other insular regions across trop-
ical Asia (Ohsawa et al. 2001; Takahashi 2010; Xin-Xin et al.
2015), and similarities in the diurnal cycle between regions,
specifically the WLC and CLP, are indicative of the influence
of large-scale circulation (Park et al. 2011; Zhuo et al. 2014).
Indeed, the influence of the SWM is quite pronounced along
the west coast of Luzon Island (Cruz et al. 2013) where moun-
tains may contribute to clear diurnal peaks (Figs. 4 and 6) and
the highest PA of the year for the WLC and CLP (Figs. 3 and
4) (Riley Dellaripa et al. 2020). Furthermore, the diurnal peak
timing in MJJAS is generally well-explained by low-level
convection induced by afternoon solar heating over the
Cordillera mountains (Figs. 7 and S2). The combination of
orographic effects from the Cordillera mountains and large-
scale circulation from the SWM resulted in the spatiotemporal
propagation of PA for regions that are exposed to the SWM
such as the WLC and CLP (Fig. 5). The WLC and CLP are
contrasted by the ELC, which has its annual maximum of PA
in December due to its exposure to the NEM (Fig. 3d) and its
location adjacent to the Sierra Madre mountains (Fig. 1b),
further highlighting the role of mountain ranges in determin-
ing the impact of the monsoons on precipitation (Xie et al.
2006; Akasaka et al. 2007; Riley Dellaripa et al. 2020).

The diurnal cycle of light precipitation (0.01–2.5 mm h−1)
in MJJAS (Fig. 6) was observed to capture total precipitation
quite well in all regions. Considering the importance of light
precipitation and the poor performance of satellite precipita-
tion products in detecting lighter precipitation in the
Philippines (Jamandre and Narisma 2013; Peralta et al.
2020), this indicates a need for further improvement of satel-
lite retrievals to capture observed precipitation trends in the
Philippines. Heavy precipitation (exceeding 2.5 mm h−1)
across regions occurred in the morning (8–12 LST)
(Figs. 6b; S1c), particularly over the WLC, a feature that will
be a topic of future research. Zhuo et al. (2014) observed that
peak timing of precipitation varied with intensity, occurring
either in the early morning (0–8 LST) and late afternoon (13–
16 LST).While Zhuo et al. (2014) attributed the morning peak
to monsoonal influence, our observed morning peak of heavy
precipitation may be related to a combination of monsoonal
influence and daytime heating. However, it is also noted that
these heavy precipitation occurrences are very rare as the
morning peaks do not appear in the mean PA cycle (Fig. 4a).

Given these findings, questions remain such as seasonal
changes in the diurnal cycle in regions of different topography
(Fig. 3). Seasonal shifts in the diurnal peak of PA are visible in
Fig. 3 and may be examined in future work. A higher resolu-
tion model may be able to resolve the migration of precipita-
tion along mountain slopes and the effect of coastal or moun-
tain range curvature on the diurnal cycle, particularly over
WLC and ELC. As the influence of monsoons in the CV is
likely modulated by mountain ranges to the west and east,
other physical mechanisms besides the monsoon may be
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responsible for diurnal precipitation patterns in the CV.
Furthermore, the observed heavy precipitation over the
WLC in the morning should be investigated in more detail.
The effect of more complicated topography in Visayas and
Mindanao (Fig. 1a) on the diurnal cycle of precipitation is also
recommended as topics of future research. Finally, evaluation
of satellite-based datasets (Jamandre and Narisma 2013;
Peralta et al. 2020) may also be performed with the denser
network of stations used in this study.

4.2 Conclusions

Using a spatially dense network of 411 stations across Luzon
Island in the Philippines, we present the first attempt of exam-
ining the diurnal cycle of precipitation across Luzon. Diurnal
characteristics of PA, PI, and PF were described across differ-
ent seasons of the year from January 2011 to April 2018. PA is
the accumulated hourly precipitation divided by the total num-
ber of hours, PF is defined as the total number of hours with
hourly-averaged precipitation above 0.01 mm h−1 divided by
the total number of hours, and PI is defined as PA divided by
PF. We compared regions of distinct topography such as a
valley (CV), a plain (CLP), a west-facing coast (WLC), and
an east-facing coast (ELC) to further understand the interac-
tion of local topography with local- and large-scale circula-
tion. As the SWM contributes the most precipitation through-
out the year, we focused our analysis primarily on MJJAS.

Results showed that the spatial patterns of PA and PF in
MJJAS correspond well to large-scale seasonal/monsoonal
flows and generally decreased toward the leeward side of the
Philippines relative to the prevailing monsoon such that the
west (east) side of Luzon exhibited higher (lower) PA and PF.
High values of PA and PF were observed near the Cordillera
mountains (Figs. 1 and 2), corroborating previous satellite-
based studies (Xin-Xin et al. 2015; Takahashi 2016). High
PI values appeared opposite of the direction of monsoon flow.

Dividing Luzon into regions, we observed differences in
the diurnal cycles across regions. The ELC showed relatively
consistent PA for most of the year with an annual maximum in
December (Fig. 3), while other regions experienced large PA
values in MJJAS. Such differences were attributed to the ef-
fect of nearby mountain ranges on moisture flux (Xie et al.
2006) in combination with seasonal changes in the prevailing
wind. In addition to information from previous studies on
seasonal precipitation (Akasaka et al. 2007; Park et al. 2011;
Pullen et al. 2015), this study found that diurnal precipitation
in MJJAS across most regions in Luzon peaked in the late
afternoon-early evening with the exception of the ELC, which
exhibited scattered peaks throughout the day and a slight peak
in the late evening-early morning. Similar peak timings are
indicative of the large-scale enhancement of precipitation by
the SWM. Diurnal cycles of PI showed much higher variabil-
ity throughout the day but generally peaked at the same times

as PA and PF, which suggests that PI and PF are both impor-
tant indicators of PA. Furthermore, a shift in precipitation
characteristics was observed during the peak of PA, with the
first (second) half exhibiting high PI and low PF (low PI and
high PF).

The diurnal cycle was found to vary across most regions as
a result of nearby mountain ranges. In MJJAS, the WLC
showed differing diurnal cycles between its southwest and
northeast sections, associated with Zambales and Cordillera
mountain ranges, respectively, and their orientation relative to
the SWM flows. This contrasts the ELC, which exhibited
region-wide peaks scattered throughout the day. The CV ex-
perienced most of its precipitation on the west side of the
valley while the CLP showed maximum PA values concen-
trated on the east side of the plain. Both these regions were
likely influenced by nearby mountain ranges. One exception
to the observed spatiotemporal propagation was the ELC,
which exhibited no zonal delay in its PA peaks, explainable
by the equal distances of the ELC stations from the nearby
mountains.

In terms of graded PA, light precipitation (0.01–
2.5 mm h−1) was observed to capture the trends of overall
precipitation throughout all four regions, which indicates that
observations of the total diurnal cycle can be attributed largely
to light precipitation, at least in Luzon, highlighting the im-
portance of understanding this intensity of precipitation.
Meanwhile, heavy precipitation appeared between 8–9 LST
in the ELC, CV, CLP, and between 8–12 LST in theWLC. As
expected, west side regions (i.e., WLC, CLP) contributed ma-
jority of precipitation during the SWM season.
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