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ABSTRACT

Precipitation in the region surrounding the South China Sea over land and coastal waters exhibits a strong
diurnal cycle associated with a land-sea temperature contrast that drives a sea-breeze circulation. The boreal
summer intraseasonal oscillation (BSISO) is an important modulator of diurnal precipitation patterns,
an understanding of which is a primary goal of the field campaign Propagation of Intraseasonal Tropical
Oscillations (PISTON). Using 21 years of CMORPH precipitation for Luzon Island in the northern Philippines,
itis shown that the diurnal cycle amplitude is generally maximized over land roughly 1 week before the arrival of
the broader oceanic convective envelope associated with the BSISO. A strong diurnal cycle in coastal waters is
observed in the transition from the inactive to active phase, associated with offshore propagation of the diurnal
cycle. The diurnal cycle amplitude is in phase with daily mean precipitation over Mindanao but is nearly out of
phase over Luzon. The BSISO influence on the diurnal cycle on the eastern side of topography is nearly opposite
to that on the western side. Using wind, moisture, and radiation products from the ERAS reanalysis, it is pro-
posed that the enhanced diurnal cycle west of the mountains during BSISO suppressed phases is related to
increased insolation and weaker prevailing onshore winds that promote a stronger sea-breeze circulation when
compared with the May-October mean state. Offshore propagation is suppressed until ambient midlevel
moisture increases over the surrounding oceans during the transition to the active BSISO phase. In BSISO
enhanced phases, strong low-level winds and increased cloudiness suppress the sea-breeze circulation.

1. Introduction A greater understanding of the diurnal cycle and its
variability is required in order to benefit forecast skill
locally and convective parameterizations. This paper
aims to add to the body of work on the variability of
the diurnal cycle on intraseasonal time scales. Here, the
focus is on the overlooked boreal summer season with a
focus on the Philippines and South China Sea.

The mean state of the MC diurnal cycle has been
studied extensively, primarily focusing on the islands of
Sumatra, Borneo, and New Guinea. Houze et al. (1981)
presented field observations that showed an extremely
regular diurnal cycle over both land and ocean near
Borneo. Across the MC region, differential daytime
heating between land and water due to the difference in
heat capacity leads to sea-breeze circulations that con-
verge near the center of the islands, and combine with
mountain—valley breezes to enhance convection over
mountains (Qian 2008). Cells begin to merge and orga-
nize, particularly over larger islands, leading to a late
afternoon peak in precipitation rates (Dai 2001; Yang and
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The tropical diurnal cycle has been of great interest
to the scientific community for many decades. The
“Maritime Continent” (MC) in particular presents an in-
triguing challenge, with its complex topography situated
among some of the warmest sea surface temperatures
(SST) on the planet (Saito et al. 2001; Qian 2008; Wang
and Sobel 2017). The diurnal cycle is a critical compo-
nent of the variability in MC precipitation (Bergemann
et al. 2015), which provides a notable source of con-
vective heating for the global atmospheric circulation
(Ramage 1968; Yamanaka et al. 2018). However, a high-
resolution cloud-resolving model is often required to
accurately capture the detailed features of the precipi-
tation distribution (Sato et al. 2009; Birch et al. 2015),
and errors in global climate models in this region cas-
cade into substantial simulation errors from pole to
pole (Neale and Slingo 2003; Inness and Slingo 2006).
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Biasutti et al. 2012; Hassim et al. 2016). In the evening,
evaporation of rainwater after convection is of primary
importance for cooling the land surface, and radiative
cooling is secondary (Wu et al. 2008, 2018). Coastal
precipitation contributes more total precipitation to the
tropical water budget than its proportion of tropical area
would imply if precipitation were distributed evenly
(Bergemann et al. 2015; Ogino et al. 2016).

Yang and Slingo (2001) found a striking tendency
toward offshore propagation of the diurnal cycle across
the global tropics. Their hypothesis originally proposed
that this propagation was due to diurnally generated
gravity waves radiating away from land. This idea has
been supported by successive papers, showing very
regular patterns of offshore propagation likely due to a
gravity wave that destabilizes the atmosphere over
coastal waters (Mapes et al. 2003a; Mori et al. 2004; Love
et al. 2011; Hassim et al. 2016; Vincent and Lane 2016;
Yokoi et al. 2017; Vincent and Lane 2018; Wu et al.
2018). Westward propagation is generally favored across
the warm pool, but there is significant variability in the
persistence and direction of diurnally propagating con-
vective systems, likely related to fluctuations in the
background wind profile (Mori et al. 2004; Sakurai et al.
2005; Ichikawa and Yasunari 2006, 2008; Keenan and
Carbone 2008; Kikuchi and Wang 2008; Rauniyar and
Walsh 2011; Tulich and Kiladis 2012; Wang and Sobel
2017; Yanase et al. 2017) and the availability of free-
tropospheric moisture in the offshore environment
(Hassim et al. 2016; Vincent and Lane 2017, 2018).

Variability on intraseasonal time scales, broadly de-
fined as 20-100days, has been another major area of
interest in tropical meteorology. The Madden—Julian
oscillation (MJO) is the primary mode of variability on
these time scales. First discovered by Madden and Julian
(1971), the MJO consists of a broad, eastward-propagating
region of enhanced convective activity associated with
anomalous divergence in the upper troposphere and
convergence near the surface (Madden and Julian 1972,
1994; Hendon and Liebmann 1994; Hendon and Salby
1994). MJO heating forces an equatorial Kelvin wave to
the east with symmetric Rossby waves poleward and to
the west (Gill 1980) as well as a Rossby-wave train that
extends into the extratropics, primarily in the winter
hemisphere (Knutson and Weickmann 1987; Matthews
et al. 2004).

The interactions between the diurnal cycle and the
MJO may be important to the dynamics of each. Sui
and Lau (1992) showed that the diurnal cycle over the
MC islands tends to be suppressed during the con-
vectively active MJO phase. A peak in the amplitude
of the diurnal cycle during the suppressed period or
in the lead up to the active phase has been shown in
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many successive studies for Sumatra, Borneo, and New
Guinea (Ichikawa and Yasunari 2006; Fujita et al. 2011;
Rauniyar and Walsh 2011; Oh et al. 2012; Peatman et al.
2014; Birch et al. 2016; Vincent and Lane 2016; Sakaeda
et al. 2017; Vincent and Lane 2017). Recent field data
from Sumatra has shown a robust diurnal cycle in the
suppressed and transition MJO phases, until the onset of
low-level westerly winds in the active phase dramatically
alters the diurnal cycle character (Wu et al. 2017; Yokoi
et al. 2017, Wu et al. 2018). Katsumata et al. (2018)
noted a strong, regular diurnal cycle that initiates over
Java Island in Indonesia and propagates offshore dur-
ing a convectively suppressed MJO period.

Peatman et al. (2014) took a more comprehensive
look at this behavior, finding that the amplitude of the
diurnal cycle peaks roughly one eighth of an MJO cycle
before the main convective anomaly arrives, and that
the diurnal cycle determines the daily mean precipitation
rate over the MC islands considered. They proposed
that this pattern was due to high insolation combined
with frictional moisture convergence associated with
the leading Kelvin wave and the Rossby wave trailing
the suppressed anomaly, a contention supported by sub-
sequent models and observations (Birch et al. 2016).

While the boreal wintertime MJO is maximized near
the equator, it takes on a different character in the bo-
real summer season when it is sometimes referred to as
the boreal summer intraseasonal oscillation (BSISO). In
May-October, the convective anomaly propagates both
northward and eastward into the Asian summer mon-
soon region (Lau and Chan 1986; Lawrence and
Webster 2002; Lee et al. 2013; Jiang et al. 2018), mod-
ulating the onset of the monsoon and its active and
break periods during the height of the season (Wang
and Xu 1997; Annamalai and Slingo 2001; Annamalai
and Sperber 2005). A convective heating anomaly cen-
tered off the equator then leads to an asymmetrical
large-scale circulation response (Gill 1980; Hendon and
Liebmann 1994; Kemball-Cook and Wang 2001). The
BSISO mode has been examined less than its wintertime
counterpart, and thus is the focus of this study.

There has been more limited work exploring in-
teractions between the BSISO and the diurnal cycle over
the Philippines and South China Sea. Chen and Takahashi
(1995) used satellite derived brightness temperatures to
indicate a weaker diurnal cycle over the South China
Sea (SCS) during the suppressed intraseasonal oscilla-
tion (ISO) period, concurrent with an active diurnal
cycle over surrounding landmasses, similar to what has
been found for the wintertime MJO near the equator.
More recent work using the Tropical Rainfall Measur-
ing Mission (TRMM) Precipitation Radar has detected
distinct behavior in the SCS diurnal cycle in each BSISO
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regime (Ho et al. 2008). In the SCS near the Philippines, a
robust morning peak was found during the ISO active
phase, which the authors connected to convergence be-
tween the land breeze and the prevailing monsoon flow.
However, the same region experienced a late evening peak
in the diurnal cycle during the ISO inactive period that was
more directly tied to convection propagating offshore from
the Philippines. Park et al. (2011) examined a case study
in a model, reanalysis, and multisatellite rainfall estimates
to connect this morning maximum during westerly wind
burst (active ISO) periods with the large-scale diurnal cy-
cle over the Asian continent. Recently, Xu and Rutledge
(2018) showed that deep convective activity and lightning
associated with an active diurnal cycle are maximized over
the Philippines during the convectively suppressed phase,
consistent with prior work over the other MC islands.

This paper will examine the relationship between the
diurnal cycle and the boreal summer mode of the MJO
with a focus on the Philippines. The goal is to determine
the extent to which the early peak in the diurnal cycle
amplitude noted by Peatman et al. (2014) is present in
boreal summer over other parts of the MC farther from
the equator. This study will also focus on the entire
BSISO life cycle, with a particular focus on the transition
regime, rather than comparing the active and suppressed
periods in aggregate. Furthermore, the applicability of
the mechanisms proposed by Peatman et al. (2014) will
be assessed here for a new season and new region in
order to build toward a consistent theory explaining the
ISO-diurnal cycle scale interactions. The Climate Pre-
diction Center (CPC) morphing technique (CMORPH)
precipitation dataset (see section 2a), which provides
improved spatial and temporal resolution, has not yet
been used for this application. While exploring the
feedback of the diurnal cycle to the ISO is not the focus
of this paper, prior work has suggested that the specifics
of the diurnal cycle could be an important factor de-
termining if the ISO can successfully propagate through
the MC (Hagos et al. 2016; Zhang and Ling 2017).
Section 2 describes the datasets and methods that are
employed in this study. The mean state diurnal cycle
over the Philippines is reviewed in depth in section 3,
followed by an analysis of its changes with BSISO phase
in section 4. Section 5 explores some potential mecha-
nisms proposed to explain the findings of section 4,
with a summary and conclusions in section 6.

2. Data and methods
a. Datasets

The primary precipitation dataset employed in this study
is from CMORPH (Joyce et al. 2004; Xie et al. 2017).
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Precipitation accumulation estimates are provided at
30-min temporal resolution and 8-km spatial resolu-
tion (at the equator), covering 60°S—60°N. This tech-
nique uses microwave precipitation estimates from
satellites in low-Earth orbit to identify specific pre-
cipitation features, and then tracks them through time
and space using infrared retrievals from geostationary
satellites. Successive microwave estimates are morphed
through a weighted linear interpolation. As a result,
infrared information is only used to track systems
identified by microwave estimates rather than adding
additional calibrated precipitation estimates. Esti-
mates are then bias corrected using gauge data over
land and the Global Precipitation Climatology Project
over ocean (Xie et al. 2017). While such bias correction
improves the accuracy of satellite precipitation esti-
mates over complex terrain, there are still quantitative
weaknesses in products such as CMORPH. For this
study, CMORPH precipitation estimates are consid-
ered for boreal summers (May-October) from 1998 to
2018. Since the analysis period includes several strong
El Nifio events, the analysis of this paper was repeated
by excluding the summers in which a strong El Nifio
event was decaying (1998, 2010, and 2016), and the
conclusions were found to be unchanged.

The fifth major global reanalysis produced by the
European Centre for Medium-Range Weather Fore-
casts (ERAS) [Dee et al. 2011; Copernicus Climate
Change Service (C3S; C3S 2017)] is used for surface
downwelling solar radiation, surface wind, and total
column water vapor. In addition, reanalyses of specific
humidity and wind are used at pressure levels every
50hPa from 1000 to 100 hPa. All variables are consid-
ered at 1-h temporal resolution on a 0.125° spatial grid
from 1998 to 2018 to be consistent with the CMORPH
period of record. While there are known weaknesses to
reanalyses (i.e., Birch et al. 2015), the high resolution
and coverage in the spatial and temporal dimensions
make it an attractive and useful option.

Outgoing longwave radiation (OLR) is used as a
proxy for the large-scale convection associated with the
BSISO. In this study, the OLR estimates derived and
interpolated from the Advanced Very High Resolution
Radiometer (AVHRR) are used, available at 2.5° spa-
tial and daily temporal resolution (Liebmann and Smith
1996). Land surface topography data is also included
to help interpret the findings in this study, provided at
2-min spatial resolution from the National Oceanic and
Atmospheric Administration (NOAA) ETOPO2 data-
set (National Geophysical Data Center 20006).

The BSISO index used in this study is that by Lee et al.
(2013), which is based on the first two multivariate em-
pirical orthogonal functions of OLR and 850-hPa zonal
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wind from May to October over the Asian summer
monsoon region. No spatial or temporal filtering is used
to calculate this index, which means that it does not
exclusively capture canonical northward propagating
BSISO events with an intraseasonal period (Wang et al.
2018). However, it is designed to capture structures that
explain the most variance in the region of interest,
making it an attractive option for examining the be-
havior of the diurnal cycle under varying large-scale
regimes. The results of this study were replicated with
other commonly used BSISO indices (Wheeler and
Hendon 2004; Kikuchi et al. 2012; Kiladis et al. 2014),
and the conclusions remain the same.

b. Compositing

Composite diurnal cycles are created for CMORPH
precipitation by first converting 30-min accumulation
to average precipitation rate in millimeters per hour,
and then averaging all estimates taken at the same
time of day for each point. The boreal summer com-
posite diurnal cycle includes all days in May—October.
A similar process was done for surface wind estimates
from ERAS, but at 1-hourly temporal resolution. In
addition, separate composite diurnal cycles were cal-
culated for each individual BSISO phase as defined by
the Lee et al. (2013) index. In this case, only days in
boreal summer on which the index recorded an am-
plitude (defined as the square root of the sum of
the squares of the first two principal components) of
greater than or equal to 1.0 were included, resulting
in eight composite diurnal cycles for each of the
eight BSISO phases. The composites were created
from 292, 370, 257, 245, 347, 264, 308, and 309 days,
respectively.

The first diurnal harmonic is calculated from the
composite diurnal cycle for several datasets in this study.
The diurnal amplitude refers to the amplitude of the first
diurnal harmonic of the composite diurnal cycle, either
for the full boreal summer, or the individual BSISO
phase. Diurnal range refers to the difference between
the maximum and minimum of the composite diurnal
cycle. Both of these methods are different ways of
looking at the amplitude of the diurnal cycle and will
be used when appropriate. The diurnal range tends
to be significantly noisier, and might not necessarily
reflect a smooth diurnal sine curve. However, the diurnal
amplitude does not accurately represent days with a
short, narrow peak in precipitation rate. Anomalies of
these measures of the diurnal cycle are also included,
defined as the difference between, for example, the di-
urnal amplitude of the BSISO composite diurnal cycle
in a given phase and the full boreal summer composite
diurnal amplitude.
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c. Statistical significance

Statistical significance is included for the differences
in precipitation statistics between the full boreal sum-
mer composite and each BSISO phase with the null
hypothesis that any differences are due to random chance.
In this study, a statement of statistical significance means
that this hypothesis can be rejected at the 95% confidence
level. A bootstrap was used to create 1000 random com-
posite diurnal cycles each made from 79 simulated events.
This number was chosen as it was the smallest number of
independent BSISO events during the period 1998-2017
(in May—October only) for any of the eight phases, where
an independent BSISO event was defined as a period of
consecutive days with the index in the same phase and an
amplitude greater than 1.0.

Since the compositing method used may sample
multiple days from the same BSISO event, the bootstrap
must also sample consecutive days. The length of ob-
served BSISO events varies widely from one to fifteen
days. To replicate this as closely as possible in the ran-
dom composites, a Poisson distribution was employed
to simulate the event length. The probability of an event
of length k + 1days occurring is given by

A A

P(eventisk + 1dayslong) = e~ L

where the rate parameter A was equal to 1.92 days, the
average number of additional days beyond the first in all
real BSISO events. All days were added to the random
composite with equal weighting, giving each of the 1000
composites an average of 230 total days from 79 in-
dependent events. The smallest number of total days in-
cluded in any one phase composite was 256 days, and thus
this method provides a fairly conservative comparison.

3. Mean diurnal cycle

In this section, the mean state of the diurnal cycle in
boreal summer (May-October) over the Philippine ar-
chipelago is examined. Figure 1 shows the topography of
the Philippines. The two major islands, Luzon and
Mindanao, (the northernmost and southernmost large
island, respectively) are characterized by mountains in
excess of 2000m above sea level. The complex topog-
raphy of the MC collocated with warm seas and a moist
tropical atmosphere makes this region of prime interest
for studies of the diurnal cycle (Qian 2008).

Figure 2 shows some important features of the diur-
nal cycle over the Philippines and surroundings waters.
Figure 2a shows the diurnal amplitude of CMORPH
precipitation in boreal summer, computed by fitting a
sine curve to the May—October composite diurnal cycle
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F1G. 1. NOAA ETOPO?2 topography (m) over the Philippines,
showing the boxes of spatial averaging that are used later.

at each point. A preference for high-amplitude diurnal
cycles over land is evident, particularly over the larger
islands of Luzon and Mindanao, consistent with many
prior studies (Chen and Takahashi 1995; Biasutti et al.
2012; Kikuchi and Wang 2008; Ohsawa et al. 2001; Qian
2008; Saito et al. 2001). Figure 2c shows how well the
composite diurnal cycle is described by the sine curve
with a period of one day. The variance explained by the
first harmonic is generally quite high over land and
surrounding waters, with some low values in coastal
waters near the smaller islands of the Philippines, pos-
sibly due to interfering propagation patterns.

Consistent propagation of diurnal convection is ap-
parent in the peak hour of the first diurnal harmonic
displayed in Fig. 2b. Over the smaller islands of the
central Philippines, precipitation rates tend to peak in
the late afternoon hours, around 1630 local solar time
(LST). However, the peak is noticeably later over large
islands, at around 1800 LST (Qian 2008; Saito et al. 2001;
Yang and Smith 2006). This is supported by prior studies
that have explored the connection between island size
and the diurnal cycle more directly (Robinson et al.
2011; Sobel et al. 2011; Cronin et al. 2015; Kawecki and
van den Heever 2019). In the South China Sea to the
west of the Philippine Islands, evidence for offshore
propagation exists, as peak hours get progressively later
away from shore. Offshore propagation, with westward
propagation favored, has been shown to be relatively
ubiquitous across the islands of the MC (Ichikawa and
Yasunari 2006; Love et al. 2011; Mori et al. 2004; Tulich
and Kiladis 2012; Yang and Slingo 2001).
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The offshore propagation is shown more convincingly
in Fig. 3, which displays a time—longitude cross section of
precipitation rates averaged over latitudes characteristic
of the northern part of Luzon island (box A in Fig. 1).
Precipitation rates begin to increase over peak topogra-
phy on the western side of the island around midday
before spreading both east and west. Peak rainfall oc-
curs around 1800 local Philippine time (LT), followed
by a gradual decay as the precipitation maximum
propagates westward as far as 200-km offshore into the
early morning hours at roughly 6.3ms™'. Average pre-
cipitation rates drop to near zero during the early
morning hours over land, while simultaneously peaking
offshore. Eastward propagation is less apparent than
that toward the west, although there is evidence of an
overnight increase in offshore precipitation in the
Philippine Sea, likely associated with the land-sea
breeze (Houze et al. 1981).

This analysis has also been done for other satellite-
derived precipitation products. The TRMM 3B42 prod-
uct synthesizes precipitation estimates from multiple
satellite retrievals in the microwave band, and fills in the
gaps with measurements in the infrared band (Huffman
et al. 2007). The high-quality version (3B42HQ) only uses
the calibrated microwave retrievals. Both versions show a
similar pattern to CMORPH (not shown). The TRMM
Precipitation Radar (Iguchi et al. 2000) also supports
these results, but tends to show a slightly earlier peak
in the diurnal cycle when compared to TRMM and
CMORPH, behavior also seen in previous work (e.g.,
Yamamoto et al. 2008). The rest of this paper will
examine how diurnal cycle behavior changes with the
BSISO along with the variations in environmental
conditions that drive such changes.

4. BSISO modulation of the diurnal cycle
a. General impact

This section will explore changes in the diurnal cy-
cle associated with the BSISO after first reviewing the
general influence of the BSISO on the region of interest.
The large-scale structure of the BSISO anomalies in
OLR and 850-hPa winds is shown in Fig. 4, constructed
by averaging the anomalies relative to the seasonal cycle
on all days in a given phase. The seasonal cycle was
defined by a daily climatology smoothed by an 11-day
centered running mean. The BSISO daily mean pre-
cipitation anomalies near the Philippines are isolated in
Fig. 5. Phases 1-3 generally see statistically significant
decreases in average precipitation rate on both sides
of the Philippine Islands, collocated with large-scale
positive OLR anomalies and easterly wind anomalies
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F1G. 2. From CMORPH precipitation, (a) the amplitude of the first diurnal harmonic of the boreal summer composite diurnal cycle, (b) its
peak hour (LST), and (c) the variance in the boreal summer composite diurnal cycle explained by the first diurnal harmonic.

(Fig. 4). These phases will be referred to as the BSISO
suppressed or inactive period. Phases 5-7 represent the
BSISO enhanced or active period for the region, si-
multaneously presenting anomalously positive precipi-
tation, negative OLR, and westerly wind. Daily mean
precipitation anomalies over land are generally weaker
than over nearby oceans, or even opposite in sign as over
Mindanao. This behavior is consistent with that ob-
served by Xu and Rutledge (2018) for this region, and
also over other parts of the MC (Oh et al. 2012; Peatman
et al. 2014; Sakaeda et al. 2017; Vincent et al. 2016).
Figure 6 shows anomalies in the amplitude of the first
harmonic of the composite diurnal cycle as a function of
BSISO phase. Strong anomalies are present over land
and the coastal waters of the South China Sea. Statisti-
cally significant increases in diurnal amplitude are found
in phases 3—4 over the western side of the Philippines
and up to nearly 200-km offshore. Positive anomalies
are also present on the eastern side of the Philippines,
but these are smaller in spatial extent. The opposite
emerges toward the end of the active BSISO period
(phases 7-8), when the diurnal cycle amplitude is
smaller than average for western Luzon and Mindanao
and the waters of the South China Sea immediately
offshore. Many prior studies (e.g., Peatman et al. 2014;
Sakaeda et al. 2017; Sui and Lau 1992; Vincent and Lane
2016; Xu and Rutledge 2018) have similarly shown a
preference for strong diurnal cycles over land prior to
the onset of enhanced ISO convection or during the
suppressed period. However, this modulation of the
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diurnal cycle by the BSISO is not the universal on
the subisland scale. For example, Fig. 6 shows that
while the diurnal cycle is enhanced on the west side of
the Philippines in phases 3-4, the opposite signal ap-
pears for a small section of land east of the high to-
pography. The remainder of this section will highlight
such behavior over the large islands of Luzon and
Mindanao, and discuss the noteworthy modulation
of offshore propagation of the diurnal cycle.

b. Luzon

Figure 7a shows the latitudinally averaged composite
diurnal cycles over Luzon as in Fig. 3 but for each phase
of the BSISO. The differences from the boreal summer
composite with statistical significance are shown in
Fig. 7b. A diurnal cycle over land peaking in the late
afternoon to early evening hours is present in every
phase of the BSISO, consistent with Xu and Rutledge
(2018). The afternoon maximum is enhanced during
the suppressed BSISO phases (Fig. 4), while the morning
minimum is reduced, thus amplifying the diurnal cycle.
During the enhanced BSISO phases, precipitation rates
are elevated at most hours of the day, except during the
typical afternoon maximum.

The most interesting contrast between different
BSISO phases from this figure is the modulation of
westward offshore propagation of the diurnal cycle into
the South China Sea. In phases 1-2, the early suppressed
period, a strong diurnal cycle is present over land, but
the precipitation maximum weakens rapidly overnight
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F1G. 3. Composite diurnal cycle based on CMORPH precipitation in boreal summer av-
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shoreline are denoted as dotted black vertical lines.

and does not propagate far from the coast. In the late
suppressed period and transition to active (phases 3-5),
precipitation is still anomalously high during the after-
noon maximum over land, but enhanced precipitation
anomalies now extend far offshore overnight associ-
ated with westward propagation, consistent with studies
focusing on other MC islands (Hassim et al. 2016;
Vincent and Lane 2016; Yokoi et al. 2017; Wu et al. 2018).
In phase 5 in particular, statistically significant enhance-
ment of precipitation rates is found over 200-km offshore
during nighttime and early morning associated with the
propagating diurnal cycle. Considering these results in
the context of work showing that ISO propagation
through the MC is associated with higher precipitation
over the sea relative to land (Zhang and Ling 2017)
leads to the speculation that offshore propagation of
diurnal convection in advance of the onset of the main
BSISO convective envelope could aid northward
propagation into the SCS.

The opposite occurs in the late-active BSISO phases
(6-8). Over land, precipitation rates are anomalously
high at all times of day except during the usual afternoon
maximum. In addition, the presence of a diurnal cycle is
unclear over the SCS, consistent with a suppressed di-
urnal cycle over land with limited offshore propagation.
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Any propagating signal is further muddled by the pres-
ence of elevated precipitation rates over the seas at
all times of day associated with the active BSISO
envelope. Similar behavior has been observed near
Sumatra associated with the Years of the Maritime
Continent field campaign (Wu et al. 2017, 2018;
Yokoi et al. 2017).

Figure 8 shows spatial averages over select boxes
chosen to highlight differences between ocean and land,
and between land points east and west of high mountains.
The top row (Figs. 8a,d) is constructed from a spatial
average over ocean only to the west of Luzon (box C
in Fig. 1), while the middle (Figs. 8b,e) and bottom rows
(Figs. 8c.f) are averaged over land for western (box D)
and eastern (box E) Luzon, respectively. Spatially av-
eraged fields are shown as this tends to improve the
performance of satellite-derived precipitation estimates
(Tan et al. 2017). The left column shows composite di-
urnal cycles of precipitation for the May—October mean,
each BSISO phase, and the 95% confidence bounds for
randomly sampled diurnal cycles described in the section 2.
Anomalies of OLR, daily mean precipitation rate, and
diurnal range are included in the right column with the
95% confidence bounds for the precipitation variables.
The diurnal range is used here in place of the diurnal
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FI1G. 4. Composite anomalies of AVHRR OLR (shading)

and 850-hPa wind vector anomalies (arrows) from ERAS

by BSISO phase.

amplitude as Figs. 8a—c show that the diurnal range
would indeed represent the difference between a narrow
afternoon maximum and long morning minimum. After
spatial averaging, the smoothing provided through use
of the diurnal amplitude is not necessary. However,
using the diurnal amplitude leads to the same conclu-
sions (not shown).

Over western Luzon (Figs. 8b,e) the presence of a
strong diurnal cycle in all BSISO phases is evident again.
A statistically significant enhancement of the diurnal
range occurs in phases 3-5 while the daily mean anom-
aly ranges from strongly negative in phase 3 to slightly
positive in phase 5 (Fig. 8¢). The opposite is seen in
phases 7-8, when the diurnal range is strongly reduced
despite elevated daily mean precipitation rates. At least
for land regions of western Luzon, BSISO modulation of
overnight precipitation rates more than compensates for
the changes to the daily maximum precipitation rate,
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resulting in the diurnal range and daily mean precipi-
tation rates being out of phase.

The behavior present over western Luzon extends
offshore into the South China Sea (Figs. 8a,b). The di-
urnal cycle is weaker here and peaks around three hours
later on average than the land box over western Luzon,
indicative of the arrival of convective systems propa-
gating westward. In phases 1-2, precipitation is sup-
pressed at all times of day. Precipitation during the
transition period (phases 3—4) is still suppressed during
off peak hours, but it is near average during the typical
late evening peak. Thus, a statistically significant en-
hancement of the diurnal amplitude is seen in phase 4-5
in Fig. 8d while daily mean precipitation anomalies are
near zero. The opposite behavior occurs as the BSISO
transitions from active to suppressed conditions, in
phases 7, 8, and 1. There is some indication of the
diurnal cycle taking on a more pure oceanic character,

Unauthenticated |

Downloaded 01/30/24 03:10 PM UTC



NOVEMBER 2019

NATOLI AND MALONEY

3641

Daily Mean Anomaly

Phase 1 Phase 2

Phase 3

o

18°N -

14°N}f3

Phase 4

10

10°N

4 S 4
120°E 124°E  128°E 120°E  124°E  128°E 120°E 124°E  128°E 124°E 128°F g
0 =
Phase 5 Phase 6 Phase 7 Phase 8 E
. e
18°N I oael 18°N 18°NJ4. 2 8 i -2
o .
o : —4
e N WY 1N
> N L nTe -6
10°N % D 1 0oN SR 10°N 5, Jé 2 10°N b 9@ e
2E0Y r’“& , y aalliosr Sy -8
AR 3 AN A
N R Ilare e 10
6N Kigar s+l 8 L N S e i 7 6°N A ERY  O°NR
120°E  124°E  128°E 120°E  124°E  128°E 120°E  124°E  128°E 120°E  124°E  128°E

FIG. 5. Anomalies in daily mean CMORPH precipitation rate by BSISO phase, with statistical significance at the 95% level shown as dots.

peaking in the morning hours (Gray and Jacobson
1977; Park et al. 2011).

Interesting contrasts occur over eastern Luzon. East
of the island’s high topography (Figs. 8c.f), the BSISO
modulation of the diurnal range is almost opposite to the
western side of the island. In phases 3-4, the diurnal
cycle amplitude is maximized on the western side
(Fig. 8e) while the eastern side sees a statistically sig-
nificant suppression of the diurnal cycle. The largest
diurnal cycles over eastern Luzon are found in phase 8.
The daily mean precipitation rate and diurnal range are
also much closer to being in phase. There appears to be
strong BSISO modulation of the afternoon peak, but
weaker modulation of the overnight minimum when
compared to the western side, allowing the diurnal cycle
amplitude to determine the daily mean precipitation
rates. The results from this section suggest more nuance
to the BSISO modulation of the diurnal cycle over the
Philippines than previously discussed in the literature.

c. Mindanao

Similar behavior is evident over the southernmost
major island of the Philippines. Figure 9 shows the di-
urnal cycles composited by BSISO phase averaged lat-
itudinally over the island of Mindanao and adjacent
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ocean (box B in Fig. 1). It is important to note that due to
its more southern location, Mindanao tends to be one
BSISO phase ahead of Luzon. In other words, phases 8,
1, and 2 are the main suppressed BSISO phases for this
island, while the enhanced convective envelope passes
through during phases 4-6 (Fig. 4). In phase 1, a strong
diurnal cycle is present over the high topography of
the central island, but precipitation rates decay rapidly
overnight (Fig. 9a). However, during the transition to
active (phases 2-4), anomalously high precipitation
rates emerge over the island in the midafternoon, and
then maintain strength as they propagate westward into
the Moro Gulf into the overnight hours (Figs. 9a,b). This
is most pronounced in phase 3, which serves as the pri-
mary transition phase over Mindanao. In the later active
phases of 5 and 6, the afternoon maximum over land is
drastically reduced, and westward propagation is not
apparent.

Figure 10, similar to Fig. 8 but for Mindanao, supports
these conclusions. Over central Mindanao (Fig. 10b),
much of the variability in precipitation rate as a func-
tion of BSISO phase is found near the climatological
peak time of the diurnal cycle (1500-2100 LT). The
BSISO modulation of the diurnal cycle is much stron-
ger here than it is for Luzon. In phases 3-4, as the
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FIG. 6. BSISO composite anomalies in the amplitude of the first diurnal harmonic of CMORPH precipitation, relative to the full boreal
summer composite diurnal cycle. Statistical significance at the 95% level is shown as dots.

BSISO transitions to its active phase, precipitation
rates over central Mindanao (Fig. 10b) are strongly
enhanced, well outside of the 95% confidence in-
terval during the afternoon peak. Conversely, pre-
cipitation rates are strongly suppressed in the afternoon
during the remainder of the convectively active BSISO
phases and its transition back to suppressed. Both the
diurnal range and daily mean precipitation rate have
statistically significant positive anomalies during
this period (Fig. 10e).

The diurnal cycle over the Moro Gulf (Fig. 10a)
generally behaves similarly to that over the South China
Sea near Luzon (Fig. 8a). CMORPH precipitation rates
are strongly enhanced during the late evening peak of
the diurnal cycle in phases 2—4. A minimal diurnal cycle
is present in the late active phases and transition to
suppressed (phases 6-8). The same conclusion, that the
strong, propagating diurnal cycle over coastal waters
peaks prior to the peak of large-scale BSISO convection
can be drawn from these results. The main difference
between the two large islands is that the amplitude of
the diurnal cycle generally determines the daily mean
precipitation rate over Mindanao (Figs. 10d,e), but not
Luzon (Figs. 8d,e). This close relationship between the
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diurnal amplitude and daily mean precipitation rate
over Mindanao has been observed by studies focusing
on other large MC islands (e.g., Peatman et al. 2014), but
Luzon appears to behave differently.

The behavior over eastern Mindanao (Figs. 10c,f) is
also dramatically different compared to the western
side, similar to Luzon (Figs. 8c,f). In fact, eastern
Mindanao (box H in Fig. 1) observes its strongest di-
urnal cycle in phase 8, when the diurnal cycle over the
central portion of the island is still strongly suppressed.
In phases 2—4, when the portion of Mindanao west of
the main topographic boundaries is recording a high-
amplitude diurnal cycle, the eastern side of the island
sees a weaker than average diurnal cycle (although not
statistically significant). These results suggest that the
pattern of BSISO impact on the diurnal cycle is similar
for the large islands of the Philippines. Intraseasonal
variability has vastly different impacts depending on
which side of the island’s topography is being con-
sidered. In the next section, some potential mecha-
nisms that could explain the patterns discussed here
are presented, along with an explanation for this dis-
parity between western and eastern portions of the
islands.
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diurnal cycle (shown in Fig. 3 and again in black and white contours here), with statistical significance superimposed as dots; the average
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While not shown in this paper, these results were
also replicated with several other commonly used
indices for the BSISO, namely the OLR MJO index
(OMI; Kiladis et al. 2014), the real-time multivariate
MIJO index (RMM; Wheeler and Hendon 2004), and
a bimodal ISO index described by Kikuchi et al.
(2012). With varying clarity, this pattern of a peak
in the amplitude of the diurnal cycle over the
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Philippines and most extensive offshore propaga-
tion to the west prior to the arrival of BSISO con-
vection was seen in all indices considered. Since the
Lee et al. (2013) index describes the most variance
in the South China Sea region (not shown), it tends
to have the clearest response in the diurnal cycle,
and thus it is shown in this paper. Furthermore,
results from CMORPH are supported by TRMM
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3B42 and TRMM 3B42HQ, indicating that these
results are not a product of the precipitation data-
set considered.

5. Discussion

In this section, potential mechanisms to explain the
features observed in the last section will be discussed.
Particularly, this section aims to explain 1) the en-
hanced diurnal cycle over land prior to the arrival
of the main BSISO convective envelope, 2) the in-
creased offshore propagation of diurnally generated
convection during the transition to the active phase,
and 3) the contrast with the behavior observed east of
high topography, where the diurnal cycle amplitude
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appears to maximize at the end of the convectively
active BSISO period.

a. Insolation and the sea breeze

Figure 1la shows surface insolation anomalies by
BSISO phase. The BSISO convective envelope (Fig. 4)
is associated with diminished surface insolation (Fig. 11a)
via increasing cloudiness, in accordance with many
previous studies (Johnson et al. 1999; Myers and Waliser
2003; Riley et al. 2011; Sakaeda et al. 2017). The Philippines
receive more solar radiation during the suppressed
phases, which supports an enhanced diurnal cycle over
land. This is expected, since strong insolation will lead to
greater contrast between land and sea due to a differ-
ence in thermal inertia, resulting in a strong sea-breeze
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FIG. 9. As in Fig. 7, but for Mindanao (box B).

circulation and more vigorous convection. Surface in-
solation is strongly reduced by phase 6, providing less
forcing for a strong diurnal cycle.

The strength of the land—sea breeze circulation is es-
timated in Fig. 11b, which shows the BSISO anomalies
of the diurnal amplitude of surface zonal wind. For
coastlines oriented north to south, the zonal wind can
be thought of as the onshore/offshore component of
the wind. Positive anomalies of this quantity indicate a
strengthened sea-breeze circulation, or, that the wind is
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more onshore during the afternoon hours and more
offshore during the overnight hours. In phase 2, strong
sea-breeze circulations are present over much of the
coastal waters of the South China Sea, concurrent with
the elevated insolation at this time. A heightened di-
urnal cycle in surface wind is still present on the west
coast of Luzon in phase 4, but gives way to predomi-
nantly suppressed amplitude sea-breeze circulations in
phase 6, when the main BSISO convective envelope is
overhead.
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Taken together, these results support the hypothesis
that increased insolation associated with the suppressed
BSISO period leads to a stronger sea-breeze circulation,
and thus a high-amplitude diurnal cycle in precipitation.
However, this mechanism alone would suggest a diurnal
cycle peak over Luzon in phase 2, the middle of the
suppressed period, not in phase 3—4 as is observed. Thus,
other mechanisms must be acting as well, consistent with
other studies that have noted that insolation alone is
insufficient to explain the observed peak in the diurnal
amplitude of precipitation during the transition period
(Peatman et al. 2014; Birch et al. 2016).

b. Moisture

To provide a plausible explanation for why the diurnal
cycle is stronger at the end of the suppressed period
when compared to the beginning, as well as to address
the preference for offshore propagation in the transition
period, tropospheric moisture anomalies are consid-
ered. For the boreal winter MJO, Peatman et al. (2014)
argued that frictional moisture convergence associated

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 03:10 PM UTC

with the pressure trough extending to the east of MJO
convection along the equator could explain why the
diurnal cycle is elevated before large-scale convective
onset, but not after. However, analysis of boundary
layer moisture convergence in ERA5 (not shown)
suggests that it does not systematically lead large-scale
BSISO convection, and the off-equatorial locations ex-
amined here do not suggest a significant role for Kelvin
wave dynamics.

Other studies (e.g., Hassim et al. 2016; Vincent and Lane
2016, 2017) have pointed to ambient free-tropospheric
moisture as a critical factor in driving the active diurnal
cycle prior to ISO convection. A close relationship be-
tween free-tropospheric water vapor and tropical con-
vection has been well established (Bretherton et al. 2004).
In particular, there is evidence that lower-to-middle-free-
tropospheric moisture is associated with enhanced deep
convection by suppressing entrainment drying (Holloway
and Neelin 2009, 2010; Yuan and Houze 2013).

Figure 12a shows the BSISO composite anomalies of
total column water vapor from ERAS. While statistical
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FIG. 11. ERAS (a) daily mean surface downwelling shortwave radiation anomalies by BSISO phase relative to the May-October mean
and (b) BSISO anomalies of the diurnal amplitude of surface zonal wind relative to May—October composite diurnal cycle of zonal wind.
Statistical significance calculated with a bootstrap method is shown as black dots.

significance is not shown in this figure, anomalies ex-
ceeding the minimum contour line chosen are generally
significant, with the exception of the area around Luzon
in phase 4. When compared with Fig. 4, this figure in-
dicates that total column water vapor tracks the en-
hanced convective envelope of the BSISO. Strong dry
anomalies are present over the northern Philippines
in phase 2, the middle of the suppressed period,
which gradually transition to strong moist anomalies
by phase 6. While insolation is sufficient to initiate di-
urnal convection over land during the suppressed pe-
riod, the anomalously dry troposphere may suppress
offshore propagation through entrainment drying.
High insolation is still present during phase 4 (Fig. 11a),
but dry anomalies have substantially weakened
(Fig. 12). Near-zero moisture anomalies reduce the
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robust entrainment drying that is likely in phase 2.
As a result, convection may be able to propagate
farther offshore during the overnight hours, consis-
tent with theory of tropical convection (Bretherton
et al. 2004; Holloway and Neelin 2009, 2010) and the
hypothesis for the diurnal cycle discussed in past
studies for New Guinea and Sumatra (Hassim et al.
2016; Vincent and Lane 2016, 2018).

The moistening of the lower free troposphere through
horizontal advection ahead of the BSISO convective
envelope (Jiang et al. 2018; Johnson and Ciesielski 2013;
Maloney 2009; Sobel et al. 2014) may contribute to the
longevity of diurnally generated thunderstorms in the
transition phase. This mechanism combined with rela-
tively high insolation provides a plausible explanation
for the preference of robust offshore propagation to
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(a) Total Column Water Vapor Anomaly and Mean Surface Wind Vectors
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F1G. 12. (a) ERAS5 BSISO anomalies of total column water vapor with BSISO composite (not anomaly) surface wind vectors,
and (b) ERAS5 BSISO anomalies of latitudinally averaged specific humidity [inside the black-outlined box in (a)] by longitude and height
(in pressure coordinates), with BSISO composite (not anomaly) zonal-vertical wind vectors averaged over the same latitudes, with
average topography shown below. The vertical component of the wind has been multiplied by 100.

occur during the transition from suppressed to active
BSISO state. Another mechanism that could further
enhance the diurnal cycle over land at the end of the
suppressed period will be explored next.

c¢. Prevailing wind

Many prior studies (e.g., Saito et al. 2001; Ichikawa
and Yasunari 2006, 2008; Fujita et al. 2011; Oh et al.
2012; Wang and Sobel 2017; Yanase et al. 2017) have
shown that the background wind profile can have an
impact on the diurnal cycle of convection. This will
be explored in the context of the BSISO. Figure 12
also shows composite wind vectors by BSISO phase.
Figure 12a shows the horizontal winds at the surface,
while Fig. 12b shows the u- and w-component winds
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averaged latitudinally over the black box shown over
Luzon in Fig. 12a. Of prime interest is the fact that while
total column water vapor and surface insolation display
similar values over Luzon in phases 4 and 8, the wind
fields are dramatically different.

In BSISO phase 4, the monsoon trough (as seen by
converging surface wind vectors in Fig. 12a) is oriented
from northwest to southeast across the center of the
Philippines. As a result the winds over Luzon are still
predominantly in the trade easterly regime throughout
the troposphere (Fig. 12b). Strong onshore flow is
present on the eastern side of the island, with weak
offshore flow on the western side. In phase 8, the
monsoon trough is positioned to the northeast of the
archipelago and strong southwesterly monsoon flow is
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present across the Philippines. This manifests as strong
onshore flow on the western slope of Luzon’s topog-
raphy, and strong offshore flow to the east. Westerly
flow reaches as deep as 400hPa before returning to
easterly near the tropopause.

It is argued here consistent with prior work (Fujita
et al. 2011; Oh et al. 2012; Wang and Sobel 2017) that
the low-level flow plays an important role in modulating
the diurnal cycle of convection over the islands of the
MC. Strong onshore flow impinging upon the western
Philippine Islands may help weaken the diurnal cycle
during the late-active and transition back to suppressed
period. These winds are daily averages (Fig. 12), and
are consistently onshore through the day in phases 6-8,
helping to ventilate the land surface and reduce the
land-sea contrast and sea-breeze circulation. Fur-
thermore, prevailing onshore winds may reduce
convergence between the diurnal sea breeze and the
background flow, similar to ideas discussed by Houze
et al. (1981) and Oh et al. (2012).

The same mechanism could work in the opposite
sense to promote a strong diurnal cycle at the tail end
of the suppressed BSISO phase. When the prevailing
BSISO winds are easterly, as in phases 2—4, convergence
over the western shore between the sea-breeze and
background flow is enhanced, and the weaker offshore
flow is less effective at ventilating the land surface (Saito
et al. 2001; Fujita et al. 2011; Oh et al. 2012). The result is
an active diurnal cycle on the leeward side of the
Philippines, as is observed (Fig. 8¢). This is also in
agreement with previous studies that have shown that
extreme heavy rainfall events can occur on the western
side or just offshore of MC islands with the onset of the
westerly wind burst (Park et al. 2011; Wu et al. 2017).

Another hypothesis comes from the interaction of this
prevailing wind with the topography of the Philippine
Islands. An onshore and upslope fetch from the ocean
could result in increased cloudiness on the windward
side of the islands, thus further reducing surface inso-
lation. However, there would be conflicting impacts
on the leeward side between downslope flow driving
greater surface insolation favoring convection, but also
its drying influence inhibiting convection. More work is
required to see if this mechanism is plausible. Insolation
changes possibly associated with prevailing wind may
also be reflected in Fig. 11a, which shows generally
higher insolation on the leeward side of the islands in all
BSISO phases when compared to the windward side,
although it is unclear whether ERAS captures these
finescale topographic features.

The disparity between the eastern and western por-
tions of the islands can also be explained with this pro-
posed mechanism. When the trades dominate as in
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phases 24, the eastern shore of the Philippine Islands
experiences onshore, upslope flow, concurrent with
the smallest-amplitude diurnal cycles observed for
this region. The eastern sides of the major Philippine
Islands see the strongest diurnal cycles in the transi-
tion period from active back to suppressed (opposite
the western side), which is coincident with offshore
background flow.

Consideration of the zonal wind shear shown quali-
tatively in Fig. 12b present some interesting ideas in the
context of work by Tulich and Kiladis (2012). Exami-
nation of the wind vectors between roughly 900 and
600 hPa reveals weak easterly shear over Luzon in
phases 2 and 6, strong easterly shear in phase 4, and
westerly shear in phase 8. Tulich and Kiladis (2012)
proposed that easterly shear in the lower levels is
essential in producing the preferred westward propa-
gation of convection in the tropics. These results are
consistent with that hypothesis, as phase 4 and 5 expe-
rience the strongest easterly shear in association with the
most robust westward propagation (Fig. 7). Further-
more, when the shear is most westerly in phase 8 during
the transition back to suppressed conditions, there is
some evidence of enhanced eastward propagation of the
diurnal cycle.

6. Summary and conclusions

This study has used the Philippine archipelago as a case
study to address ongoing questions about the impact of
the tropical intraseasonal oscillation on the diurnal cycle
of precipitation in the MC. A further motivation is the
recent interest in this topic associated with the Propaga-
tion of Intraseasonal Tropical Oscillations field campaign
(PISTON; https://onrpiston.colostate.edu/). Prior work
has been done exploring this issue (Birch et al. 2016;
Peatman et al. 2014; Sakaeda et al. 2017, among others),
although the vast majority has focused on the boreal
winter season near the equator. Others have examined
some aspects of intraseasonal variability in the diurnal
cycle near the Philippines to show a preference for strong
convection over land during the suppressed period (Chen
and Takahashi 1995; Ho et al. 2008; Park et al. 2011; Xu
and Rutledge 2018), but a comprehensive understanding
of the evolution of the diurnal cycle during the BSISO
life cycle and the mechanisms driving this variability
remains incomplete. This study applies ideas proposed
for the impact of the wintertime MJO on the MC di-
urnal cycle (Ichikawa and Yasunari 2006, 2008; Oh
et al. 2012; Peatman et al. 2014; Vincent and Lane 2017,
Wu et al. 2018) to the boreal summer season off the
equator. The main findings of this study are summa-
rized here:
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o In May-October, the diurnal cycle of precipitation over
the Philippines generally peaks over land during the
late afternoon to early evening, and then propagates
westward into the South China Sea (Figs. 2 and 3).

o A statistically significant enhancement of diurnal
cycle amplitude is observed at the end of the sup-
pressed phase of the BSISO (phase 3) over and west
of high topography. The diurnal amplitude is mini-
mized at the end of the convectively active period
(phase 7; Figs. 8b,e and 10b,e).

 Offshore propagation of diurnally generated convec-
tion into the South China Sea is maximized in the
transition phase from suppressed to active large-scale
BSISO conditions (phase 4) and minimized in the re-
verse transition (phase 7-8; Figs. 7, 9, 8d and 10d).

» Daily mean precipitation is in phase with the diurnal
amplitude over Mindanao but is nearly out of phase
over Luzon (Figs. 5, 6, 8 and 10).

o There is a marked disparity in diurnal cycle behavior
between eastern and western sides of the high topog-
raphy of the Philippines (Figs. 8b,c and 10b,c), possi-
bly related to prevailing wind direction (Fig. 12)

e The preference for a strong diurnal cycle before
BSISO convective onset is hypothesized to be due to
the interplay between strong insolation in the sup-
pressed phase increasing the land-sea contrast (Fig. 11),
the increase in free-tropospheric moisture prior to the
arrival of large-scale convection, and the prevailing wind
direction (Fig. 12).

Major findings of this study will now be discussed
in detail. A high-resolution boreal summer composite
of satellite derived (CMORPH) precipitation for the
Philippines shows similar behavior in this region to other
regions of the MC explored in prior studies (e.g., Dai
2001; Yang and Slingo 2001; Mori et al. 2004; Qian 2008;
Hassim et al. 2016). In particular, sea-breeze and
mountain—valley circulations initiate convection over
land during the afternoon, leading to a precipitation
peak in the late afternoon to early evening hours (Houze
et al. 1981; Saito et al. 2001; Mori et al. 2004; Qian 2008;
Sato et al. 2009; Birch et al. 2015). Precipitation systems
propagate offshore overnight, predominantly to the
west, likely related to gravity waves initiated by con-
vective or stratiform heating over land (Mapes et al.
2003a; Love et al. 2011; Hassim et al. 2016; Yokoi et al.
2017; Vincent and Lane 2018).

The diurnal cycle exhibits substantial variability on
intraseasonal time scales. This study examined eight
composite diurnal cycles for each phase of the boreal
summer intraseasonal oscillation according to an index
by Lee et al. (2013). Statistically significant differences
in daily mean precipitation and the amplitude of the
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composite diurnal cycles as a function of BSISO phase
were found over land and coastal waters, indicating a
large-scale influence on the formation and propagation
of diurnal convective systems. One intriguing finding
is that the diurnal cycle amplitude is in phase with daily
mean precipitation over Mindanao, but nearly out of
phase over Luzon.

In the early suppressed period (BSISO phases 1 and
2), precipitation is strongly suppressed over ocean at all
times of day. Precipitation rates over land are reduced at
all times of day except during and just before the usual
late afternoon peak in the diurnal cycle, consistent with
prior work (Chen and Takahashi 1995; Ho et al. 2008;
Peatman et al. 2014; Katsumata et al. 2018; Xu and
Rutledge 2018). Cloud cover is strongly reduced during
this period, leading to positive surface insolation anom-
alies and a strong thermally driven sea-breeze circulation
that maintains a potent diurnal cycle. Diurnally gener-
ated convective activity is short-lived, showing weak
propagation offshore. This may be caused by a very dry
nearshore troposphere that suppresses precipitation
through entrainment drying.

During the transition to the active phase (phases 3-5),
insolation is still near average as the large-scale cloudi-
ness associated with the BSISO approaches from the
southwest. These phases also correspond to the stron-
gest easterly trade winds over the Philippine Islands.
Furthermore, moisture in the free troposphere begins to
gradually increase. The Philippines (primarily on the
western side of the islands) see their strongest diurnal
cycles at this time in agreement with prior studies
that have showed a preference for strong diurnal cycles
and heavy precipitation in the ISO transition period
(Park et al. 2011; Peatman et al. 2014; Sakaeda et al.
2017; Wu et al. 2017). Convection persists later into the
night, propagating farther offshore. Longer storm life-
times are possibly associated with greater moisture
availability and reduced dry air entrainment.

While under the main BSISO convective envelope
and its transition back to suppressed conditions (phases
6-8), precipitation is elevated over the ocean through-
out the day. Over Luzon, precipitation rates tend to
be anomalously high at all times of day except during
the typical afternoon peak. Thus, the diurnal cycle am-
plitude is reduced, supporting findings from studies fo-
cusing on other islands in the MC (Peatman et al. 2014;
Birch et al. 2016; Vincent and Lane 2016, 2017; Wu et al.
2017; Yokoi et al. 2017). The diurnal cycle in precipita-
tion also peaks slightly later than in the boreal summer
mean, possibly related to lingering stratiform precipi-
tation (Sakaeda et al. 2017). Mindanao does not see the
increase in precipitation during off peak times, so both
the diurnal cycle and daily mean precipitation rates are
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both strongly suppressed. Reduced insolation due to
increased cloudiness over land is present in this phase
along with strong onshore monsoonal flow out of the
west or southwest that ventilates the land surface. To-
gether, these mechanisms can act to reduce the thermal
contrast and thus the sea-breeze circulation and the di-
urnal cycle amplitude over land.

Eastern portions of the Philippines exhibit mark-
edly different behavior through the BSISO life cycle.
During the transition from suppressed to active
BSISO, this region is subject to moderate onshore
wind flow in the lower levels. This could lead to re-
duced convergence on land and increased cloudiness
due to upslope flow, inhibiting the strength of the
diurnal cycle. This supports arguments discussed in
several past studies (Saito et al. 2001; Fujita et al. 2011;
Oh et al. 2012; Wang and Sobel 2017). The transi-
tion from active to suppressed for the eastern shore is
somewhat analogous to the suppressed to active transi-
tion on the western shore, that is, when prevailing off-
shore flow is at its peak, combined with near-average
insolation and free-tropospheric moisture anomalies.
Furthermore, there is some evidence of increased off-
shore propagation to the east into the Philippine sea
during this transition (phases 8 and 1).

This study has showed that there is a plausible
connection between several mechanisms (prevailing
low-level winds, insolation, and free-tropospheric
moisture) and the diurnal cycle amplitude through
the BSISO life cycle, but causation was not estab-
lished. These mechanisms warrant future modeling
studies to determine a possible cause and effect re-
lationship. An interesting disparity in diurnal cycle
behavior between eastern and western sides of Luzon
and Mindanao has also been shown, which invites a
more detailed analysis of other MC islands that might
reveal a similar contrast. Variability on the subisland
scale suggests the importance of local topographic
factors in driving the precipitation response to the
BSISO.

It has also been shown that the diurnal cycle ampli-
tude and daily mean precipitation rate over large MC
islands can be out of phase, as is the case for Luzon.
Further research could explore the relationship be-
tween the two in detail in order to determine why some
islands have higher precipitation variability at night
than others (Figs. 8 and 10). Finally, the potential re-
lationship between free-tropospheric moisture and the
propagating diurnal cycle motivates speculation of a
possible upscale feedback from the diurnal cycle back
to the BSISO in light of recent work by Zhang and Ling
(2017), who showed that MJO events that have rela-
tively more precipitation over ocean compared to land
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are more likely to successfully propagate through the
MC. It is possible that increased offshore propagation
of the diurnal cycle in the BSISO transition phase sup-
ports northward propagation.
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