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ABSTRACT: The mechanisms regulating the relationship between the tropical island diurnal cycle and large-scale modes
of tropical variability such as the boreal summer intraseasonal oscillation (BSISO) are explored in observations and an ide-
alized model. Specifically, the local environmental conditions associated with diurnal cycle variability are explored. Using
Luzon Island in the northern Philippines as an observational test case, a novel probabilistic framework is applied to im-
prove the understanding of diurnal cycle variability. High-amplitude diurnal cycle days tend to occur with weak to moder-
ate offshore low-level wind and near to above average column moisture in the local environment. The transition from the
BSISO suppressed phase to the active phase is most likely to produce the wind and moisture conditions supportive of a
substantial diurnal cycle over western Luzon and the South China Sea (SCS). Thus, the impact of the BSISO on the local
diurnal cycle can be understood in terms of the change in the probability of favorable environmental conditions. Idealized
high-resolution 3D Cloud Model 1 (CM1) simulations driven by base states derived from BSISO composite profiles are
able to reproduce several important features of the observed diurnal cycle variability with BSISO phase, including the
strong, land-based diurnal cycle and offshore propagation in the transition phases. Background wind appears to be the pri-
mary variable controlling the diurnal cycle response, but ambient moisture distinctly reduces precipitation strength in the
suppressed BSISO phase and enhances it in the active phase.

KEYWORDS: Maritime Continent; Madden-Julian oscillation; Monsoons; Statistics; Cloud resolving models;
Diurnal effects

1. Introduction

The diurnal cycle is a primary contributor to total rainfall in
the vicinity of tropical islands in the Maritime Continent
(MC; Biasutti et al. 2012; Bergemann et al. 2015; Zhu et al.
2017; Ruppert and Chen 2020). Significant variability in the
diurnal cycle is present from one day to the next, which pro-
vides opportunities to understand its nature (Houze et al. 1981;
Chen and Takahashi 1995). Generally, convective precipitation
on tropical islands tends to initiate in the late morning or early
afternoon hours as a result of low-level convergence associated
with the sea-breeze front or mountain–valley breezes (Saito
et al. 2001; Mori et al. 2004; Kilpatrick et al. 2017). Convection
can then organize and grow upscale, before occasionally propa-
gating offshore into surrounding coastal waters after dark
(Yang and Slingo 2001; Mapes et al. 2003; Sakurai et al. 2005).
While the tropical island diurnal cycle has been studied

extensively in its mean state or in a composite sense, much re-
mains to be ascertained regarding its variability and behavior in
response to changes in environmental conditions, including
those produced by large-scale modes of tropical variability.

The largest source of tropical variability on intraseasonal
time scales in the tropics is the Madden–Julian oscillation
(MJO; Madden and Julian 1971, 1972). While the traditional
boreal winter MJO is characterized by eastward propagation
of enhanced convection from the Indian Ocean, across the
MC, and into the west Pacific, this signal exhibits substantial
northward propagation into the Asian monsoon region during
boreal summer (Lawrence and Webster 2002; Wheeler and
Hendon 2004; DeMott et al. 2013). This summertime mode,
which has been identified as a modulator of active and break
cycles in the monsoon, is often referred to as the boreal sum-
mer intraseasonal oscillation (BSISO; Lau and Chan 1986;
Annamalai and Slingo 2001; Lee et al. 2013). The active MJO
is expressed over oceans with strong westerly winds, ample
moisture, and heavy rainfall, while the suppressed phase is
characterized by weaker trade easterlies, a drier free tropo-
sphere, fewer clouds, and less rainfall with an oscillatory time
scale of about 30–60 days (Madden and Julian 1994; Maloney
and Hartmann 1998; Riley et al. 2011). The active BSISO op-
erates on a similar timeline, and induces similar modulations
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of wind, moisture, cloud cover, and rainfall, but the envelope
of active convection propagates northward in addition to east-
ward, often as a northwest to southeast oriented elongated
band and dominates from June through October (Lau and
Chan 1986; Annamalai and Slingo 2001). The BSISO has sig-
nificant impacts on monsoon behavior in southeast Asia and
the South China Sea, whereas the MJO mode is more promi-
nent across Indonesia and northern Australia (Kikuchi et al.
2012). The MJO and BSISO can generally be considered to
be the same phenomenon that exists in a different seasonal
background state (e.g., Jiang et al. 2018; Wang and Sobel
2022). While the review of the literature in this section will
use the term MJO due to the much greater attention the bo-
real winter mode has received in prior research, our new re-
sults below will use the term BSISO in accordance with a
focus on the boreal summer season and the test case of Luzon
in the northern Philippines.

An understanding of diurnal precipitation behavior associ-
ated with a passing MJO event over islands in the MC re-
mains incomplete. In studies of several different islands in
varying seasons, many have found a tendency for the most in-
tense diurnal cycles to occur during the suppressed MJO
phase (Sui and Lau 1992; Ho et al. 2008; Rauniyar and Walsh
2011; Oh et al. 2012; Xu and Rutledge 2018), although a diur-
nal cycle with a late afternoon peak is still present in the ac-
tive phase (Chen and Takahashi 1995; Chudler et al. 2020).
Subsequent research has taken a more precise look at the di-
urnal cycle during an MJO life cycle and identified the late
suppressed period and transition to active as producing the
most favorable large-scale conditions for a strong diurnal cy-
cle over land (Peatman et al. 2014; Natoli and Maloney 2019).
In a Weather Research and Forecasting (WRF) Model simu-
lation, Vincent and Lane (2017) also found this peak in the di-
urnal cycle during the transition to MJO active convection
phases, with a secondary peak in the reverse transition.

An understanding of the mechanism regulating this diurnal
cycle behavior has not yet been convincingly established.
Some have pointed to increased solar radiation owing to the
reduced cloud cover as the reason for high amplitude diurnal
cycles to occur in the suppressed MJO phase (e.g., Peatman
et al. 2014; Birch et al. 2016), but this would not explain the
preference for the strongest diurnal cycles to occur in the late
suppressed and transition to active MJO phases. Peatman
et al. (2014) proposed that frictional moisture convergence as-
sociated with the Kelvin wave to the east of MJO convection
(Gill 1980) could be important for enhancing the diurnal cy-
cle. Later budget analysis suggested a more general role for
moisture convergence in supporting diurnal convection, namely
the convergence of MJO-scale moisture by diurnal-scale winds
(Chen et al. 2019; Lu et al. 2019). Free tropospheric moisture
availability has been shown to be an important control on tropi-
cal precipitation and its diurnal cycle (Bretherton et al. 2004;
Vincent and Lane 2017). The wind profile, especially in the
lower troposphere, has also been identified as an important
factor. Specifically, the strong winds in the MJO active phase
reduce the land–sea contrast and thus daytime convection
over land (Shige et al. 2017; Wang and Sobel 2017; Wu et al.
2017, 2018; Yokoi et al. 2019; Natoli and Maloney 2023).

Conversely, light winds tend to favor a substantial diurnal cy-
cle on the leeward side of islands (Virts et al. 2013; Short et al.
2019; Qian 2020; Natoli and Maloney 2021). Since MJO mois-
ture leads the strong westerly winds in phase (Maloney and
Hartmann 1998), considering the details of the phase relation-
ship between the MJO wind and moisture variations presents a
compelling hypothesis to explain this diurnal cycle behavior over
an MJO life cycle. The presence of light easterly winds, increas-
ing ambient moisture, and sufficient insolation in the transition
from MJO suppressed to active conditions could explain the
strong offshore propagating diurnal cycle on the western shore
of MC islands.

This study seeks to test the previously stated hypothesis
through a rigorous, probabilistic analysis of observational
data and tightly controlled idealized model simulations. We
aim to clearly establish which environmental conditions im-
pact the local diurnal cycle. These conditions could be in-
duced by the MJO or other modes of large-scale tropical
convective variability such as the quasi-biweekly oscillation
(Chen and Chen 1995; Natoli and Maloney 2021) or various
equatorial waves (Ferrett et al. 2019). The mechanisms
through which the MJO modulates these environmental con-
ditions, and how exactly these environmental conditions im-
pact the diurnal cycle, are beyond the scope of this paper,
but information on these topics can be found in the existing
body of literature (e.g., Holloway and Neelin 2009; Sobel and
Maloney 2013; Natoli and Maloney 2023; as well as numerous
others, some of which are discussed above). The piece of the
puzzle presented by this study is an improved understanding
of how local environmental conditions impact the diurnal
cycle, which helps to better explain the BSISO–diurnal cycle
relationship. In the next section, we will outline the datasets
and methods employed, as well as provide a detailed descrip-
tion of the model setup. The observational results will be dis-
cussed in section 3 through a probabilistic framework that
includes the range of conditions possible within a certain
BSISO phase in order to understand how certain BSISO
phases make environmental conditions that favor a strong
diurnal cycle more likely. In section 4, numerous model simu-
lations using a 3D version of Cloud Model 1 designed to ex-
plicitly test our hypothesis will be discussed. These simulations
will modify the base state according to BSISO composite pro-
files, and then attempt to isolate the environmental conditions
responsible for the observed BSISO modulation of the diurnal
cycle. Last, the main conclusions and implications of these re-
sults will be explained in section 5.

2. Data and methods

a. Observations

Satellite observations and reanalysis are studied for the pe-
riod of June–September (JJAS) 1998–2020. Precipitation esti-
mates from version 1.0 of the bias-corrected Climate Prediction
Center Morphing Technique (CMORPH; Joyce et al. 2004; Xie
et al. 2017) are derived from multiple satellites and are available
at 8-km spatial and 30-min temporal resolution. Reanalysis data
from the fifth-generation reanalysis by the European Centre for
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Medium-Range Weather Forecasts (ERA5; C3S2017; Hersbach
et al. 2020) is used at 0.258 spatial and hourly temporal resolu-
tion for both observational analysis and driving the model de-
scribed below. Variables examined on pressure levels from 1000
to 100 hPa include zonal wind, specific humidity, geopotential
height, and temperature. Total column water vapor (TCWV)
and surface downward shortwave radiation (insolation) are also
analyzed. Additional ERA5 variables are used in the model
setup and are described below. Topographic information from
the NOAAETOPO2 dataset (National Geophysical Data Center
2006) provides geographical context for the observational
results.

CMORPH precipitation and ERA5 vertical profiles are
composited based on the phase of the BSISO as defined by
Lee et al. (2013), which is constructed from the first two multi-
variate EOFs of outgoing longwave radiation and 850-hPa
zonal wind during boreal summer in the Asian monsoon re-
gion. Days in JJAS are only included in the composite if the
amplitude of the BSISO index was greater than 1.0, and then
data are partitioned into one of eight phases. The distribution
of the CMORPH precipitation diurnal cycle amplitude among
all days in the study period is frequently referenced as a base-
line. The diurnal cycle amplitude (DCA) is defined in this
study as the difference between the daily maximum spatially
averaged precipitation rate and the daily minimum spatially
averaged precipitation rate. This is done for six averaging do-
mains inside boxes A–F shown in Fig. 1. Thus, a DCA is
found for each box, for each of the 2806 days in JJAS 1998–
2020. The 85th percentile DCA is calculated for each box as a
proxy for a day on which a strong precipitation diurnal cycle
was observed. Other percentile thresholds were also consid-
ered, and the 85th percentile was found to be an appropriate
balance between capturing only the most significant diurnal
cycle events, while also retaining a substantial sample size.
The results were qualitatively insensitive to the precise choice
of percentile threshold. Days on which the DCA exceeded
the 85th percentile in each box are referred to as 85th percen-
tile diurnal cycle amplitude (DCA85) days. Note that specific
dates included in the DCA85 group will be different for each
averaging box.

Statistical significance is shown in this study with a boot-
strap method. Since by definition, the total distribution of en-
vironmental conditions on DCA85 days is 15% of the total
number of JJAS days in the 23-yr study period (2806 days),
1000 random samples of 420 days are collected and compared
against the DCA85 day distributions. Another 1000 random
samples were collected in order to assess the statistical signifi-
cance of BSISO samples. These were made of 63 independent
samples (the lowest number of independent samples for any
of the 8 phases), with a number of successive days following
the randomly selected date also included based on a Poisson
distribution. This was done because the BSISO tends to re-
main in the same phase for several consecutive days, so the to-
tal number of days in a certain BSISO phase is not a truly
independent sample. More details on this method can be
found in Natoli and Maloney (2019).

This study uses Luzon Island in the northern Philippines as a
test case for both the observational and modeling components.

The diurnal cycle in the Indonesian MC has received consider-
ably more attention in the current body of literature than that in
the Philippines and the Asian monsoon region, particularly in the
context of intraseasonal variability. However, substantial diurnal
cycle variability associated with the BSISO and/or active and
break periods of the monsoon flow has been identified in the
Philippines (e.g., Park et al. 2011; Xu and Rutledge 2018; Natoli
and Maloney 2019, among others). Thus, this region presents a
compelling case study to expand the body of knowledge to differ-
ent regions of the tropical warm pool. Since Luzon Island con-
tains the largest population center of the Philippines, and holds
fairly convenient geography for a comparison to an idealized
model (e.g., more or less north-to-south oriented coastlines and
coastal mountain ranges), this island was chosen as the test case
for this study.

b. CM1 setup

1) CONTROL

Idealized modeling experiments are conducted using ver-
sion 20.2 of Cloud Model 1 (CM1; Bryan and Fritsch 2002) in
order to examine the sensitivity of diurnal cycle behavior to

FIG. 1. (a) NOAA ETOPO2 Topography (m) over the northern
Philippines, overlaid with boxes of spatial averaging used in this
study.

N A TO L I A ND MALONEY 74671 NOVEMBER 2023

Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 08/01/24 05:26 PM UTC



the BSISO base state, and the sensitivity to single environ-
mental variables in isolation. The fairly low computational
cost of this model facilitates the numerous experiments dis-
cussed in this manuscript. The model is run at 1-km horizontal
grid spacing with a domain size of 800 km zonally, 60 km me-
ridionally, and 20 km vertically. The high horizontal resolu-
tion allows for explicit simulation of convection. A stretched
vertical grid is used, with grid spacing of 50 m in the boundary
layer, increasing to 1150 m at the model top. In each experi-
ment, the model is iterated for 7 days, with output saved every
30 min.

Boundary conditions are open radiative on the east and
west boundaries, periodic at the north and south boundaries,
free-slip at the top boundary, and partial-slip (includes a coef-
ficient of friction) at the bottom boundary. To simulate the di-
urnal cycle in initial experiments, a 200-km-wide island
(roughly the width of Luzon Island between 168 and 188N as
shown in Fig. 1) is placed at the center of the domain. The is-
land is uniform in the meridional direction, which makes this
more of a quasi-3D simulation. The physical setup is similar
to Wang and Sobel (2017) and allows for the advantages of
3D cloud dynamics while easing analysis and maintaining a
fairly small domain to reduce computational cost. The model
simulations were designed to be as simple as possible, while
still replicating the effects on the diurnal cycle of ambient
wind and moisture seen in observations. This was qualitatively
achieved without topography, so therefore it was not included
in our simulations for simplicity. Riley Dellaripa et al. (2020)
simulated the diurnal cycle over Luzon in a convection-permitting
regional model and showed that results are qualitatively simi-
lar when topography is removed. They demonstrated rela-
tively minor differences, mostly in local spatial organization of
convection, with and without topography during a simulated
BSISO event. Additionally, Ruppert and Chen (2020) found
that topography is important for explaining the precise loca-
tion of mean rainfall maximum within an island, but not for
explaining island-scale or larger precipitation. In simulations
of the MC with and without topography, Ruppert et al. (2020)
noted that its inclusion is only of secondary importance to off-
shore gravity wave propagation. These results together justify
the decision in this study to use flat topography to explore the
environmental conditions important for the local diurnal cycle
in the simplest possible framework.

The base state for each simulation comes from ERA5 verti-
cal profiles averaged inside the region spanning boxes A–F
(Fig. 1). The control simulations in this study are a set of eight
simulations with the base state varying with the BSISO com-
posite environmental profile. The background zonal wind and
anomalous moisture profiles used in each of these simulations
are shown in Fig. 2. In addition to moisture and zonal wind,
the BSISO composite temperature profile is also varied along
with values of mean sea level pressure (MSLP) and T2m. Ini-
tial surface conditions come from the ERA5 sea surface tem-
perature (SST) and the ERA5 skin temperature from land
points below 400 m in elevation. The land surface tempera-
ture is allowed to evolve freely, while the SST is fixed at the
ERA5 mean value of 302.5 K. The model is initialized with
insolation corresponding to 0500 local time (LT) at 178N on

1 August. This initialization was chosen to provide the best
comparison to the observational analysis of this manuscript,
which focuses on Luzon Island during the JJAS season. Thus,
a start time just before sunrise in roughly the middle of the
study period was ideal.

The base state is maintained through two methods. First,
the inflow at the lateral boundaries is nudged toward the base
state with a time scale of one minute. Second, a large-scale
nudging technique is applied, in which the domain mean of
zonal wind, water vapor mixing ratio, and potential tempera-
ture at each vertical level is nudged back to the base state
with a time scale of 3 h. This time scale was found to be a rela-
tively good balance between preventing progressive diver-
gence from the base state late in the simulation and free
evolution of the model diurnal cycle. The following parame-
terizations are utilized: a revised surface scheme from the
Weather Research and Forecasting (WRF) Model (Jiménez
et al. 2012), the Yonsei University planetary boundary layer
(PBL) scheme (Hong et al. 2006), the Morrison double-
moment microphysical scheme (Bryan and Morrison 2012),
and the NASA-Goddard radiation scheme adapted to CM1 from
the Advanced Regional Prediction System model. A Rayleigh
damping layer is applied above 15 km with an e-folding time scale
of 5 min. In all experiments in this study, very small random
perturbations are applied to the initial condition to introduce
some 3D inhomogeneity.

2) SENSITIVITY EXPERIMENTS

A series of sensitivity experiments alters the model base
state to isolate the impacts of ambient moisture and lower tro-
pospheric winds on the diurnal cycle. These variables are of-
ten invoked to explain the BSISO–diurnal cycle relationship
(Vincent and Lane 2017; Natoli and Maloney 2019, 2021;
Sakaeda et al. 2020; Peatman et al. 2021). The first eight simu-
lations of this group titled “BSISO Wind Only” are designed
to examine diurnal cycle behavior attributable to the wind
anomalies associated with different BSISO phases, in the ab-
sence of other confounding factors. A more detailed analysis
on the impact of the wind on the tropical island diurnal cycle
can be found in Natoli and Maloney (2023). In these experi-
ments, only the BSISO composite zonal wind profile is used
in the model base state, while the JJAS mean vertical profiles
are used for all other variables.

Moisture experiments contribute an additional eight sensi-
tivity tests. The base-state moisture is varied across four set
values while the temperature profile comes from the JJAS
mean. Each moisture level is run twice, once with BSISO
phase 3 composite winds (light to moderate easterlies) and
once with BSISO phase 7 composite winds (strong westerlies),
yielding a total of eight simulations. The highest moisture ex-
periment (11.5s) uses a moisture profile from a composite of
JJAS days in which the TCWV was between 1.25 and 1.75
standard deviations above the JJAS mean. Next, we use
BSISO composite phase 7 moisture (P7), followed by BSISO
composite phase 3 moisture (P3) profiles (Fig. 2b). The driest
(21.5s) comes from days on which TCWV was between 1.25
and 1.75 standard deviations below the JJAS mean. The
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highest and lowest moisture experiments serve to test a more
extreme case than what can be obtained with just the BSISO
composite moisture values. Note that the P7 moisture experi-
ment with phase 7 winds is very similar to the phase 7 control
experiment, but not identical, only varying in the temperature
profile which comes from the JJAS mean in the moisture ex-
periments compared to the BSISO composite in the control.

A brief summary of each of the simulations described in
this study is shown in Table 1.

3. Observations

The goal of this section is to clearly elucidate the environ-
mental background conditions associated with high-amplitude

diurnal cycles near Luzon. While most studies evaluating the
relationship between the MJO/BSISO and the diurnal cycle
approach the problem through composites of precipitation
based on the large-scale feature (e.g., Rauniyar and Walsh
2011; Peatman et al. 2014; Lu et al. 2019; Natoli and Maloney
2019, among others), a reverse approach is taken here. In par-
ticular, we highlight the days on which a high-amplitude diur-
nal cycle occurs, and identify the anomalous environmental
conditions associated with these days. It is then demonstrated
that certain BSISO regimes make specific configurations of
local environmental background conditions that favor strong di-
urnal cycles significantly more likely. This analysis utilizes a prob-
abilistic approach toward the understanding of ISO–diurnal cycle
interactions.

FIG. 2. (a) Composite ERA5 zonal wind profiles (m s21) for each BSISO phase in JJAS 1998–2020. Values are av-
eraged inside boxes A–F together (Fig. 1a). The dashed gray line indicates the mean profile from all JJAS days.
(b) Anomalous moisture profiles (g kg21) by BSISO phase. (c) The number of JJAS 1998–2020 days that fall into
each bin is shown as bars, with this number noted on top.

TABLE 1. Summary of CM1 simulations examined in this study.

Title of set No. of simulations Parameter altered Wind profile used

Control 8 Base-state profile (all variables) All BSISO phases
Wind Only 8 Base-state wind profile All BSISO phases
Moisture 8 Base-state moisture profile BSISO phases 3 and 7
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A more thorough analysis of the impact of the BSISO on
the Luzon diurnal cycle can be found in Natoli and Maloney
(2019) but is briefly reviewed here. Figure 3 shows Hovmöller
diagrams of composite diurnal cycles of CMORPH precipita-
tion estimates using Lee et al.’s (2013) BSISO phases. We
note that Fig. 3 is very similar to Fig. 7a of Natoli and Maloney
(2019), but not identical since we restrict our study here to
JJAS rather than May–October. This is averaged across the
latitudinal domain of boxes A–F in Fig. 1 but includes a
slightly expanded longitudinal range. Convection initiates near
the western shore in the mid- to late afternoon and exhibits
westward offshore propagation into the South China Sea
(SCS) in most phases. The diurnal cycle is much more pro-
nounced in the suppressed BSISO phases (2–4), compared to
the active phases (6–8). In particular, the transition from sup-
pressed to active conditions through phases 3, 4, and 5 tends to
exhibit the strongest diurnal cycles with the best westward
propagation. This behavior has been hypothesized to be due
to the combination of easterly wind anomalies and sufficient
moisture and insolation that are concurrent in this transition
(Natoli and Maloney 2019, 2021). Natoli and Maloney (2023)
also showed that westward propagation is highly sensitive to
the background wind profile.

Figure 4 provides a closer look at the diurnal cycle in each
of the boxes A–F in Fig. 1. Composite diurnal cycles spatially

averaged inside each box are shown for all JJAS days in blue,
while the composite for DCA85 days is shown in red. A histo-
gram also shows the time at which the maximum daily precipi-
tation rate occurs for all JJAS days. The land boxes (C, D,
and E) show a strong preference for the diurnal cycle to peak
during the late afternoon, around 1700 LT, although it is
more pronounced for the west (box C) and center (box D) of
Luzon compared to the east (box E). The coastal South China
Sea (b) shows a significant preference for a diurnal cycle peak
around 2000, consistent with offshore propagation. While the
histograms for the boxes farther offshore (e.g., boxes A and
F) do not show a clear preference for the diurnal cycle to
peak at a certain time among all JJAS days, filtering for only
DCA85 days clearly shows a peak around midnight in box A,
and around 0200 LT in box F. It is likely that when a strong
diurnal cycle is observed offshore, it is associated with convec-
tion that initiated over land in the late afternoon and then
propagated offshore (Chudler et al. 2020).

The probability of observing a DCA85 day within a given
BSISO phase for each subregion is shown in Fig. 5. Since a
DCA85 day has by definition a 15% chance of occurring, a
relative change of 150% in Fig. 5 would indicate that given
the BSISO is active in that specific phase, with a 22.5%
chance for a DCA85 day. On the west coast (box C), there is
a small increase in the probability of a DCA85 day during

FIG. 3. Hovmöller diagrams of CMORPH composite precipitation rate (mm day21) on JJAS days by Lee et al.’s (2013) BSISO index.
Results are averaged across latitude inside boxes A–F (Fig. 1a), but additional longitude to the west of Box A and the east of box F is also
included. Time starts at 0800 local time in each panel and increases downward. Vertical dashed lines show the position of each coastline.
The average topography from NOAAETOPO2 inside boxes A–F is shown at the bottom for reference.
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phases 2–5, consistent with the composite analysis (Fig. 3). In-
terestingly, the central and eastern portions of the island tend
to have a reduced probability of a strong diurnal cycle during
these phases. The east coast (box E) exhibits higher probabili-
ties for DCA85 days during phases 6–8. Offshore, each box
(A, B, and F) is more likely to see a DCA85 day given the
BSISO in phases 5 or 6, close to phases 4 and 5, which were
identified by Natoli and Maloney (2019) with composite anal-
ysis as the phases with the most robust offshore propagation.
The consistency between the east and west side of the island
is somewhat surprising. However, based on the later timing of
the diurnal cycle peak in box F (Fig. 4f) and the discontinuous
increase in precipitation off the eastern coastline in the
Hovmöllers of Figs. 3e and 3f, we speculate that the diurnal
cycle in the coastal Philippine Sea to the east of Luzon is
driven by the land breeze and is independent from land-based
precipitation, unlike that on the west side of Luzon. Overall,
the probabilistic results here are consistent with prior studies
showing the preference for strong diurnal cycles during the
suppressed BSISO phases over the west coast, with offshore
propagation particularly favored during the transition from
suppressed to active phases (Xu and Rutledge 2018; Xu et al.
2021; Natoli and Maloney 2019; Chudler et al. 2020).

Next, the environmental background conditions present on
DCA85 days will be considered. Here, we examine fields
from ERA5 averaged across boxes A–F (Fig. 1) to diagnose
the larger-scale environment. Figure 6 shows histograms of
three different variables hypothesized by prior studies (e.g.,
Vincent and Lane 2016; Yanase et al. 2017; Natoli and
Maloney 2019, 2021; Short et al. 2019) to be important for
modulating the local diurnal cycle. For the sake of brevity, the
results for only two of the six boxes in Fig. 1 are shown,
although the results from the other boxes are similar. In each
panel, the gray bars display the histogram of one environmen-
tal variable from all JJAS days. The colored bars superim-
posed show the distribution when only DCA85 days in the
box (coastal SCS/box B for left column, east coast/box E for
right column) are considered. While not shown in the figure,
it was confirmed via a bootstrap analysis that each of the six
distributions based on DCA85 days shown in color in Fig. 6
have statistically significant differences (at the 95% confi-
dence level) in their means compared to their underlying full
distributions shown in gray.

Stark stratification is seen in 850-hPa zonal wind (u850)
(Figs. 6a,d). While the distribution from all JJAS days is fairly
well centered around 0 m s21 with a slight positive skew,

FIG. 4. The composite diurnal cycle of CMORPH precipitation (mm day21) averaged inside each box on all JJAS 1998–2020 days in
Fig. 1 (blue line). The composite diurnal cycle only from days on which the amplitude of the diurnal cycle (as defined by the difference be-
tween daily maximum precipitation and daily minimum precipitation rate) is greater than its 85th percentile (red line). This includes
420 days. A histogram showing the number of days on which the maximum precipitation rate occurs in each half-hour bin (gray). The first
(2330–0000 UTC or 0730–0800 local time) and last (0000–0030 UTC or 0800–0830 LT) bins are excluded since those bins capture days on
which precipitation is either increasing or decreasing through the whole day due to longer time-scale features. Boxes C–E include mainly
land points, while boxes A, B, and F include mainly oceanic points.
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DCA85 days in the coastal SCS are strongly preferred with a
weak easterly wind. While they can occur with a westerly
wind, the probability is sharply reduced given the presence
of a westerly wind in the lower troposphere. Conversely,
DCA85 days on the east coast are substantially less likely with
an easterly wind, and become favored with a weak to moder-
ate westerly wind. This indicates that a high-amplitude diurnal
cycle becomes much more likely given the presence of a weak
to moderate offshore background wind. Similarly conspicuous
separation is apparent in TCWV. DCA85 days are much
more likely in both boxes given a higher than average TCWV.
This is unsurprising given previous studies that show a close
correlation between precipitation and free tropospheric mois-
ture in the tropics (e.g., Bretherton et al. 2004; Holloway and
Neelin 2009, 2010; Kuo et al. 2017). Isolating the contributions
of surface shortwave variations to the diurnal cycle is slightly
more complicated. To reduce the influence of cloud cover
induced by the diurnally generated convection itself, we con-
sider only morning insolation by taking the average down-
ward surface shortwave for 0600–1200 LT. The results in
Figs. 6c and 6f are somewhat unexpected. The distribution of
morning insolation for DCA85 days in both subregions is no-
ticeably lower than the distribution for all JJAS days. In other
words, a DCA85 day becomes less likely given higher insola-
tion in the morning, but confounding variables are almost cer-
tainly present. We hypothesize that low moisture days, which
clearly favor a suppressed diurnal cycle (Figs. 4b,e), are also
associated with reduced cloudiness and thus higher insolation.
In fact, the time series of daily TCWV and morning insolation
used here are negatively correlated with R2 5 0.49. This is
substantially higher than the correlation of u850 with TCWV
or morning insolation, which yield R2 values of 0.14 and 0.26
respectively. The lack of moisture on such unusually sunny
days appears to be a more significant factor for suppressing

the diurnal cycle. This analysis suggests that the influence of
insolation on the diurnal cycle is subdued compared to the ef-
fect of background moisture and low-level zonal wind.

To tie the above discussion together, 2D histograms of
TCWV and u850 are considered to show that certain back-
ground states of wind and moisture lead to strong diurnal
cycles. Subsequently, it will be shown that certain BSISO
phases make such conditions more likely. Figure 7 shows the
2D histogram based on the daily average values of these two
variables for all JJAS days in contours. The anomaly in the
histogram given the occurrence of a DCA85 day is shown as
colors. Anomalies are determined by first calculating the 2D
histogram of wind and moisture only on DCA85 days, and
then scaling those values as if the sample size were the same
for DCA85 days and all JJAS days (e.g., the DCA85 histo-
gram is divided by 0.15). Finally, the difference is calculated
and displayed. Bins that contain values statistically different
from the full distribution of 23 years of JJAS days at the 95%
confidence level via a bootstrap method have a small white
dot in their center. This demonstrates that there is a 5% or
less probability that the anomaly in that bin resulted from
purely random chance. On the west coast of Luzon (Fig. 7c),
DCA85 days are considerably more likely when TCWV is
near to above average, and u850 is weakly easterly. DCA85
days in central Luzon (Fig. 7d) are favored again with near to
above average TCWV, and near zero to weakly westerly
u850. The placement of higher probabilities indicates notice-
ably more westerly winds than the west coast, while strong
winds of either sign appear to diminish the diurnal cycle. The
east coast (Fig. 7e) distribution shifts further toward westerly
wind and higher moisture, occupying mostly the upper right
quadrant. A similar story can be derived from the offshore
boxes (Figs. 7a,b,f). In each offshore subregion, DCA85 days
occur preferentially with near to above average moisture and

FIG. 5. The relative change in the probability of an 85th percentile diurnal cycle amplitude day occurring in each box from Fig. 1 given a
specific BSISO phase (y axis). For example, if 30% of BSISO phase X days showed an 85th percentile diurnal cycle amplitude in box Y, it
would display as a 100% increase, since 15% of all days can be expected to exceed the 85th percentile. There are 420 DCA85 days for
each subregion.
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near zero to easterly winds. However, there are positive
anomalies in the upper-right quadrant (e.g., moist, westerly)
of the South China Sea offshore box (Fig. 7a), while the stron-
gest anomalies for the west coast land box (Fig. 7c) are gener-
ally close to average TCWV, but clearly in easterly u850. This
indicates that there may be a slightly stronger sensitivity of
the offshore diurnal cycle to moisture over wind, while the
land-based diurnal cycle may be slightly more sensitive to
wind over moisture. The 2D histograms with insolation
against both u850 and TCWV were also considered but, par-
tially due to the higher correlations between those variables,
they do not aid interpretation and were excluded.

Figure 8 shows a similar style of 2D histograms, but with
anomalies showing the difference in distribution given a cer-
tain BSISO phase. Statistically significant anomalies (white
dots) in this figure are calculated via a bootstrap described in
section 2, and in Natoli and Maloney (2019). This demon-
strates that the wind and humidity conditions favorable for a
DCA85 day in Fig. 7 are well mapped by some BSISO phases.
In BSISO phase 1, the distribution appears heavily centered
on the lower right quadrant, indicating westerly winds and be-
low average moisture. In Fig. 7, it is evident that TCWV/u850
values in this quadrant make a DCA85 day much less likely
for all subregions, which supports the results described above

FIG. 6. In gray, histograms of the daily spatial average value inside boxes A–F (Fig. 1) of ERA5 (top) 850-hPa zonal
wind (m s21), (middle) total column water vapor (kg m22), and (bottom) 0600–1200 LT mean surface shortwave radi-
ation (W m22). The histogram in color is the histogram of the same variables, but only for days in which the diurnal
cycle amplitude exceeded its 85th percentile over (a)–(c) the coastal South China Sea (box B in Fig. 1) and (d)–(f) the
east coast of Luzon (box E in Fig. 1). Binned ERA5 variables still come from boxes A–F together, but the diurnal
cycle inside each sub-box determines the days from which to derive the distribution. There are 420 DCA85 days for
each subregion.
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in Figs. 3 and 5, which indicated suppressed diurnal cycles in
BSISO phase 1. In BSISO phases 2 and 3, the probability dis-
tribution shifts more toward easterly wind, but remains dry.
This situation can favor a strong diurnal cycle on the west
coast (Fig. 7c), but not the other subregions. The composite
analysis in Fig. 3 shows that these phases are indeed associ-
ated with a substantial diurnal cycle centered on the west
coast, but it struggles to propagate offshore. In phase 4, the
distribution shifts more toward higher moisture values, but re-
mains easterly. This situation is more favorable for offshore
propagation on the west side of the island, which is seen in
Fig. 3d. In phases 5–6 (Figs. 8e,f), the upper left quadrant is
most favored, which is associated with enhanced odds of a
DCA85 day particularly in the SCS. Phases 7–8 tend to have
above average moisture, but strongly westerly winds, which is
unfavorable for the diurnal cycle on the west coast and in the
SCS. However, this quadrant is where the most DCA85 days
on the east coast are observed (Fig. 7).

To emphasize the variability across different days that have
the same BSISO phase, the same composite Hovmöllers from

Fig. 3 are displayed in Figs. 9 and 10, but conditionally sam-
pled by the sign of the zonal wind profile. Days that have an
active BSISO in one of the eight phases, but also have an
anomalously easterly wind as indicated by the first EOF of
the vertical profile of Luzon zonal wind [described in Natoli
and Maloney (2023)] less than or equal to 20.25s are shown
in Fig. 9. Those with a westerly wind are shown in Fig. 10. The
disparities between the two are striking. Regardless of BSISO
phase, restricting the composite to easterly wind leads to the
emergence of the clear canonical offshore propagating diurnal
cycle on the west side of Luzon. When restricted to westerly
wind, this signal disappears entirely, from even the phases ex-
hibiting the most prominent tendency for offshore propaga-
tion (phases 4–6). The composites in Fig. 3 can then be
interpreted as which wind regime is more likely under a cer-
tain BSISO phase. For example, easterly winds are much
more likely in phases 2–5 (as indicated by the number in pa-
rentheses in the title of each panel, which shows the total
number of days in each composite). Westerly days make up
the bulk of the BSISO composite days in phases 7, 8, and 1,

FIG. 7. In contours, the 2D histogram by bins of ERA5 850-hPa zonal wind averaged in boxes A–F together (Fig. 1 on the x axis
(m s21), and ERA5 total column water vapor (kg m22) averaged in boxes A–F on the y axis, and is the same in each panel. There are
20 total bins in both the zonal wind and total column water vapor distributed evenly between their respective maximum and minimum val-
ues. Contours are located every 12 days, with the innermost contour indicating 84 days. A total of 2806 total days are used from JJAS
1998 to 2020 in this analysis. 420 DCA85 days are used. Colors indicate the anomalies in the histogram (of values for boxes A–F together)
given that an 85th percentile diurnal cycle amplitude day occurred in one of the six boxes A–F, and varies by panel. Values are scaled be-
fore calculating anomalies such that they represent the expected number of days in each 2D bin if 2806 85th percentile days were to occur
(i.e., the histogram is divided by 0.15, and then the anomaly is calculated). Boxes C–E include mainly land points, while boxes A, B, and F
include mainly oceanic points. The vertical dashed black line indicates the JJAS mean 850-hPa zonal wind, while the horizontal dashed
line indicates the JJAS mean total column water vapor. Bins with statistically significant (at the 95% confidence level) anomalies are de-
noted with a white dot.
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while phase 6 is fairly evenly split between the two. Considering
the variability within a given phase clearly demonstrates that
the BSISO phase simply makes certain environmental condi-
tions more likely, which then impact the local diurnal cycle.

In summary, strong diurnal cycles tend to occur with ambi-
ent conditions characterized by near to above average mois-
ture, and weak offshore winds. Since certain BSISO phases
make such conditions more probable, the impact of the
BSISO on the local diurnal cycle can be understood in terms
of its modulation of the local environment, particularly the
ambient moisture and low-level wind. The analysis in this sec-
tion takes a probabilistic approach toward understanding this
relationship, and considers the variability within each BSISO
phase rather than simply analyzing a composite, which may
smooth out much of this variability. The results here support
those derived from composite analysis (e.g., Natoli and Maloney
2021, 2023) but are not subject to the same limitations, thus rein-
forcing the conclusions. Not all BSISO active days in a certain
phase are the same, and this analysis shows how the relative
probability of a strong diurnal cycle changes given the range
of environmental background conditions possible within each
phase. The results generally support those found with compos-
ite analysis (e.g., Xu and Rutledge 2018; Natoli and Maloney
2019; Chudler et al. 2020; Sakaeda et al. 2020) but broaden the
understanding of the variability within the composite, and pre-
sent a clearer case for the mechanisms involved.

4. CM1 experiments

In this section, idealized model experiments will be discussed
in order to control for the mechanisms cited as important for

the BSISO-diurnal cycle relationship highlighted in the previous
section. The observational analysis provides the best informa-
tion regarding what is happening in the real atmosphere, but
potentially major confounding factors are present. For example,
it is challenging to separate the impact of one mechanism from
another, which warrants the use of a model to control this more
tightly. In the first subsection, we will show that several impor-
tant aspects of the variability of the local diurnal cycle as a func-
tion of BSISO phase can be replicated in the simplified setup
here, which validates the use of this setup for sensitivity experi-
ments. The next subsection will explore variations applied to
the base state that test sensitivity to specific aspects of the envi-
ronmental background conditions such as wind and moisture.
Throughout the section, only meridionally averaged results are
discussed.

a. Control experiments

Hovmöller diagrams of the full 7 days of the control simula-
tions with BSISO phases 3 and 7 base states are shown in
Fig. 11. Convection develops over land every afternoon and
exhibits some offshore propagation on most days. There is
some variability in the strength of precipitation and the extent
of offshore propagation, but no clear trends in behavior after
the first day. Thus, for much of the next few subsections, a
daily composite across the 7 days will be used to ease the in-
terpretation and smooth random variability.

Figure 12 shows the results of this composite for control
simulations from all eight BSISO phases. Comparing these re-
sults to Fig. 3 reveals several important insights. Starting with
the similarities, it is evident that precipitation in the model is
diurnally driven, with a peak over land around 1700 that then

FIG. 8. Contours and vertical lines are as in Fig. 7. Colors indicate the anomalies in the histogram given that the BSISO was active in a
certain phase. Values are scaled before calculated anomalies such that they represent the expected number of days in each 2D bin if
2806 days from each BSISO phase were to occur. For example, to display the phase 1 anomaly, the 2D histogram is multiplied by
2806/188 (188 is the number of BSISO phase 1 active days shown in Fig. 2c in JJAS 1998–2020), and then the anomaly is calculated. Values
are calculated from boxes A–F together.
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slowly propagates offshore at around 3–6 m s21. The phase 3
and 4 base states lead to precipitation clustered closer to the
western coast as in observations. In most simulations, a very
weak precipitation signal initiates in the early afternoon on
both coasts, and propagates inland until the two sea-breeze
fronts converge, leading to deep convection and heavier pre-
cipitation rates (Saito et al. 2001; Natoli and Maloney 2023).
The general preference for a strong diurnal cycle over land in
the suppressed BSISO and transition to active BSISO base
state is also well replicated. Furthermore, the most obvious
offshore propagation occurs with phase 3–6 base states, coin-
ciding with the best propagation into the SCS in observations
(Figs. 3e,f). We note that precipitation propagates exclusively
eastward with the phase 6 base state rather than both direc-
tions but mainly westward in observations (Figs. 3, 9, and 10),
but the intensity of offshore precipitation is elevated com-
pared to phases 7, 8, 1, and 2. With the phase 7–8 base states,
the diurnal cycle is weaker and shifted to the east side of the
island.

There are also several important differences between the
model depiction and the real atmosphere. The model completely
lacks any nondiurnally driven precipitation. While observations
show significant precipitation at all times of day, especially over

the coastal SCS during the BSISO active state, the model is un-
able to reproduce this. The only oceanic precipitation produced
is that which is clearly associated with offshore propagation of
convection that initiated over land in the afternoon. This is not
necessarily a weakness though, as it allows the claim to be made
that most precipitation is due to the diurnal cycle in this simula-
tion, and thus removes one confounding variable in the real at-
mosphere of determining how much precipitation is related to
the diurnal cycle. Propagation also only occurs in one direction in
a specific phase, but both westward and eastward propagation
have generally similar propagation speeds and precipitation in-
tensity (Fig. 12). In the observations, westward propagation is
clearly dominant over eastward, but there is some evidence of
propagation occurring in both directions in a single phase
(Figs. 3, 9, and 10). In the real composites, a range of different
days with varying conditions were present, while the compos-
ite base state used in the model only provides one of many
possible realizations.

Based on the aspects that the model captures well, the suc-
cessive sensitivity experiments aim to test the sensitivity of
the tropical diurnal cycle behavior to the environmental back-
ground conditions. We aim to determine which aspects of the
ambient atmosphere determine why a strong diurnal cycle

FIG. 9. As in Fig. 3, but with the composite restricted to BSISO active days in a certain phase on which the first EOF of the Luzon verti-
cal profile of zonal wind described in Natoli and Maloney (2023) was less than or equal to 20.25s, indicating anomalous easterly winds.
The number in parentheses next to the title indicates the number of days in each composite.
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occurs over land during phases 2–5, why the opposite is appar-
ent in phases 7, 8, and 1, how much precipitation will be pro-
duced by offshore-propagating convection, and which direction
convection will propagate.

b. Base state sensitivity experiments

1) WIND

Next, the BSISO Wind Only experiments will be discussed.
In this set, we only vary the base-state zonal wind profile
across simulations, while all other variables have a base state
fixed at the JJAS mean. Figure 13 shows the composite diur-
nal cycles for the Wind Only experiments. At first glance,
these results look very similar to the control. By only chang-
ing the base-state wind profile, several qualitative aspects of
the diurnal cycle behavior are retained}notably, the strong
land-based diurnal cycles in phases 2–5, the weak diurnal cy-
cle on the eastern coast in phases 7, 8, and 1, and the signifi-
cant offshore propagation in phases 3–6. This supports the
argument that the BSISO modulation of the wind profiles is
one of the primary mechanisms through which it impacts the di-
urnal cycle (Short et al. 2019; Peatman et al. 2021; Natoli and
Maloney 2023). Critically, the strong onshore wind appears to

be the primary variable responsible for the reduction in diurnal
cycle strength during the BSISO active state (phases 6–8). The
model produces a stronger diurnal cycle on the leeward side of
the island under a weak to moderate background wind, similar
to previous modeling studies and observations (Ho et al. 2008;
Virts et al. 2013; Liang et al. 2017; Wang and Sobel 2017; Qian
2020). Conversely, a strong wind, particularly in the lower at-
mosphere, reduces the magnitude of diurnally generated pre-
cipitation (Fig. 7) by limiting the land–sea contrast, and thus
the sea-breeze circulation (Shige et al. 2017; Wu et al. 2017;
Yokoi et al. 2019).

Since the differences compared to the control runs are diffi-
cult to discern in Fig. 13, Fig.14 shows the average precipita-
tion rate over land, and over ocean on the leeward side of the
island for both the Control and Wind Only simulations. Pre-
cipitation variability in the control simulations appears to be
regulated by more than wind variability alone. Over both
land and water, phases 1–4 produce more precipitation when
only the BSISO wind is used, whereas phases 5–8 produce
less. Not coincidentally, phases 1–4 have drier than average
moisture profiles in BSISO composites, while phases 5–8 are
more moist (Fig. 2b). The reduced ambient moisture during
the suppressed BSISO phases inhibits what would be a stronger

FIG. 10. As in Fig. 3, but with the composite restricted to BSISO active days in a certain phase on which the first EOF of the Luzon ver-
tical profile of zonal wind described in Natoli and Maloney (2023) was greater than or equal to 10.25s, indicating anomalous westerly
winds. The number in parentheses next to the title indicates the number of days in each composite.
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diurnal cycle based on weak to moderate easterlies alone, hence
reflected in an increase in precipitation during phases 1–4 when
only the wind is varied. The leeward waters see the most precip-
itation with BSISO phase 3–4 winds, but once the rest of the en-
vironmental profile is factored in as in the control, the most
precipitation occurs with a BSISO phase 5–6 profile. This result
is unsurprising and is consistent with the observational results
discussed above and in the literature, highlighting the tight rela-
tionship between free-tropospheric moisture and precipitation

in the tropics (Bretherton et al. 2004; Hassim et al. 2016;
Vincent and Lane 2017, 2018; Lu et al. 2019; Sakaeda et al.
2020). The relationship between moisture and precipitation in
CM1 will be explored in more detail next.

2) MOISTURE

The next set of experiments takes a closer look at the role
of ambient moisture by exploring a wider range of moisture

FIG. 11. Meridionally averaged precipitation rate (mm h21) for the full 7-day simulation the Cloud Model 1 (CM1)
control simulations with (a) a BSISO phase 3 base state and (b) a BSISO phase 7 base state. The x axis in each is in
kilometers, with the coastlines marked as vertical dashed black lines. The time 0500 LT on each day is noted as a hori-
zontal dashed black line.
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profiles, the details of which are described in section 2. Aver-
age precipitation rate by time of day in the diurnal composite
for each simulation is shown in Fig. 15. Figures 15a and 15c
show the precipitation rate averaged over the modeled land-
mass (300–500-km), while Figs. 15b and 15d are averaged
over ocean grid points on the leeward side of the landmass
(0–300 km in easterly flow, 500–800 km in westerly flow). The
expected result of increasing precipitation with increasing
moisture emerges with both BSISO phases 3 and 7 winds. Dif-
ferences between the wettest and the driest experiment are
dramatic, likely resulting from the fairly extreme moisture
profiles used here. Interestingly, the diurnal cycle over land
does appear to peak earlier in the day under high moisture
conditions, consistent with Riley Dellaripa et al. (2020), who
showed an earlier diurnal cycle peak during BSISO active
conditions when topography was removed from the model.
Significantly more rainfall in the higher moisture experiments

again emphasizes the importance of having sufficient ambient
water vapor content to attain significant precipitation in the
tropics (Holloway and Neelin 2009, 2010), since convection
developing in a dry environment will entrain dry air and
weaken (Kuo et al. 2017).

While the following paragraph is not critical to the main
goals of this study, the results are interesting enough to war-
rant some speculative discussion for readers interested in the
finer details of the model behavior. Examination of precipita-
tion in the offshore environment (Figs. 15b,d) by moisture ex-
periment reveals surprising results. With BSISO phase 3 winds,
there appears to be little to no relationship between the ambi-
ent moisture and offshore precipitation. The lowest (but broad-
est) peak in precipitation rate occurs with the 11.5s moisture,
while the highest precipitation rate occurs with phase 3 mois-
ture, which is the second driest sounding studied. The expected
result would be for the offshore precipitation to be even more

FIG. 12. Daily composite of the 7-day control CM1 simulations showing meridionally averaged precipitation rate (mm h21) by longitude
at 1-km resolution. Each simulation varies the base state with ERA5 BSISO composite profiles. The wind and moisture profiles are shown
in Figs. 2a and 2b. Dashed gray lines note the coastlines, and the dashed black line follows a line of best fit connecting the longitude of
maximum precipitation rate at each time between 2000 and 0800 LT. This is calculated based on precipitation rate smoothed to 5-km
resolution.
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stratified by moisture than land-based precipitation based on
the results from section 3. We present some possible explana-
tions for this discrepancy, but will leave a more conclusive an-
swer to future work. First, the phase 3 wind profile is easterly
throughout the column, and thus moisture advection by the
mean wind acts to moisten the environment west of the island.
The offshore environment on the leeward side of the island
moistens over the first two days of the simulation (Fig. S1 in the
online supplemental material) and results in about a 10% in-
crease in TCWV by day 3, while the east side of the island ex-
hibits a 10% decrease. The large-scale nudging techniques
employed to maintain the base state only nudge the domain
mean, so a redistribution of moisture across the domain will not
be corrected. Thus, the driest simulations are not quite as dry in
the offshore environment as they should be had the initial pro-
file stayed uniform. However, this does not explain the relative
lack of offshore precipitation in the 11.5s experiment, which
necessitates speculating on another possible mechanism. This
simulation results in a much stronger cold pool that develops

earlier in the day (Fig. S2) due to the early peak over land
(Fig. 15a). Deep convection initiates along the leeward coast’s
inland propagating sea-breeze front in both 11.5s experi-
ments before the opposing sea-breeze fronts converge, and
continues to propagate inland after the fronts converge (Fig. S3).
This is unlike each of the control simulations, in which the
onset of deep convection occurs after the sea-breeze fronts
converge. As a result, instability may be more depleted on
the leeward side of the island due to the earlier convective
onset. A time series of convective available potential energy
(CAPE; Fig. S4) indeed indicates that the11.5smoisture ex-
periment actually has the lowest CAPE on the west side of
the island compared to all three other moisture experiments
with BSISO phase 3 winds. Another possible explanation is
that in the dry state, convection develops along a very narrow
density current front, the only location in which there is suffi-
cient lift to attain deep convection. The higher moisture envi-
ronment is not as confined to the density current boundary,
resulting in a broader precipitation peak.

FIG. 13. As in Fig. 12, but for the wind-only CM1 simulations. The base state for these simulations uses the wind profile from each BSISO
phase composite (shown in Fig. 2a), and the JJAS mean profile for the moisture and thermodynamic variables.
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Overall, the results of the wind and moisture experiments
support the conclusions derived from section 3, in that the
BSISO modulation of ambient wind and moisture is what af-
fects the local diurnal cycle. We can replicate several aspects

of the BSISO–diurnal cycle relationship in an idealized model
with only the base state from a composite BSISO profile, al-
though the response to variable moisture profiles over the
ocean in CM1 is more nuanced than expected.

FIG. 14. (a) CM1 precipitation rate (mm day21) averaged over land for each of simulations
with varying BSISO composite derived base states. Bars for the control simulations (Fig. 12) are
solid colors, while those for the wind-only simulations (Fig. 13) are hatched. (b) As in (a), but av-
eraged over the ocean grid points on the leeward side of the island (west for phases 2–5; east for
others).

FIG. 15. Composite precipitation rate (mm h21) for the moisture experiments averaged (left) over land and (right)
over ocean on the leeward side of the island. In simulations (a),(b) the BSISO phase 3 wind profile is used in the base
state and (c),(d) the BSISO phase 7 wind profile is forced in the base state.
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5. Conclusions

The mechanisms through which large-scale patterns of
tropical convective variability such as the MJO/BSISO impact
the local diurnal cycle on tropical islands were examined. Spe-
cifically, we show which characteristics of the local environ-
ment, potentially modulated by the MJO/BSISO, result in
substantial changes to diurnal cycle behavior. Using Luzon
Island in the northern Philippines as an example, a probabilis-
tic approach to observational analysis was employed in lieu of
the conventional composite analysis to examine diurnal cycle
variability. Such techniques reveal more about the range of
possible environments found within a certain phase of the
BSISO, and the relative likelihood of a robust diurnally
driven precipitation in varying regimes. This contributes a
broader understanding of diurnal cycle behavior than estab-
lished through the composite analyses of prior research (e.g.,
Rauniyar and Walsh 2011; Peatman et al. 2014; Birch et al.
2016; Hassim et al. 2016; Vincent and Lane 2016; Sakaeda
et al. 2017). Idealized model simulations with CM1 build
upon the observational results and allow for the isolation of
low-level wind and ambient moisture, highlighted by prior re-
search as potentially important environmental variables for
understanding the mechanisms of the BSISO–diurnal cycle
relationship (e.g., Birch et al. 2016; Vincent and Lane 2017;
Natoli and Maloney 2019, 2021; Short et al. 2019; Sakaeda
et al. 2020). The results address the nature of the diurnal cy-
cle, its offshore propagation, and the physical mechanisms
regulating its relationship to large-scale modes of variability
(Virts et al. 2013; Wang and Sobel 2017; Yokoi et al. 2019;
Qian 2020; Peatman et al. 2021). While we have used Luzon
Island during boreal summer as a case study, it may be possi-
ble to generalize our results to the boreal winter MJO and
other islands in the MC. A similar analysis focusing on the
more widely studied boreal winter MJO in the Indonesian
MC could prove insightful in the future. The main findings of
this research are summarized as follows:

• The probability of a high-amplitude diurnal cycle over the
west coast of Luzon is maximized in observations during
the suppressed BSISO phases and the transition to active
(Figs. 3c–e and 5c). In the coastal South China Sea (SCS)
offshore propagation is maximized in the phases covering
the transition from suppressed to active. (Figs. 3e,f and
5a,b).

• High-amplitude observed diurnal cycle days tend to occur
with weak to moderate offshore low-level wind and near to
above average column moisture (Figs. 6a,b,d,e and 7).
There appears to be little association with morning insola-
tion (Figs. 6c,f).

• The transition from BSISO suppressed to active conditions
(roughly phases 3–6) is most likely to produce the wind and
moisture conditions favorable for a high-amplitude diurnal
cycle in observations with substantial offshore propagation
into the SCS (Figs. 7 and 8).

• Idealized CM1 simulations using a base state derived from
BSISO composite wind, moisture, and thermodynamic pro-
files (Fig. 2) can replicate several important features of the

observed diurnal cycle (Fig. 3), including the strong land-
based diurnal cycle in the BSISO suppressed and transition
phases, strong offshore propagation in the transition phases,
and the suppressed diurnal cycle during BSISO active con-
ditions (Figs. 11, 12, and 14).

• Driving the simulations with only the BSISO wind profile
and JJAS mean moisture and temperature profiles results
in very similar diurnal cycle behavior to the control simula-
tions, emphasizing the importance of the wind profile in
producing the observed diurnal cycle modulation by BSISO
phase (Figs. 13 and 14). Weak offshore prevailing wind fa-
vors an active diurnal cycle with offshore propagation.

• Land-based precipitation exhibits strong sensitivity to ambi-
ent moisture in CM1 (Figs. 14 and 15a,c). Moisture anoma-
lies enhance diurnal precipitation during the BSISO active
phase, and weaken diurnal precipitation during the sup-
pressed phase, but wind explains the specific preference for
strong diurnal cycles during the transition period.

CM1 was able to realistically simulate many well-studied
(e.g., Peatman et al. 2014; Sakaeda et al. 2017; Xu and Rutledge
2018; Lu et al. 2019; Natoli and Maloney 2019; Chudler et al.
2020) aspects of the ISO–diurnal cycle relationship with only
the BSISO composite profile used in the base state. This
strongly suggests that the physical mechanisms regulating this
relationship can be reduced to the large-scale modulation of lo-
cal environmental variables, particularly moisture and wind.
We do note that our model setup does have some caveats, the
importance of which should be addressed in future research to
determine the general applicability of these results to the real
atmosphere. For example, our large-scale nudging technique
that is required to maintain the base state through a longer sim-
ulation does not prevent persistent spatial inhomogeneities
from developing within the domain. The model also produces
very little oceanic precipitation that is not associated with off-
shore propagation, and the abundant precipitation in the SCS is
an important characteristic of the BSISO active state. Thus, ex-
ploring these differences in more detail, including with a differ-
ent model would be advantageous in order to better understand
the deficiencies and unique characteristics of CM1 that may
affect our conclusions.

These results also yield several new questions providing
avenues for future research. In the real atmosphere, it is possi-
ble that the presence of topography and the induced circula-
tions thereof could act as an additional source of low-level
convergence that is important for initiating offshore propaga-
tion. Thus, the inclusion of topography in our model could
prove insightful and build on other research exploring the
role of mountains to the diurnal cycle in tropical islands
(Riley Dellaripa et al. 2020; Ruppert et al. 2020). Additional
sensitivity tests exploring the importance of the width of the
island to diurnal cycle behavior could also be insightful. We
also plan to test the role of insolation in this model. For exam-
ple, a constant insolation experiment (i.e., no diurnal cycle) to
see if offshore propagation and a natural time scale for con-
vection over land develops in the absence of diurnal forcing.
Additional tests could attempt to isolate the BSISO cloud
cover variability and its impact on the local diurnal cycle.
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Analyzing the importance of the internal cold pool dynamics
of deep convection in this model may also be insightful. Ex-
ploring these results in the context of extreme precipitation
events (e.g., Ferrett et al. 2019) could have broader societal
benefits. These proposed paths for future research may pro-
vide further clarity regarding the tropical island diurnal cycle
and its offshore propagation.
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