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ABSTRACT: Twenty-year satellite observations have shown pronounced offshore propagation of the rainfall diurnal cy-
cle at the northern coast of New Guinea. Propagation speed has a wide range from 5 to 15 m s21 even when mean back-
ground winds are weak. This study investigates the mechanisms driving this variability in propagation speed, including why
the slower-propagation rainfall events can travel more than 600 km, using the Maritime Continent Austral Summer Climatol-
ogy v1.0, which provides 10-yr high-resolution model simulations. Days with pronounced propagation are analyzed, and the
top 30% and bottom 30% of propagation speeds are classified as faster and slower cases, respectively. The faster-propagation
group exhibits more widespread scattered rainfall patterns, primarily driven by inertia–gravity waves generated by land–
sea thermal contrast. In this group, clearer skies allow greater daytime absorption of shortwave radiation, which amplifies the
land–sea temperature contrasts and thereby generates stronger inertia–gravity waves that drive faster offshore rainfall propaga-
tion. Conversely, the slower group displays more concentrated rainfall, closely associated with cold pool dynamics farther off-
shore. Stronger low-level wind shear plays a key role in this group by favoring convection initiation along the leading edges of
cold pools. The balance between low-level wind shear and cold pool intensity promotes more organized convection, whose off-
shore movement is primarily controlled by the cold pool propagation speed, resulting in slower but long-distance rainfall prop-
agation. A key finding is that both inertia–gravity waves and cold pools can sustain offshore rainfall propagation over distances
exceeding 600 km in New Guinea, in contrast to traditional studies that emphasize gravity waves as the primary driver of far-
offshore propagation.

SIGNIFICANCE STATEMENT: Offshore-propagating rainfall is a defining feature in northern New Guinea, yet the
physical mechanisms controlling its propagation speed remain poorly understood. Using long-term high-resolution
model simulations, this study shows that rainfall systems can propagate more than 600 km offshore not only by inertia–
gravity waves but also by cold pool dynamics under strong low-level wind shear. This finding challenges the conven-
tional view that long-distance propagation is governed solely by gravity waves and provides new insight into the roles
of cold pool dynamics and wave processes in organizing tropical convection. These insights deepen our understanding
of diurnal rainfall propagation mechanisms and offer guidance for improving its representation in weather and climate
models.
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1. Introduction

The diurnal cycle of convection is one of the most prominent
features of tropical rainfall variability, particularly over theMari-
time Continent (MC), where complex coastlines and topography
strongly modulate local and regional weather systems (Dai 2001;
Ohsawa et al. 2001; Yang and Slingo 2001; Neale and Slingo
2003; Nesbitt and Zipser 2003; Yang and Smith 2006; Kikuchi
and Wang 2008; Johnson 2011; Ruppert et al. 2013; Short et al.
2019; Zhang and Du 2025). Offshore propagation of diurnal
rainfall signals plays a crucial role in redistributing heat, mois-
ture, and momentum between land and ocean, thereby influenc-
ing both short-term weather and longer-term climate processes

(Houze et al. 1981; Johnson and Priegnitz 1981; Mapes and
Houze 1993; Peatman et al. 2023). Although such offshore-
propagating rainfall signatures have been observed along many
coasts worldwide (Fang and Du 2022), the dominant mecha-
nisms governing this phenomenon remain debated and have
been attributed to several distinct physical processes.

Previous studies have identified a class of slowly propagating
diurnal rainfall systems (i.e., 3–8 m s21) along tropical coastlines,
typically attributed to density currents (Houze et al. 1981;
Johnson and Bresch 1991; Sakurai et al. 2009; Fujita et al.
2011; Chen et al. 2016; Vincent and Lane 2016a; Coppin and
Bellon 2019; Ruppert and Zhang 2019). These density currents
generally originate from evaporative cooling beneath deep con-
vection (e.g., cold pool outflows) or radiative cooling of the
nocturnal surface layer (e.g., land breeze). As these dense air
masses spread seaward, they lift moist marine air along theirCorresponding author: Yu Du, duyu7@mail.sysu.edu.cn
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leading edges, initiating new convection and sustaining offshore
propagation. The interaction of evaporative cold pools with sea
breezes can further enhance offshore movement by providing ad-
ditional low-level convergence. The efficiency of these processes,
however, depends strongly on environmental conditions, such as
vertical wind shear and ambient stability, which modulate both
the propagation distance and convection intensity. Typically,
density-current-driven systems are generally thought to be
confined to short offshore distances (i.e., 100–200 km from
the coast; Vincent and Lane 2016a).

In contrast, faster-propagating rainfall systems (i.e., 10–
20 m s21) have been linked to the influence of inertia–gravity
waves triggered by land–sea thermal contrasts and land-based
convection (Tripoli and Cotton 1989; Mapes et al. 2003; Ichikawa
and Yasunari 2007; Love et al. 2011; Du and Rotunno 2015; Li
and Carbone 2015; Hassim et al. 2016; Vincent and Lane 2016a;
Birch et al. 2016; Vincent and Lane 2018; Ruppert and Zhang
2019; Ruppert et al. 2020; Peatman et al. 2023; Peng and Chen
2023, 2024, 2025). These waves can organize and propagate con-
vective disturbances hundreds of kilometers offshore, sometimes
exceeding 600 km from the coastline (Chen and Du 2024). Un-
like density currents, which rely on mechanical lifting of moist
air, gravity waves generate oscillatory motions that can pre-
condition the offshore environment for deep convection.
Their upward phase enhances local instability and vertical
motion, thereby triggering new convection. The generation
and propagation of such waves are also modulated by back-
ground winds, boundary layer stability, and topography (Qian
et al. 2009, 2012; Jiang 2012; Du and Rotunno 2015, 2018; Du
et al. 2019; Du 2023; Chen and Du 2024; Du et al. 2024; Chen
et al. 2025), leading to distinct differences in propagation speed,
structure, and rainfall intensity. Understanding the relative con-
tributions of these mechanisms is therefore essential to explain
the diversity of offshore rainfall behavior.

Previous studies across the MC have revealed that diurnal
rainfall propagation speeds can vary over a wide range. For in-
stance, Peatman et al. (2023) showed that along the southwestern
coast of Sumatra, composite propagation signals exhibit speeds
from;2 m s21 at the slow end to more than 13 m s21 at the fast
end. This variability cannot be explained solely by averaging ef-
fects or directional differences, and it may indicate the diversity
in propagation mechanisms. Multiple propagation modes, such
as density current and gravity waves, may coexist or dominate at
different distances from the coast (Vincent and Lane 2016a,
2017; Yokoi et al. 2017; Coppin and Bellon 2019). Even within a
single mode, the propagation speed can fluctuate with environ-
mental factors, including wind shear, thermal contrast, and mois-
ture distribution (Jiang 2012; Du et al. 2019; Chen et al. 2025).
Consequently, offshore propagation of rainfall diurnal signals is
better characterized as a continuum of speeds governed by dif-
ferent processes rather than a single representative velocity. Un-
derstanding what determines faster and slower propagations is
therefore essential to unraveling the dynamics of the diurnal
rainfall cycle in coastal areas.

In addition to variations in propagation speed, offshore ex-
tent also differs depending on the dominant mechanisms.
Bai et al. (2021) showed that along the southwestern coast of
Sumatra, rainfall systems can propagate up to 180 km offshore

at speeds of 4.5 m s21, primarily driven by the interaction of
land breeze and background winds. Peatman et al. (2023) sug-
gested that the combined effects of land breeze and cold pools
can sustain propagation of ;3 m s21 for 200–300 km. Similarly,
Hassim et al. (2016) found that rainfall over northern New
Guinea can extend up to 200 km offshore at speeds of 3–6 m s21

in both observations and model simulations, associated with
land-breeze convergence. Vincent and Lane (2016a) also
showed that precipitation within 100–200 km from the northern
coast of New Guinea propagates offshore as a squall line driven
by katabatic flow and the land breeze (3–5 m s21), while farther
offshore (400–700 km), faster systems (12–18 m s21) are associ-
ated with inertia–gravity waves. In the Bay of Bengal, Chen and
Du (2024) reported rainfall propagation exceeding 900 km un-
der the influence of gravity waves. Collectively, these findings
suggest that density-current-driven systems generally propagate
shorter distances than those influenced by gravity waves.

In this study, we found that rainfall over New Guinea can
propagate more than 600 km at speeds of around 8 m s21,
while comparable distances are also reached by faster speeds.
Previous studies have not clearly identified the mechanisms
responsible for such long-distance propagation at relatively
slow speeds. Therefore, understanding the physical nature
and governing factors of these propagating rainfall systems
can provide valuable insight into the mechanisms controlling
diurnal offshore rainfall propagation.

Here, we examine the mechanisms controlling rainfall propa-
gation speed through satellite rainfall observations and a cloud-
permitting numerical model. Prominent rainfall propagation
events are selected, and their propagation speeds are estimated
by tracking the diurnal peak of rainfall in Hovmöller diagrams,
following the methods of previous studies (Fang and Du 2022;
Peatman et al. 2023). We then assess how cold pool processes
and gravity wave dynamics contribute to the observed variability
in propagation speed.

The remainder of this paper is organized as follows. Section 2
describes the dataset and analysis method. Section 3 presents
the characteristics of rainfall events with different propagation
speeds. Section 4 discusses the mechanisms controlling propaga-
tion speed. Finally, section 5 provides a summary and discussion
of our findings.

2. Data and methodology

a. Data

This study employs a 10-yr austral summer cloud-permitting
simulation over the Maritime Continent region (hereafter
MCASClimate). This dataset, described by Vincent and Lane
(2016b, 2017), was generated using the Weather Research and
Forecasting (WRF) Model, version 3.5 (Skamarock and Klemp
2008). The simulation consists of continuous 3-month integra-
tions for 10 austral summer seasons (December–February of
2005/06–2014/15).

The simulations are forced by European Centre for Medium-
Range Weather Forecasts (ECMWF) interim reanalysis (ERA-
Interim; Dee et al. 2011) as initial and lateral boundary conditions,
with an outer domain of 12-km horizontal grid spacing, a
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nested domain of 4-km horizontal grid spacing, and 79 vertical
levels with a model top at 25 km. Spectral nudging was ap-
plied in the 12-km domain to maintain large-scale consistency
with ERA-Interim, where only horizontal scales longer than
1000 km above the boundary layer were nudged, using an in-
verse nudging time scale of 0.0003 s21 for all variables. The
physical parameterizations include the WSM6 microphysics
scheme (Hong and Lim 2006), the MYJ planetary boundary
layer scheme (Mellor and Yamada 1982), the RRTM long-
wave (Mlawer et al. 1997), and Goddard shortwave radiation
(Chou and Suarez 1994) schemes. The Betts–Miller–Janjić cu-
mulus scheme (Janjić 1994) was used in the outer domain only.
Further details of the model setup are described in Vincent
and Lane (2017).

The analysis in this study focuses on the northern coast of
New Guinea and the adjacent oceanic region (indicated by
the orange box in Fig. 1). To investigate the mechanisms
controlling rainfall propagation, we analyze the 10-yr
MCASClimate output fields, including the three-dimensional
wind components (U, V, and W), pressure, potential tempera-
ture, geopotential height, hourly rainfall rate, outgoing longwave
radiation (OLR), and surface upward turbulent sensible heat
flux (HFX).

Additionally, we employ the Global Precipitation Measure-
ment Integrated Multi-satellitE Retrievals (GPM-IMERG)
precipitation product (Huffman et al. 2015), with a spatial res-
olution of 0.18 3 0.18 and a temporal resolution of 30 min.
This dataset is utilized for both validation and comparison of
the diurnal rainfall propagation characteristics. All times are re-
ported in local standard time (LST), corresponding to Papua
NewGuinea’s time zone of UTC1 10.

b. Wave filtering algorithm

In this study, we employ a dispersion-consistent filtering al-
gorithm to isolate inertia–gravity wave signals from back-
ground noise. This approach builds upon the methods of
Kruse and Smith (2015), Lane (2021), Yang and Du (2024),

and Peng and Chen (2025). We first define a right-hand (x, y, z)
coordinate system, where x is the coastline perpendicular direc-
tion, with increasing xmoving offshore, y is the coastline parallel
direction, and z is the vertical direction. The data are first aver-
aged along the y direction, and a filter is subsequently applied to
the averaged field. Our filtering algorithm then consists of three
primary steps:

1) For a given function a, we perform a 2D Fourier decom-
position from (x, z) space to (k–m) space, yielding its
spectral power â(k, m), where k and m are the horizontal
and vertical wavenumbers, respectively.

2) These 2D spectral power â(k, m) are then multiplied by a
Gaussian low-pass response function r̂ lp(k, m):

âlp(k, m) 5 â(k, m) 3 r̂ lp(k, m): (1)

The Gaussian low-pass response function is defined as

r̂ lp(k, m) 5 r̂ lpx(k) 3 r̂ lpz(m), (2)

where r̂ lpx(k) is the horizontal filtering operator and r̂ lpz(m)
is the vertical filtering operator. The horizontal filtering op-
erator is defined in wavenumber space as

r̂ lpx(k) 5 e2|k|2L2
, (3)

where L is the cutoff wavelength.
3) To incorporate the vertical scale consistent with gravity wave

dynamics, we map the vertical wavenumber m to an equiva-
lent horizontal wavenumber kz(m) using the inertia–gravity
wave dispersion relation [Eq. (35) in Chen et al. 2025]:

kz(m) 5 m

�������������������
s2 2 f 2

N2 2 s2 1 f 2

√
, (4)

where N is the Brunt–Väisälä frequency and f is the Coriolis
parameter. The intrinsic frequency s is defined as

s 5 v 2 KU, (5)

where v5 2p/T, T 5 24 h is the period of diurnal heating,
K5

�����������
k2 1m2

√
is the wavenumber, and U is the background

wind. The corresponding vertical filtering operator is then
defined as

r̂ lpz(m) 5 e2|kz(m)|2L2
: (6)

Finally, an inverse Fourier transform is applied to obtain
the filtered field in physical space.

This dispersion-consistent approach prevents overfiltering of
gravity waves in the vertical direction, a common issue when di-
rectly applying a 2D filter based on k2 1 m2 (Kruse and Smith
2015). Because gravity waves relevant to rainfall propagation
typically have horizontal wavelengths of 600–1200 km but much
shorter vertical wavelengths of 4–7 km (Chen et al. 2025), con-
ventional filters would suppress nearly all vertical modes. By
mapping vertical wavenumbers through the dispersion relation,
our method preserves both horizontal and vertical gravity wave

FIG. 1. The study domain (orange box) and terrain elevation
(shading). The dashed orange line represents the coastline along
northern New Guinea.
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structures while removing small-scale noise, ensuring that the re-
tained signals remain dynamically consistent with gravity wave
physics.

3. Comparisons of fast and slow diurnal offshore rainfall
propagation

a. Observations

Diurnal offshore rainfall propagation events are a promi-
nent feature around New Guinea (Fang and Du 2022). We
derive the probability density function (PDF) of rainfall

propagation speeds using GPM-IMERG precipitation data
from December to February during 2002–23. Figure 2a
shows that the derived PDF of propagation speeds exhibits a
broad distribution of propagation speeds, typically ranging
between 5 and 15 m s21 under weak offshore background
wind conditions (i.e., 0–2 m s21, perpendicular to the coast-
line). The background wind is calculated as the mean wind
averaged between 850 and 300 hPa, following the approach
of Fang and Du (2022). This widespread of propagation
speeds indicates that background winds alone cannot fully
explain the observed variability, and other factors may mod-
ulate rainfall propagation over this region.

FIG. 2. (a) Probability density distribution of offshore rainfall propagation speeds derived from GPM-IMERG
satellite rainfall data. Hovmöller diagrams of composite rainfall (shading; mm h21) for (b) fast and (c) slow
offshore-propagating rainfall events. The red dots indicate the diurnal hour of maximum rainfall, and the white
line is the regression line fitted to the red dots, with its slope representing the rainfall propagation speed. The
black dashed line represents the location of the coastline. V1 represents the average rainfall propagation speed
within 150 km of the coastline, and V2 represents the average speed beyond 150 km.
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Based on the PDF, rainfall propagation events are categorized
into fast and slow groups, corresponding to the fastest 30% and
slowest 30% of all events under weak background wind condi-
tions (indicated by the yellow and purple shading in Fig. 2a).
Composite Hovmöller diagrams for these two groups reveal dis-
tinct propagation characteristics (Figs. 2b,c). In both composites,
rainfall typically initiates over land around 1900 LST and begins
to propagate offshore at approximately 2200 LST near the coast-
line. For the fast group, the average propagation speed is about
9.95 m s21 nearshore (within 150 km of the coastline; V1 in
Fig. 2b) and increases slightly to 11.51 m s21 farther offshore
(beyond 150 km; V2 in Fig. 2b). In contrast, the slow group
exhibits average speeds of 7.43 m s21 nearshore and 8.17 m s21

farther offshore (V1 and V2 in Fig. 2c).
Nearshore rainfall propagation is commonly attributed to

density currents, such as cold pools (e.g., Houze et al. 1981;
Fujita et al. 2011; Hassim et al. 2016; Vincent and Lane 2016a;
Ruppert and Zhang 2019; Fang and Du 2022), which are typi-
cally associated with slower propagation speeds and short
propagation distances. Farther offshore propagation, by contrast,
is often explained by diurnal gravity waves, characterized by
faster speeds and longer propagation distances. However, in the
slow group, rainfall located beyond 150 km offshore (Fig. 2c)
propagates at only about 8 m s21, comparable to typical cold
pool speeds. This discrepancy suggests that density currents may
play a role in influencing or sustaining rainfall propagation even
at relatively large offshore distances, indicating that the mecha-
nisms controlling offshore propagation are more complex than a
simple nearshore–offshore distinction.

b. Regional climate model results

To further investigate the factors influencing rainfall propaga-
tion, we analyze simulations from the MCASClimate dataset.
Propagation events are classified according to their speeds using

the same method as in Fig. 2. The fastest 30% of events are de-
fined as the fast-moving group, while the slowest 30% as the
slow-moving group, with both groups selected under weak back-
ground wind conditions.

The composite Hovmöller diagrams of simulated rainfall
from these two groups (Fig. 3) exhibit different propagation
characteristics and show good agreement with the observed rain-
fall in Fig. 2. In the fast-moving group, rainfall derived from
both GPM-IMERG (Fig. 2b) and MCASClimate (Fig. 3a) prop-
agates at approximately 10 m s21 nearshore and increases
slightly to about 11.5 m s21 beyond 150 km offshore. In the
slow-moving group, propagation speeds are around 7.5 m s21

nearshore and 8 m s21 farther offshore.
In both groups, rainfall begins propagating in the early eve-

ning and extends more than 600 km from the coastline. Even
in the slow-moving group, rainfall maintains a long propaga-
tion distance despite its slower speed (;8 m s21). Notably,
rainfall intensity in the far-offshore region (150–600 km) is
stronger in the slow-moving group than in the fast-moving
group, suggesting that the former is supported by organized
deep convection, whereas the latter is primarily associated
with weaker convection. This feature is also evident in the ob-
served rainfall shown in Fig. 2c.

The spatial distribution of rainfall over New Guinea
for the simulated fast-moving and slow-moving groups is
shown in Fig. 4. In both groups, most rainfall occurs over
the coastline around midnight (Figs. 4a,e). Convection trig-
gered by density currents subsequently propagates off-
shore in the form of a squall line during the early morning
(Figs. 4b,f), resulting in substantial rainfall in the nearshore
region. These near-coastal precipitation characteristics are
consistent with those reported by Hassim et al. (2016), who
investigated the processes leading to offshore rainfall in
New Guinea.

FIG. 3. Hovmöller diagrams of composite rainfall (shading; mm h21) for (a) the fast-moving group and (b) the
slow-moving group, calculating from the MCASClimate dataset following the same method as in Fig. 2.
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In the slow-moving group, the coherent squall line contin-
ues to propagate offshore for more than 500 km until the af-
ternoon, with substantial rainfall accumulations extending
into the Bismarck Sea near 08 latitude (Fig. 4h). The structure
and propagation speed of rainfall remain consistent from the
coast to the open ocean, and rainfall stays well organized and
concentrated. This suggests that a common mechanism, likely
density current dynamics, governs rainfall propagation across
both nearshore and offshore regions.

In contrast, rainfall in the fast-moving group becomes increas-
ingly scattered beyond 150 km offshore (Fig. 4d). Rainfall
intensity decreases relative to near-coast values, while the propa-
gation speed remains higher, suggesting that gravity waves play
a key role in driving the offshore rainfall in this group. The evo-
lution of rainfall in the fast-moving group is consistent with pre-
vious studies (e.g., Fang and Du 2022), which found that
nearshore rainfall is primarily supported by density currents and
subsequently guided offshore by gravity waves.

To investigate the environmental factors influencing rainfall
propagation speed in the two groups, cross sections of wind
anomalies are presented in Fig. 5. The blue clockwise-turning
arrows in Figs. 5a and 5f indicate sea-breeze circulations near
the coastline at 1200 LST, which subsequently extend offshore
up to 600 km by 1800 LST. A similar phenomenon is observed

at night, as indicated by the red counterclockwise-turning ar-
rows in Figs. 5c, 5d, 5h, and 5i. Land-breeze circulations de-
velop around 0000 LST in the coastal area and then extend
offshore. Consistent features are also evident in ERA5 rean-
alysis (not shown), supporting the robustness of this behavior.
This diurnal expansion of the wind circulation is consistent
with inertia–gravity wave behavior, as discussed by Rotunno
(1983), who demonstrated that land–sea breeze circulations at
latitudes below 308 can act as oscillatory gravity waves that prop-
agate away from the coast.

Offshore winds below 2 km are relatively strong near the
coast at 0000 and 0600 LST. The pronounced horizontal wind
gradient at these hours likely results from the combined ef-
fects of density currents and land-breeze circulations. The
leading edge of the strong wind region generates pronounced
low-level convergence, which favors convection initiation.

In the fast-moving group (Fig. 5e), the land-breeze circulation
propagates offshore more rapidly than in the slow-moving group
(Fig. 5j), but its offshore wind intensity is weaker. This distinc-
tion in low-level wind structure between the two groups likely
contributes to their contrasting rainfall propagation speeds. To
further assess this relationship, the background wind and low-
level wind shear characteristics are examined in the following
section.

FIG. 4. Composite rainfall distribution (shading; mm h21) derived from the MCASClimate dataset. The red box represents the analysis
area, and the dashed line indicates the coastline.
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The vertical profiles of background wind averaged over the
ocean (0–800 km offshore) are shown in Fig. 6a. Both groups ex-
hibit pronounced wind shear below 3 km. In the fast-moving
group, winds are near calm at the surface and gradually become
offshore with altitude, reaching a maximum offshore wind of
approximately 3 m s21 around 2 km. In contrast, the slow-
moving group features onshore winds of about 2 m s21 near
the surface, which transition to offshore flow aloft, peaking
around 3.5 m s21 at 3 km. The presence of stronger onshore
winds near the surface in the slow-moving group results in en-
hanced low-level wind shear. This shear environment is likely
modulated by the low-level northwesterly cross-equatorial
winds and the midlevel southwesterly winds associated with
the South Pacific convergence zone (SPCZ) and the Australian
monsoon trough during the passage of the Madden–Julian oscil-
lation (MJO), with additional contributions from the land–sea

breeze perturbation (Ichikawa and Yasunari 2008; Dao et al.
2026).

This difference is further confirmed by the boxplot of 0–3-km
wind shear (Fig. 6b), calculated from the averaged winds ahead
of convection (0–200 km offshore), at the time when the convec-
tive system propagates over the ocean. The median shear in the
slow-moving group is 5.4 m s21, nearly double that of the fast-
moving group (2.9 m s21). In addition, the narrower interquar-
tile range in the slow-moving group suggests more uniform and
consistently stronger shear conditions.

At the furthest offshore edge of the density current, the
vorticity associated with the advancing current flow opposes
the vorticity generated by the 0–3-km ambient shear. Sup-
pose, for argument’s sake, the current-generated vorticity is at
least comparable in magnitude to the ambient shear for the
slow-moving group (;5 m s21). Under such conditions, and

FIG. 5. Diurnal composite vertical cross sections perpendicular to the coast of horizontal wind anomaly
(shading; m s21) and vertical wind anomaly (vectors) averaged over the orange box in Fig. 1 derived from the
MCASClimate dataset. The green solid line indicates rainfall. The blue and red turning arrows indicate the sea-
breeze and land-breeze circulations, respectively. The black dashed line indicates the location of the coastline.
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as depicted in Fig. 6, we would expect stronger lifting of low-
level parcels at the leading edge of the cold pool in the high-
shear group (slow-moving group) than the low-shear group
(fast-moving group), in accordance with Rotunno–Klemp–
Weisman (RKW) theory (Rotunno et al. 1988; Weisman and
Rotunno 2004; Bryan et al. 2006; Bryan and Rotunno 2014).
We therefore hypothesize that in the high-shear cases, con-
vection is more effectively organized into squall-line-type sys-
tems than in the low-shear cases. These squall lines produce
most of rainfall in the high-shear cases and contribute to the
slower offshore propagation speeds relative to the low-shear
cases.

It is worth noting that the propagation speed difference in
Fig. 3 is similar to the difference in the boundary layer wind
(below 1 km; Fig. 6a), which may contribute to the difference
in propagation speed. To examine this further, we subtracted
the average boundary layer wind from the propagation speed
of each individual event, and the results show that the average
propagation speed difference between the fast-moving and
slow-moving groups is reduced. Specifically, the two groups
differ by approximately 4 m s21 before the removal, whereas
the difference decreases to approximately 2.4 m s21 after the
removal. This indicates that the boundary layer wind does
contribute to the difference in propagation speed between the
two groups, but it is not the sole factor controlling the propa-
gation speed.

In the following section, we further examine the dynamics of
cold pools in long-distance rainfall propagation to clarify the
mechanisms responsible for differences in propagation speed.

4. Mechanisms driving different propagation speeds

In this section, we investigate the mechanisms that drive
rainfall propagation and its associated speed. We first exam-
ine the role of cold pools in both nearshore and far-offshore
rainfall propagation. Next, we assess the influence of gravity

waves on rainfall propagation in the fast- and slow-moving
groups. Finally, we explore how low-level winds associated
with cold pools modulate the rainfall propagation speed in
the two groups. Together, these analyses aim to clarify the
processes controlling rainfall propagation in this region.

a. Influence of cold pools

Cold pools play a key role in initiating convection during
nearshore rainfall propagation. Previous studies (e.g., Hassim
et al. 2016; Peatman et al. 2023) have shown that new convec-
tion preferentially develops along the leading edge of density cur-
rents, such as cold pools. In coastal regions, cold pools typically
form as heavy afternoon rainfall produces strong evaporative
cooling over land and radiative cooling after sunset, generating
dense air that subsequently spreads seaward. The expansion of
these cold pools promotes the development and organization of
convection, thereby driving the nearshore propagation of squall
lines, as illustrated in Fig. 4. Beyond their nearshore effects, we
further investigate how cold pools contribute to rainfall propaga-
tion in far-offshore regions, where they form primarily through
evaporative cooling from oceanic convective rainfall.

The vertical structures of cold pools in the fast- and slow-
moving groups are illustrated in Fig. 7, using composite cross
sections of buoyancy anomaly. Cold pools are identified based
on thermal buoyancy B, defined following Du et al. (2020):
B5 g[(uy 2 uy )/uy ], where uy is the virtual potential tempera-
ture, uy is its horizontal mean over the orange box in Fig. 1
representing the environmental virtual potential temperature
(Du et al. 2020), and g is the gravitational acceleration. The
theoretical cold pool intensity (or theoretical propagation
speed) C is estimated following Grant and van den Heever
(2016): C2 5 2

�H
0 (2B)dz, where H represents the cold pool

depth, defined as the height at which |B| # 0.01 m s22, corre-
sponding to the top of the cold pool shown in Fig. 7. The low-
level wind shear (Us) in Fig. 7 is calculated as the wind difference
between 0 and 3 km, horizontally averaged over the 200-km

FIG. 6. (a) Vertical profiles of mean background wind (m s21) and (b) boxplots of 0–3-km wind shear for the fast- and
slow-moving groups.
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region ahead of the cold pool’s leading edge at the corre-
sponding time.

Figures 7a and 7f illustrate the cold pool structures when the
precipitation systems are located near the coast. The cold pools
in the fast-moving group are initially stronger, likely due to
more intense daytime convection over land, which generates
heavier rainfall and stronger evaporative cooling. However, be-
tween 1200 and 1600 LST, the slow-moving group exhibits
slightly stronger cold pools. By 2000 LST, when the precipitation
systems have propagated more than 500 km offshore, the cold
pool intensities in both groups become comparable.

These results suggest that beyond approximately 300 km
from the coast, the slow-moving group sustains stronger pre-
cipitation (green contours in Fig. 7) and more pronounced
cold pools. Moreover, the vertical wind shear (Us) in the
slow-moving group remains consistently stronger than in the
fast-moving group. It is worth noting that the ratio of cold

pool intensity C and low-level wind shear Us shown in Fig. 7 is
close to 1 (C/Us ’ 1) in the slow-moving group (Figs. 7f–i).
Even when considering wind shear calculated between 0 and
2, 0 and 4, and 0 and 5 km, values range plausibly from 2.8 to
6.0 m s21 in the slow-moving group and from 0.4 to 4.0 m s21

in the fast-moving group. According to RKW theory (Rotunno
et al. 1988; Weisman and Rotunno 2004; Bryan et al. 2006; Yang
and Du 2026), the deepest lifting along the cold pool leading
edge and the most effective convective retriggering occur when
C and Us are nearly balanced. This “optimal” balance promotes
strong, organized, and long-lived squall lines, thereby supporting
the sustained yet slower rainfall propagation observed in the
slow-moving group. By contrast, in the fast-moving group, wind
shear is generally too weak relative to cold pool intensity. These
contrasts in cold pool intensity and vertical wind shear between
the two groups are also evident in ERA5 reanalysis (not shown),
further supporting the robustness of the simulated results.

FIG. 7. Diurnal composite vertical cross sections perpendicular to the coast of buoyancy anomaly (shading; m s22)
averaged over the orange box in Fig. 1 derived from the MCASClimate dataset. The green solid line indicates rainfall.
The gray dashed lines mark the leading edge of the cold pool, defined as the location where near-surface buoyancy
equals zero. The brown stars represent the peaks of rainfall. The black dashed line indicates the coastline. C indicates
the theoretical intensity of the cold pool, and Us represents the mean 0–3-km wind shear averaged over the region
0–200 km ahead of the cold pool leading edge.
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In the slow-moving group, a single rainfall peak (green line
in Fig. 7) appears near or just behind the cold pool’s leading
edge (gray dashed line in Fig. 7), even when rainfall propagates
far offshore (Figs. 7g–j). In contrast, the fast-moving group ex-
hibits two distinct rainfall peaks at 1200 and 1600 LST (brown
stars in Figs. 7c,d). The rear peak, located just behind the cold
pool’s leading edge, is associated with cold-pool-induced con-
vection, whereas the weaker forward peak ahead of the leading
edge is probably linked to gravity wave forcing. This rainfall be-
havior in the fast-moving group is consistent with previous find-
ings (e.g., Fang and Du 2022).

Since frontal dynamics alone cannot easily distinguish be-
tween a cold pool edge and a land-breeze front, we examine
the downdraft intensity behind the leading edge (Fig. 7) to as-
sess whether cold pools are more active in the slow-moving
group. Figure 8 shows boxplots of the mean downdraft intensity
(vertically averaged from the surface to 2 km within 200 km be-
hind the leading edge) for both groups. The median downdraft
intensity in the slow-moving group is approximately 40% stron-
ger than that in the fast-moving group, suggesting that cold pools
are more active in the slow-moving group, consistent with a
stronger density current character that is more effective in
sustaining and organizing rainfall propagation.

Unlike previous studies (e.g., Peatman et al. 2023), which
suggested that density currents primarily contribute to near-
shore rainfall within;200 km of the coastline, we find that un-
der strong low-level wind shear, cold pools can initiate and
sustain convection propagating much farther offshore, extend-
ing beyond 600 km from the coast. However, given that gravity
waves are widely recognized as a key mechanism driving long-
distance offshore propagation, in the next section, we examine
the role of gravity waves in modulating rainfall propagation in
both groups.

b. Influence of gravity waves

To understand how gravity waves influence offshore rainfall
propagation and why they are less dominant in the slow-
moving group, we examine the differences in the surface radia-
tive effects between the two groups. Figure 9 presents the
daytime distribution of OLR. Compared with the slow-moving
group, the fast-moving group exhibits substantially higher OLR
values over land during the daytime (Figs. 9a,b). At 1400 LST,
most land areas reach an OLR of about 274 W m22, indicating
stronger solar heating at the surface. By 2200 LST, OLR values
over land decrease markedly in the fast-moving group, dropping
to around 100 W m22 across much of the region. This pro-
nounced reduction implies the presence of higher cloud tops
and deeper convection in the evening. Such strong land-based
convection generates more intense cold pools and promotes a
rapid decrease in land surface temperature, which in turn en-
hances the land–sea thermal contrast in the fast-moving group.

The diurnal variation of OLR and HFX averaged over land
(purple box below the dashed line in Fig. 9) is shown in Fig. 10.
In both groups, OLR peaks around 1300 LST on day 0 and
reaches a minimum near 2300 LST. The fast-moving group
(orange line in Fig. 10a) exhibits a peak OLR approximately
20 W m22 higher than the slow-moving group, while its

nighttime minimum is about 17 W m22 lower, consistent with
the spatial patterns in Fig. 9. This OLR difference indicates re-
duced daytime cloud cover over land in the fast-moving group,
allowing greater shortwave solar radiation to heat the land sur-
face. As shown in Fig. 10b, the fast-moving group exhibits
stronger HFX at noon, consistent with the enhanced daytime
OLR. The difference in HFX between the two groups (purple
line in Fig. 10b) shows that daytime HFX in the fast-moving
group is about 23 W m22 higher than in the slow-moving
group. This enhanced daytime surface heating strengthens the
land–sea thermal contrast in the fast-moving group, which can
contribute to the generation of stronger gravity waves than in
the slow-moving group.

Given the higher daytime OLR and HFX over land in the
fast-moving group, we next examine the land–sea thermal
contrast, which is a key factor modulating the characteristics of
gravity waves. The diurnal variation of the land–sea surface tem-
perature difference between the ocean and land in the two
groups, as well as their difference, is shown in Fig. 11. The inter-
group difference (purple line in Fig. 11) indicates that tempera-
ture difference in the fast-moving group is nearly 1.5 K larger
than in the slow-moving group at 1000 LST, reflecting stronger
daytime solar heating and HFX over land. By 2300 LST, tem-
perature difference in the fast-moving group decreases, likely
due to evaporative cooling associated with evening rainfall over
land. These results suggest that gravity waves induced by the en-
hanced land–sea thermal contrast in the fast-moving group are
stronger and may contribute more significantly to offshore rain-
fall propagation.

The diurnal variation of gravity wave patterns is shown in
Fig. 12 using vertical cross sections of low-pass-filtered poten-
tial temperature anomalies. The cutoff wavelength of the low-
pass filter, introduced in section 2, is set to 650 km, consistent
with the gravity wave wavelengths described in Chen et al.
(2025). Gravity waves are visualized through the vertical
structure of potential temperature anomalies (Fig. 12), with
signals resembling gravity wave modes extending along ray
paths from the coastline over the ocean (gray lines in Fig. 12),

FIG. 8. Boxplots of the average downdraft (m s21) within 200 km
behind the leading edge of the cold pool, from the surface to 2 km,
for the fast- and slow-moving groups.
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similar to those reported by Rotunno (1983) and Chen et al.
(2025).

In both groups, at 1500 LST, diagonally oriented warm
anomalies originate from the land and propagate offshore reach-
ing about 350 km by 2100 LST. Subsequently, at 0300 LST, simi-
lar cold anomalies emerge from the land and move offshore by
0900 LST. These cold anomalies indicate that the gravity waves
induce upward motion of air parcels along their paths, creating a
favorable environment for convection and potentially triggering
new convective development.

The gravity wave signal is notably stronger in the fast-moving
group. For instance, at 2100 LST (Figs. 12b,g), the maximum
warm anomalies at around 350 km offshore reach approximately
0.5 K in the fast-moving group, compared with only 0.2 K in the
slow-moving group. This difference in magnitude is likely associ-
ated with the stronger land–sea thermal contrast in the fast-moving
group, which enhances the generation and propagation of gravity
waves (Fig. 11). Similarly, the cold anomaly signals are also more
pronounced in the fast-moving group, likely suggesting stron-
ger upward motion and more efficient convective triggering.

The rainfall peaks (green lines in Fig. 12) clearly exhibit off-
shore propagation in both groups. In the fast-moving group,

the locations of maxima closely align with the centers of cold
anomalies over the ocean (Figs. 12c–e), indicating that gravity
waves dominate both the movement and the speed of rainfall
propagation. In contrast, at 1500 LST, the rainfall peak in the
slow-moving group (Fig. 12j) does not coincide with the cold
anomaly center, suggesting that the gravity wave phase propa-
gates faster than the rainfall itself. This observation is consistent
with our earlier discussion (section 4a), which indicated that cold
pools control the propagation and speed of rainfall under strong
low-level wind shear conditions in the slow-moving group.

To verify that the wave seen in Fig. 12 is an inertia–gravity
wave, we calculated the vertical wavelength lz following the
method applied in Chen and Du (2024), which estimates lz
based on the spacing between positive and negative anomaly
peaks in the vertical potential temperature profile. According
to the inertia–gravity wave dispersion relation, the horizontal
phase speed of gravity waves (Du and Rotunno 2015) can be
expressed as

c 5
Nlz

2p

������������
1 2

f
v

( )2√ 1 u, (7)

FIG. 9. Composite distribution of OLR (shading; W m22) derived from the MCASClimate dataset. The purple solid box represents the
study area, and the purple dashed line indicates the coastline.
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where c represents the horizontal phase speed of the gravity
wave and N represents the buoyancy frequency. The u is the
background wind, f is the Coriolis parameter, and v5 2p/T,
where T is the diurnal period (24 h). Based on this formula-
tion, the estimated phase speeds are 11.91 m s21 for the fast-
moving group and 11.68 m s21 for the slow-moving group.

To further validate the findings above, the Hovmöller diagrams
of potential temperature anomaly averaged from 1 to 3 km are
depicted in Figs. 13b and 13c. The white lines show the propa-
gation speed of the gravity wave signal in Fig. 12, which is
11.92 and 11.76 m s21 in the fast- and slow-moving groups, re-
spectively, in close agreement with the phase speed calculated
from the inertia–gravity wave dispersion relation above. These
results suggest that the signal in Fig. 12 is from inertia–gravity
waves, indicating that gravity wave phase speeds alone cannot
fully explain the difference in rainfall propagation speed be-
tween the two groups and that cold pool dynamics may play a
more dominant role in driving the slower propagation in the
slow-moving group.

Hovmöller diagrams of CAPE and low-pass-filtered potential
temperature perturbations averaged between 3- and 5-km alti-
tude are shown in Fig. 14. In the fast-moving group (Fig. 14a),
CAPE remains high (310–340 J kg21) from 2200 LST on day
0 to 1000 LST on day 1 across a wide offshore extent of
0–600 km, indicating that gravity wave–induced upward motion
effectively supports convective development and sustains rainfall
propagation. In contrast, in the slow-moving group (Fig. 14b),
large CAPE values are confined within 0–300 km from the coast,
suggesting weaker gravity wave forcing and indicating that the
environment over the ocean is less conducive to convection initi-
ation. Under these conditions, cold pools may serve as the pri-
mary mechanism for triggering new convection and sustaining
rainfall propagation.

These results suggest that gravity waves dominate rainfall
propagation in the fast-moving group, providing evidence

consistent with the observations discussed in Fig. 12. In contrast,
in the slow-moving group, gravity waves play a secondary role,
acting mainly as a preconditioning mechanism that improves
the thermodynamic environment over the ocean but does not
directly control the speed or extent of rainfall propagation.

c. Influence of background wind on cold pool
propagation

To further confirm the relationship between rainfall propaga-
tion speed and cold pools in the slow-moving group, we examine
the correlation between propagation speed and low-level (1-km
altitude) wind speed averaged over the region 300–500 km from
the coastline, as shown in Fig. 15. The low-level background
wind is a key factor influencing the movement speed of cold
pools and, consequently, the propagation of convective systems.

In the slow-moving group (Fig. 15b), a positive correlation is
observed between rainfall propagation speed and low-level wind
speed (r 5 0.685, p 5 0.042), suggesting that the background
low-level flow may modulate cold pool movement and thereby
influence rainfall propagation. Although the sample size is lim-
ited and the relationship should be interpreted with caution, it
provides suggestive statistical evidence that cold pools play a
role in controlling the propagation speed of rainfall in this group.
These results are consistent with Dao et al. (2026), who empha-
sized that low-level winds strongly influence the motion of sur-
face convergence zones associated with cold pools.

In contrast, no significant correlation is found in the fast-
moving group (Fig. 15a), suggesting that low-level winds exert
minimal influence on rainfall propagation speed. This further
supports the conclusion that cold pools are not the primary
mechanism governing rainfall propagation in the fast-moving
group, where gravity waves play the dominant role instead.

5. Summary and discussion

Rainfall along the northern coast of New Guinea exhibits a
clear diurnal cycle, propagating from the coast during the eve-
ning to offshore in the morning. Hovmöller diagrams derived
from both satellite observations and model simulations reveal a
wide range of propagation speeds, even under weak background
wind conditions. The mechanisms driving these variabilities in

FIG. 10. Time series of land area-averaged (a) OLR and (b) surface
heat flux (W m22).

FIG. 11. Temporal evolution of the surface temperature difference
between ocean and land (K). The land temperature is averaged over
the region within 200 km inland from the coastline, while the ocean
temperature is averaged over the marine area within 200 km
offshore.
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propagation speed have not been well documented, and their
exact nature remains unclear. In this study, we investigate a
well-validated convection-permitting model simulation for the
summers of 2005–15, which successfully captures observed off-
shore rainfall propagation, to examine these processes in detail.
The analysis focuses on objectively identified rainfall propaga-
tion events within the model dataset.

The primary conclusions of this study are as follows:

1) Rainfall along the northern coast of New Guinea can
propagate more than 600 km offshore, with propagation
speeds ranging from 5 to 15 m s21 under weak offshore
background wind conditions.

2) Gravity waves are not the sole mechanism responsible for
long-distance rainfall propagation. Under strong low-level
wind shear, cold pools can also sustain offshore rainfall
propagation exceeding 600 km, with an average speed of

approximately 8 m s21, slightly slower than the gravity
wave–induced rainfall propagation speed, as illustrated
schematically in Fig. 16a.

The variability in rainfall propagation speed arises from the
relative dominance of these two mechanisms. Near the coast,
rainfall propagation is primarily governed by density currents
formed through the combined effects of land breezes and cold
pools. In this region, both cold pool intensity and the strength
of low-level background winds control the propagation speed.
Farther offshore (beyond ;150 km), rainfall propagation as-
sociated with gravity waves is faster (;11.5 m s21). These
cases occur under conditions of reduced daytime cloud cover
over land, which allows stronger solar heating, enhancing the
land–sea thermal contrast, and thereby generating stronger
gravity waves. These processes are illustrated schematically in
Fig. 16b.

FIG. 12. Diurnal composite zonal cross sections of low-pass-filtered potential temperature anomaly (shading; K)
averaged over the orange box shown in Fig. 1 for (a)–(e) the fast-moving group and (f)–(j) slow-moving group. The
anomalies are calculated by removing both the time mean and the zonal mean. The gray line represents gravity
waves, the solid green line indicates rainfall (mm h21), and the black dashed line indicates the coastline.
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In contrast, slower-propagation cases (;8 m s21) occur under
stronger low-level wind shear and greater daytime cloud cover
over land. In these environments, gravity waves are weaker,
and cold pools generated by coastal convection and nocturnal
radiative cooling over land are stronger and spreading over the
ocean. Interactions between cold pools and low-level wind
shear induce ascent along the leading edge of the cold pool, trig-
gering new convection. As a result, rainfall propagates in a nar-
row, more organized line that advances offshore more slowly
but can still extend beyond 600 km offshore.

While this study identifies gravity waves and cold pool dy-
namics as two distinct mechanisms governing offshore rain-
fall propagation in northern New Guinea, the real-world
processes are likely more complex. Cold pools generated by
deep convection can trigger gravity waves through latent
heat release and evaporative cooling, while gravity waves
can, in turn, modulate the thermodynamic environment that
influence cold pool propagation. The nonlinear interactions
between these processes remain insufficiently understood.
Future idealized modeling experiments will be valuable for

FIG. 13. Hovmöller diagrams of potential temperature anomaly averaged from 1- to 3-km altitude from the (a) fast-
and (b) slow-moving groups. The red dots indicate the maximum negative potential temperature anomaly, and the
white line is the regression line fitted to the red dots, representing the propagation speed of the gravity wave signal in
Fig. 12. The black dashed line represents the location of the coastline.

FIG. 14. Hovmöller diagram of CAPE (shading; J kg21) calculated over the 3–5-km altitude range. The black dashed
line indicates the coastline.
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disentangling their interplay and quantifying their relative
contributions.

This study focuses on cases with weak offshore background
winds (0–2 m s21) to isolate the effects of gravity waves and
cold pools. However, large-scale circulation systems over the
Maritime Continent, which were not explicitly considered in
this study, can significantly modulate background winds and
other environmental factors. For example, the MJO modu-
lates convection, moisture, and wind patterns on intraseasonal
time scales (e.g., Ichikawa and Yasunari 2007; Birch et al.
2016), while interannual variability associated with El Niño–
Southern Oscillation (ENSO) alters sea surface temperatures,
atmospheric stability, and precipitation distributions across
the region (e.g., Smith et al. 2013). The Australian monsoon
system also plays a crucial role during the austral summer,

affecting both background flow and moisture supply (e.g.,
Gallego et al. 2017). Future work could explore how these
large-scale circulations interact with local processes to mod-
ulate rainfall propagation. Future research should also aim
to validate these findings in this study through dedicated
field campaigns incorporating radar networks, radiosondes, and
surface measurements. Extending this analysis to other regions
and seasons would help assess the generalizability of our re-
sults. In addition, idealized modeling frameworks could be em-
ployed to better understand the coupled dynamics of gravity
waves and cold pools and to quantify their respective roles in
organizing tropical convection and diurnal rainfall propagation.
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