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ABSTRACT: The diurnal cycle is a fundamental driver of offshore rainfall propagation, with diurnal thermally forced
gravity waves playing a primary role in triggering convection that propagates offshore. In this study, we conducted a series
of idealized simulations using a simplified mesoscale model with varying terrain to investigate the influence of coastal to-
pography on diurnally forced gravity waves. Our findings indicate that coastal topography increases the vertical length scale
of diurnal heating near the coastline, resulting in gravity waves with a larger vertical wavelength scale and amplitude, and a
faster phase speed, thereby altering the propagation speed of offshore rainfall. Based on this finding, we extended a two-
dimensional linear land-sea-breeze analytical model by modifying the vertical heating forcing to account for the effect of
coastal mountainous terrain. Our results demonstrate that higher coastal terrain significantly enhances the amplitude and
horizontal and vertical wavelengths of inertia—gravity waves, successfully capturing the variations in phase speed associated

with coastal topography.

SIGNIFICANCE STATEMENT: This study advances our understanding of the impact of coastal topography on
inertia—gravity waves within a linear theoretical model framework. Through comparing idealized numerical simulations
with varying coastal terrain heights to our newly developed linear theory, we provide deeper insights into the underly-
ing dynamics. Our results suggest that coastal mountains amplify the horizontal and vertical wavelengths of gravity
waves, increase wave amplitudes, and raise phase speeds. This novel linear theory is the first to incorporate the com-
bined effect of mountain—plain thermal contrast and land-sea thermal contrast in coastal regions. It fills a gap in under-
standing the influence of coastal topography on the generation and characteristics of gravity waves. These modified
wave properties directly affect the diurnal offshore propagation of rainfall, expanding our knowledge of coastal precipi-
tation patterns. The results are significant as they reveal the sensitivity of coastal rainfall to the land—-mountain-sea tem-
perature gradient, a factor of relevance to tropical coastal communities in both current and future climates.
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1. Introduction

Diurnal heating is a critical driver of land-sea circulation,
profoundly influencing the balance and exchange of moisture
and energy in coastal regions. This cyclic thermal forcing
mechanism underpins a range of local- and regional-scale
atmospheric and oceanic phenomena, including extreme
coastal precipitation, wind-driven ocean currents, and land—
sea breeze (Qian et al. 2009, 2012). Land breezes and
sea breezes, one of the oldest phenomena studied in meteo-
rology (Halley 1686; Rotunno 1983), have significant im-
pacts on weather, climate, and wind energy potential (Jiang
2012a). They are closely related to density currents, coastal
jets, coastal precipitation, and inertia—gravity waves, dem-
onstrating the complexity and richness of the land-sea-
breeze system and its interactions with local meteorology
and topography.
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In many tropical locations, squall lines are seen propagating
away from the coast during the night and early morning, lead-
ing to a diurnal peak in precipitation in early morning over
coastal water (Houze et al. 1981; Mori et al. 2004). This phe-
nomenon of diurnal offshore propagation of rainfall has been
observed along approximately 78% of the world’s coastlines,
particularly in low-latitude regions (equatorward of 30° lati-
tude) where it is closely associated with density currents (or
cold pools) and inertia—gravity waves driven by land-sea ther-
mal contrast or land-based convection (Fang and Du 2022;
Peatman et al. 2023). Numerous observational and numerical
studies have highlighted the critical role of these waves in ini-
tiating offshore convection and precipitation propagation
(e.g., Yang and Slingo 2001; Mapes et al. 2003a,b; Fang and
Du 2022). Mapes et al. (2003b) suggested that offshore con-
vection is likely associated with a diurnal gravity wave re-
sponse to the oscillating heat source in the mixed layer, which
is elevated into the stratified layers of the atmosphere by ter-
rain. Offshore propagation of rainfall preferentially occurs
near coastal mountain ranges, such as along the eastern coast
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of India (Li and Carbone 2015; Peng and Chen 2023; Chen
and Du 2024, hereafter CD24), the western coast of
Mexico and Colombia (Li and Carbone 2015), the western
coast of Sumatra (Ruppert et al. 2020; Peatman et al.
2023), the western coast of Puerto Rico (Sakaeda et al.
2024), and the northern coast of New Guinea (Vincent and
Lane 2016).

In relation to the above findings, the following studies sug-
gest that coastal topography plays a crucial role in triggering
diurnal rainfall propagation and shaping its characteristics.
Hassim et al. (2016) emphasized the importance of terrain
and coastal effects, along with gravity waves, in contributing
to the diurnal cycle over the Maritime Continent and sug-
gested that elevated diabatic heating associated with convec-
tion over the land modifies the characteristics of the offshore
propagation. A recent study by CD24 suggests that higher
coastal mountains lead to increased propagation speed of
rainfall due to a thicker heating depth near the coastline. The
vertical scale of inertia—gravity waves forced by diurnal heat-
ing was found to be closely related to this heating depth.
However, a clear and insightful understanding of the role of
coastal mountains in affecting rainfall propagation is still lack-
ing, especially from an analytical approach that allows for a
deeper understanding of the underlying mathematical physics
(Du et al. 2024).

Numerous studies have investigated these waves using lin-
ear theoretical models. Sun and Orlanski (1981) first discussed
these waves in the context of a linear land—sea-breeze model.
Rotunno (1983) emphasized that the atmospheric response
takes the form of inertia—gravity waves at latitudes less
than 30°, where the Coriolis parameter fis smaller than the
diurnal frequency w, using the linear land-sea-breeze the-
ory. Subsequent research expanded on this linear theory
in various aspects, including background wind, buoyancy
frequency, and friction. Qian et al. (2009) and Du and
Rotunno (2018) examined the effect of background wind,
demonstrating Doppler shifting and associated wave dis-
persion. Du et al. (2019) investigated the impact of vertical
wind shear on wave characteristics. Jiang (2012a,b) ex-
tended the linear theory to three dimensions, focusing on
complex coastline shapes, stability, and boundary layer fric-
tion. Short et al. (2023) further developed the linear theory
by incorporating linear changes in stability over a finite-
depth “transition layer” between the boundary layer and
troposphere. Peng and Chen (2024) extended the linear
model numerically, driven by realistic meteorological fields,
to reproduce offshore-propagating signals in the Bay of
Bengal.

Previous studies have attempted to incorporate terrain ef-
fects into linear theory. Qian et al. (2012) examined both lin-
ear and nonlinear dynamics of sea breezes in the presence of
an inland plateau, illustrating terrain effects on land (sea)
breeze fronts and density currents. Li and Carbone (2015)
used a linear model forced by surface heating and elevated
heating to separately investigate the influence of land-sea
breeze and mountain—plain cases on precipitation propaga-
tion, discussing the combined effect of these two dynamical
mechanisms in coastal mountain situations. Hu et al. (2024)
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considered a hollow heating pattern to mimic the thermal forc-
ing related to mountains, investigating rainfall propagation
downstream of large inland terrain. While the aforemen-
tioned studies have investigated mountain effects, they still
have some limitations. Many of these studies have oversim-
plified the heating distribution of mountains, either by fo-
cusing solely on elevated heating at mountain tops or by
using idealized Gaussian-shaped distributions with hollow
rectangles. Few have adequately considered the complex
vertical heating distribution of mountains as observed in
real-world situations.

Directly investigating the structure of inertia—gravity waves
affected by coastal mountains in real-world scenarios is chal-
lenging. Basic atmospheric variables such as vertical motion
or potential temperature, commonly employed in gravity
wave studies, are often insufficient for this purpose. This in-
sufficiency stems from the complexity arising from noise in-
troduced by convection, vertical wind shear, and multiple
phases of intraseasonal variability, making it difficult to iso-
late wave characteristics in real simulations. Therefore, this
study aims to thoroughly investigate how coastal mountains
affect the characteristics of inertia—gravity waves and rainfall
propagation through both an idealized model and a linear an-
alytical model. This approach facilitates a focused examina-
tion of these phenomena, enhancing our understanding of the
underlying mechanisms. The novel linear theory developed in
this study addresses a gap in understanding the impact of
coastal topography on the generation of gravity waves due to
diurnal thermal contrast.

While other factors such as density currents or cold pools
also play important roles in influencing precipitation propa-
gation, previous studies have shown that these mechanisms
primarily affect relatively slower, nearshore propagation
(e.g., Ruppert and Zhang 2019; Fang and Du 2022). In this
study, we focus on inertia—gravity waves to examine the
faster and longer-lasting propagation patterns observed far-
ther offshore, with particular emphasis on how coastal to-
pography impacts gravity waves in offshore propagation of
precipitation.

The remainder of this paper is organized as follows. Section 2
describes the idealized model configuration and discusses the
coastal terrain effect on gravity waves in idealized simulations.
Section 3 establishes a linear theory including terrain consider-
ation. Section 4 describes the characteristics of gravity waves
associated with coastal topography derived from the linear ana-
lytical model. Finally, section 5 provides a summary and discus-
sion of our findings.

2. Idealized simulations of gravity waves modulated by
coastal topography

a. ldealized mesoscale model configuration

CD24 suggested that higher coastal topography leads to
faster propagation speed of rainfall as the vertical wavelength
of gravity waves increases. However, this finding was drawn
from semi-idealized, cloud-permitting numerical model ex-
periments with realistic geography and correspondingly
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FIG. 1. Domain and terrain setting in WRF idealized experiments for (a) HO, (b) H1000, (c) H2000, and (d) H3000,
with island (green shading) in the middle and the ocean (blue shading) elsewhere.

modified terrain, which may be influenced by unexpected fac-
tors such as complex small-scale topography. To further ex-
plore this conclusion, we perform idealized mesoscale model
simulations with simplified terrain.

We use the Weather Research and Forecasting (WRF)
Model, version 4.3.2 (Skamarock et al. 2008), to conduct a
series of 3D idealized land-sea-breeze experiments with
varying coastal topography. These experiments build on the
work of Du and Rotunno (2015, hereafter DR15), who suc-
cessfully modeled thermally driven diurnal winds and grav-
ity waves in coastal areas. The aim is to study how coastal
terrain influences the diurnal offshore propagation of grav-
ity waves and associated rainfall. Although the model con-
figuration closely follows that of DR15, it employs different
grid resolutions and coastal mountain shapes as detailed
below.

The model was configured with a 10-km horizontal grid
spacing and 61 vertical levels' in a stretched grid configuration.
The simulation domain measures 18000 km in the x direction
and 60 km in the y direction, featuring a 6000-km-wide island
in the center and ocean on either side, as shown in Fig. 1. The

'y levels: 1.000000, 0.995974, 0.990156, 0.982569, 0.973242,
0.962212, 0.949522, 0.935225, 0.919382, 0.902071, 0.883377,
0.863378, 0.842161, 0.819815, 0.796436, 0.772127, 0.746990,
0.721129, 0.694651, 0.667661, 0.640266, 0.612570, 0.584674,
0.556679, 0.528682, 0.500775, 0.473046, 0.445580, 0.418457,
0.391754, 0365542, 0.339889, 0.314859, 0.290511, 0.266 905,
0.244097, 0222144, 0.201102, 0.181030, 0.161992, 0.144080,
0.127398, 0.112046, 0.098075, 0.085462, 0.074125, 0.063 965,
0.054 883, 0.046785, 0.039585, 0.033202, 0.027562, 0.022594,
0.018230, 0.014411, 0.011077, 0.008177, 0.005662, 0.003487,
0.001 612, and 0.000 000.
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top of the model domain is set at 50 hPa, with diffusion
and implicit gravity wave damping layer (topmost 10 km)
added to prevent reflections from the upper boundary. Fol-
lowing the configuration of EXP1 in DRI1S5, no boundary
layer, microphysics, radiation, and convective parameteriza-
tion schemes are used in the simulations. Instead, the sur-
face heat flux at the lower boundary is set as diurnal thermal
forcing with an amplitude of 20 W m ™2, varied sinusoidally
in time over land and fixed to zero over ocean. Vertical dif-
fusion is set to 1 m? s~! for momentum and 6 m* s~ for
heat, while horizontal diffusion of momentum and heat is
set to zero. The model is initialized with constant static stabil-
ity (N = 0.00967 s~ !) and no background wind. Each experi-
ment runs for 20 days, with the first 10 days allocated for
model spinup to achieve equilibrium, and the composite of
the last 10 days used for the analysis. The Fourier transform
magnitude spectrum from our simulations demonstrates
that energy is predominantly concentrated in the 24-h mode
(not shown), supporting our focus on investigating diurnal
processes.

In our experiments, the island topography is modeled as
an isosceles trapezoid, with a slope similar to that of the
control (CTL) run in CD24. The influence of coastal moun-
tains is examined for five different terrain top heights: 0,
500, 1000, 2000, and 3000 m, as illustrated in Fig. 1. Numeri-
cal simulations with different mountain heights are desig-
nated as HO, H500, H1000, H2000, and H3000, respectively.
The result of H500 is shown only in Fig. 5 for comparison
with the realistic model simulations from CD24. To reduce
complexity, variations in mountain slope were not consid-
ered in this study.

b. Model results

In this section, we examine how coastal mountains affect
the propagation characteristics of gravity waves by compar-
ing a series of sensitivity experiments involving varying ter-
rain heights. The pattern of gravity waves is depicted in
Hovmoller diagrams through hourly composites of vertical
velocity anomalies w’, where w’ =w — w and w is the time
mean over the 10-day analysis period. And the vertical
velocity anomalies w’ are averaged between 3 and 5 km
above ground level (AGL; Fig. 2), as this is the layer where
the main body of convection primarily occurs in CD24.
The propagation of gravity waves exhibits an eastward
phase speed of 9.8 m s™! based on w’ in the flat land experi-
ment (HO; Fig. 2a).

The gravity waves in the other three experiments (H1000,
H2000, and H3000; Figs. 2b-d) with coastal terrain propagate
faster than those in HO, implying that the presence of topogra-
phy enhances the phase speed of gravity waves. Consistent
with the findings noted in CD24, the phase speed increases
with the height of the coastal mountain. Specifically, the phase
speed of 14.9 m s™! in H3000 is 1.6 m s~ ! faster than that in
H2000 and 4.5 m s~ faster than that in H1000. These differ-
ences are attributed to the increase in vertical wavelength as
gravity waves are generated by thicker heating depth from
higher coastal mountains, as revealed in CD24.
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It is also worth noting that the amplitudes of both the vertical
velocity and temperature anomalies (not shown) strengthen with
higher mountains. The maximum vertical velocity increases from
around 0.02 m s~ " in HO to 0.18 m s™" in H3000. This result is
not evident in the realistic model simulations of CD24. The exact
cause of this amplitude increase will be discussed in the next part
of the present study.

c¢. Impact of coastal topography on inertia—gravity waves

To examine how the structure, phase speed, and amplitude
of gravity waves are affected by coastal terrain, diurnal com-
posite cross sections of vertical motion w’ are further pro-
vided (Fig. 3). Similar to the results shown in CD24 (their
Fig. 7), w’ exhibits very prominent upward-tilted rays that ap-
pear to radiate offshore from the source at the coastline and
along the mountain slope (Fig. 3). The ray paths extending
shoreward and seaward in Fig. 3a are evidence of inertia—
gravity waves generated by the diurnal land-sea thermal con-
trast, as mentioned in Rotunno (1983) and observed in several
previous modeling studies (Birch et al. 2016; Hassim et al.
2016; Vincent and Lane 2016).

Comparisons between experiments with flat plain coast
(Fig. 3a) and those featuring coastal mountains (Figs. 3b—d)
suggest that the vertical scale of inertia—gravity waves trig-
gered by the coastal area increases, and their amplitude inten-
sifies, with increasing terrain height. These results imply that
the higher elevation contributes to increasing the heating
depth around coastal areas, leading to inertia—gravity waves
with larger vertical wavelengths. This finding aligns with the
results presented in CD24.

The ascending phase of gravity waves in all simulations ap-
pears at around time 19 from the coastline and then propa-
gates seaward. These upward motions caused by gravity waves
tend to drive nocturnal offshore-propagating precipitation
over the ocean (Mapes et al. 2003b; Li and Carbone 2015;
Peng and Chen 2023; CD24). The amplitude of inertia—gravity
waves also increases with mountain height, which may be due
to the larger heating area of the slope from the higher coastal
mountain, containing more thermal energy to excite stronger
gravity waves.

As coastal terrain increases, the structure of gravity waves
shifts from thinner to thicker ray paths in response to changes
in the heating source. Following Fig. 11 in CD24, we calculate
the vertical wavelength in all experiments using vertical fluc-
tuations in w’ to illustrate the relationship between coastal
terrain height and the dominant vertical wavelength of the
gravity wave spectrum. Specifically, we identify the distance
between two consecutive zero points (where w’ = 0) in the
vertical profiles of w’ from each model column over the ocean
from 150 to 900 km in Fig. 3. This range is chosen to focus on
the influence of gravity waves while excluding the effects of
density currents near the coast (0-150 km) (Hassim et al.
2016; Fang and Du 2022). This distance represents half of the
vertical wavelength of the inertia—gravity waves. These waves
are primarily excited by the thermal contrast at the coastline,
while the coastal slope may influence wave characteristics.
The analysis is conducted from the surface up to 10-km
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FIG. 2. Diurnal composite Hovmoéller diagrams of the time-mean subtracted vertical velocity
w’ (m s~ !; shaded) vertically averaged from 3 to 5 km AGL for days 10-20 from (a) HO,
(b) H1000, (c) H2000, and (d) H3000. The white solid line indicates the propagation speed

(m s~ 1), the blue dots indicate the maximum w’,

the coastline.

altitude. Comparing to Fourier decomposition, this method
can accurately resolve vertical wavelengths in the limited ver-
tical domain of our study.

Probability density functions (PDFs) of the vertical wave-
length from idealized simulations are presented in Fig. 4, us-
ing the method described above. The distribution reflects
the set of vertical wavelengths calculated at all locations from 150
to 900 km from the coast. A comparison of HO with other experi-
ments reveals that coastal mountains play an important role in
enhancing the vertical wavelength of gravity waves excited by
coastal diurnal forcing, thereby confirming that the higher eleva-
tion deepens the heating depth over the coastal mountain area.

The sensitivity experiments with varying mountain heights
(HO, H1000, H2000, and H3000) quantitatively provide a ro-
bust relationship between vertical wavelength of gravity waves
and coastal mountain height (Fig. 4). The dominant vertical
wavelength is 5.3 km in H1000 with a 1-km height mountain,

and the black dash line indicates the location of

and it increases to 6.4 and 7.5 km with 2-km height and 3-km
height mountains, respectively. Here, the dominant vertical
wavelength is defined as the maxima of the wavelength PDF.
As mountain height increases, the dominant vertical wave-
length shows a nonlinear growth pattern. For lower mountain
heights (below 1 km), the increase in vertical wavelength is rel-
atively slow. However, as mountain height continues to rise,
the rate of increase accelerates. Overall, for each 1-km in-
crease in mountain height, the dominant vertical wavelength
rises by 0.8-1.1 km, with larger increases occurring at greater
mountain heights. This trend suggests a progressive amplifica-
tion of the relationship between mountain height and vertical
wavelength as the topography becomes more elevated. This
intriguing relationship supports the hypothesis of CD24 that
offshore propagation of rainfall is sensitive to coastal terrain.
Vertical profiles of the potential temperature anomaly in
the idealized experiments are shown in Fig. 5a. These profiles
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FIG. 3. Diurnal composite cross sections of the time-mean subtracted vertical velocity w’ (m s~ ; shaded) for days
10-20 from (a),(e) HO, (b),(f) H1000, (c),(g) H2000, and (d),(h) H3000 at times 0100 and 1300 local time (LT). The

black dashed line indicates the location of the coastline.

are averaged over the coastal area, including the mountain
slope, and display the difference between daytime (times
0600-1800 LT) and nighttime (times 1800-0600 LT). In HO,
the potential temperature anomaly decreases from the surface
and approaches 0 K at around 500 m (blue line in Fig. 5a). In
H1000, the profile decreases slowly from the surface to around
the mountain top (1 km) and then decreases rapidly to 0 K at
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FIG. 4. PDFs of vertical wavelengths averaged over the ocean
(0-900 km) from HO (blue line), H1000 (orange line), H2000
(green line), and H3000 (red line), with dominant vertical wave-
lengths of 4.5, 5.3, 6.4, and 7.5 km, respectively.

around 1500 m (green line in Fig. 5a). The profiles for other
mountain heights (H2000 and H3000) show similar character-
istics (not shown), indicating that the near-surface heating
depth over coastal areas become deeper due to the presence
of coastal topography. As we will show in section 3, with a

(a) Idealized model (b) Realistic model simulations
N

3 3
_gz 2
-+
=
o, 1
9]

T
0 0
025 00 025 05 075 -1.0
6’ (k)

FIG. 5. Vertical profiles of the difference in diurnal composites of
potential temperature anomalies near the coastline between day-
time (times 0600-1800 LT) and nighttime (times 1800-0600 LT),
horizontally averaged from —150 to 0 km relative to the coast. Re-
sults are shown for (a) idealized experiments in this study and
(b) realistic model simulations in CD24, with average coastal moun-
tain height of around 0 (GRO0), 500 (CTL), and 1000 m (GR2).
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thicker heating depth, the vertical scale of inertia—gravity
waves becomes larger, resulting in faster phase speeds which
govern the offshore propagation pattern of rainfall.

Figure 5b presents vertical profiles of potential tempera-
ture anomalies from the more realistic simulation experi-
ments of CD24, complementing the idealized cases shown
in Fig. 5a. In CD24, the average coastal mountain height is
approximately 500 m in CTL, 1000 m in GR2, and 0 m
in GRO. The profiles in the realistic model simulations
(Fig. 5b) and the idealized cases (Fig. 5a) exhibit compara-
ble similarities in vertical variations: a gradual decrease
from the surface, followed by a rapid decline from the
mountain top to the midtroposphere. It is noted that there
is a more gradual decrease above the mountain top in real-
istic model simulations compared to that in idealized cases
(Fig. 5a). This difference may be attributed to variations in
the vertical diffusion coefficient within the boundary layer,
as the idealized simulations lack a planetary boundary layer
parameterization scheme. Alternatively, it could result from la-
tent heat release in convective systems over land in the real-
case experiments.

These findings support the hypothesis that coastal terrain
significantly influences the phase speed of inertia—gravity
waves, thereby affecting the propagation speed of rainfall. To
provide deeper insights into the influence of coastal topogra-
phy on the gravity waves, we extend the linear theory of the
land-sea breeze to incorporate a heating profile similar to
that depicted in Fig. 5. The previous study by Li and Carbone
(2015) investigated the effect of coastal mountains using a lin-
ear theory with elevated heating, which did not adequately ac-
count for the heating induced by slope and land-sea thermal
differences. Our newly developed linear theory aims to ad-
dress these shortcomings and offer a more comprehensive
understanding of how coastal topographic features impact
gravity waves.

o

where Q, is the heating amplitude (1.2 X 10> ms™%), H,, is
the height of coastal mountain, z, = 0.5km is the height scale,
x, is the horizontal scale of land-sea contrast in heating, and
a represents the linear vertical decay rate of the heating func-
tion which describes the heating profile below the mountain
height. The diurnal frequency w = 27/T, where T = 24 h is the
period of diurnal heating. In this study, x* = 0 represents the
coastline, with land and mountain to the left (x* < 0) and sea to
the right (x> 0). The buoyancy frequency (N = 0.009 67s71)
is assumed to be constant here, which is calculated from that of
the idealized simulation HO, as the average N is similar across
all idealized simulations.
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3. Linear analytical model with the impact of
coastal topography

a. Governing equations

The approximately two-dimensional equations of motion,
derived using the Boussinesq approximation and incorporating
friction and background winds, with an invariant v* wind com-
ponent in the y direction, can be written as follows (Ogura and
Phillips 1962; Rotunno 1983; Qian et al. 2009; DR15; Du and
Rotunno 2018; Du 2023; Short et al. 2023; Du et al. 2024):

] s D) e AP L
— + i — = — — 1
(ar* v ax*)“ fo=—Fau @
d * a * ko *
—+ + =- 2
(at* U ax*)v fu av, )
9 L0\ . . P .
A R
ot ox 0z
2 ‘ =0 - a'b,
ot* ax”*
" ow"
=0 5
preiilep , 5)

where u”, v, and w" represent the velocity perturbations in the
x*,y", and 7" directions and U" is the uniform background wind
in the x” direction. The f* represents the Coriolis parameter, P” is
the Boussinesq disturbance pressure variable, a* represents the
friction coefficient (10~ s™1), b* is the buoyancy, and N* repre-
sents the buoyancy frequency. Variables denoted with an asterisk
(") represent dimensional quantities, while those without an aster-
isk represent their corresponding nondimensional counterparts.

Different from previous studies, the coastal topography
heating function Q" (Fig. 6) is specified as

= H,,
)

(6)

when 7" < H,

Figure 6 presents examples of the heating function given
by (6), with x, = 50km and a = 0.125. The heating function
in Fig. 6a represents a land-sea thermal contrast over a flat
coastal region, similar to the function used in Rotunno
(1983), DR15, and Du and Rotunno (2018). In Figs. 6b—d,
the effect of mountain slope on heating is included in the
lower levels below H, (1 km in Fig. 6b, 2 km in Fig. 6¢c, and
3 km in Fig. 6d), exhibiting deeper heating layers near the
surface.

The vertical profiles of the heating function, as given by (6)
and averaged over the coastal area (from —150 to 0 km in
Fig. 6), are shown in Fig. 7a. For the heating function in our
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FIG. 6. The heating function Q* X 103(ms~3) given by (6) for (a) H,, = 0km, (b) H, = 1km, (c) H;, = 2km, and

(d) H,,

linear theoretical model, we make a simplified approximation
based on the results of idealized simulations. The coastal
land area, with its topography, is treated as a single unit
(specifically, the region from —150 to 0 km in the idealized
simulations). A representative vertical profile is derived by
horizontally averaging the temperature distribution within this
region. This averaged vertical profile is then incorporated
into the heating function of the linear theoretical model to
represent its vertical variation. This heating function consists
of two components. Above the mountain top, we adopt an
exponential decay heating function with height, following
Rotunno 1983, using a boundary layer depth scale (z;) of 0.5
to match the results from our idealized model. Below the
mountain top, the heat decays linearly (Fig. 7a), which rep-
resents a weaker decay than the exponential function due to
elevated heating effect of the terrain slope. The linear decay
is consistent with the heating profiles observed in the ideal-
ized model (Fig. 7b).

It is important to note that the “blocking” effect of the
mountain itself is ignored, and we use the boundary condi-
tion w*(z" =0) =0 in our linear model, as used in DR15.
Figure 7a depicts various profiles: The orange line repre-
sents a flat coast area (0 km) with land-sea thermal contrast,
similar to the scenario considered by Rotunno (1983), DR1S5,

= 3km.

and Du and Rotunno (2018). The other profiles (blue, green,
and red lines) include the heating effect of mountain slopes, ex-
tending to terrain height of 1, 2, and 3 km, respectively, illus-
trating progressively deeper heating layers near the surface.

Compared to the profiles in the idealized experiments
(Fig. 7b), there are qualitative similarities and also notable dif-
ferences. The profiles in the linear model are smoother, and
the values are always positive. The nonsmooth profile below
mountain height in the idealized simulations (Fig. 7b) possibly
results from the coarse resolution of the model grid.

Next, the nondimensional dependent variables are defined
as follows:

(a) Linear model 6 (b) Idealized del

6
~5 5
£ 4
-+t
23 3
=)
2 2
T, 1
0 0
-0.25 025 0.0 025 05 075
6’ (k)

FIG. 7. As in Fig. 5, but for (a) the linear model with
H, =0, 1, 2and3km and (b) idealized experiments of HO,
H1000, H2000, and H3000.
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x* = Hx, 7" = Hz, =, w", v, w") = Ho(u, v, w),

r
w
b* = Ho?b, P =HP, f' =of, o =wa H,=HH, ™
Q" =Hw’Q, U = Hol, N* = N, xg = Hx,, ZS = Hz,,

where H = 10 km is the tropopause height (as in Du et al. 2024). u n ow _ 0 (12)
Rewriting (1)—(5) based on the above nondimensional vari- ax 9z '
ables, we obtain

b. The analytical solution for gravity waves

A WP ¢ o
at ax M fv= ax’ ®) Equations (8)-(12) can be combined into a single equation
for the streamfunction ¢ (1 = 9oz, w = —dYlox):
d )
(—+U—+a)v+fu:0, ) 2 2 2].2
o ox Il v | v (vl o) |20
ot ox 072 ot ax ox?
i} J aP
Ch U valw-b=-", (10)
o ax 9z _ 90
=-——. (13)
ax
(a+ua+ )b+N2 0 (11)
—+U—-+a w=Q, .
ot ax Rewrite (6) as follows:
Qy (7 X zay i
J— _ - = <
g (2 arctanxo)(l Zo)e when z < H,,
= (14)
Qo (T arctan e (G- H)]( 1 — A, e whenz = H .
THw |2 X, 2, m
Assume ¢ « e~ #, (13) and (14) can be combined into
P P 0 X za
A2+ ) — + (A2 + N?)— = 0 01 -2 for z < H,
( f )azz ( N )6x2 mHw x3 + x2 Z, orz m
(15)

%y *y 0 Xy i H a
AZ + 2\ % + AZ + N2 Y 0 0 [(z—H,,)/zy] 1—_m fi > H ,
( U )azz ( ax?  wHo® x3 + 2’ Z, ot "

where A = —i + U(9/dx) + «. Taking the Fourier transform of (15) in the x direction with § = jic Pe~iKx dx, and letting
o=1- KU + ia, (15) becomes

O A0y za
2 _ 2 (A2 _ o2t - %o Klf1 _
(ff = 0255 = (N = K2 = 7 e (1 ;0) forz < H,,.
25 0 = (16)
Y 2 22 i —x,|K| ,~[(z—H,)/ a
(fZ*Uz)g*(N ,U)Klp_H_a(;e %Kl o=z /n)&]]l*f forz = H .
Therefore, (16) can be written as R ﬁl’ for z < H,
7y - _ (19)
P _ 7212’ =F, (17) F2, forz = Hm,
4

where

_ V2 = oK b 0 —wlKfy _ 24
VN e (18) Fy = W(L,Iz)e ‘Kl(l Z_o) (20)
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and B = 7Sil’1h’yz’ ' (27)
Y
~ 0 —x K] ~[(e— a .
F,= W()_Uz)e R ZL . (21) Using Green’s function, the solution for ¢y can thus be sum-
0 marized as

P = = is i i R z inhvz’ ~ H, -y,
Note that when f 1, U = 0, and a = 0, vy is imaginary, and e I _ sinhyz 3 dz + sinhyz J e P

hence, —v? is positive. Equation (17) then resembles the equa- V= 0 y
tion considered by Rotunno (1983) and Qian et al. (2009).

z

o0 —fyz’ N
Following Rotunno (1983), Short et al. (2023), and Du et al. + sinhyzj -¢ F,d7 forz <H,, (28)
(2024), (17) may be solved using Green’s method. First, define A Y
a Green function G (k, z) satisfying ) H,  sinhyz’ ¢ sinhye’ -
G b= e’”"j - XY Bodr o+ e*VZJ S P
o2~ YG=8z-12), (22) 0 v Hy Y
b4
0 ef»yz’ R
+ sinh - F,dz7 f =H . (29
representing the response to a point source at z’, where & is s yzj Z vy 2 ¢ orz w29
the Dirac delta function. Considering the radiative upper-
boundary condition (remains finite when z — %) and that By integrating (28) and (29), we have
waves forced below 7z’ perfectly reflect off the lower-boundary
condition, we obtain the solution for (22): Q,e Kl
(22) 4Hw3;(02 _fz)(ll +L+1), forz<H,
6. 2) Asinhyz, forz <Z/, 23 Y= 0. ¢l (30)
z,7) = N
Be ", for z > 7'. Hone? =77 fz)(14 +I,+1), forz=H_,
Taking the boundary conditions that G (z, z’) is continuous ~ where
atz =z andd.G (z’") — 9, G (z’7) = 1, we obtain ]
I = e 4, asinhyz + Yz, — az)coshyz — vz,
Asinhyz’ = Be ¥ (4 17° Yz, ’
and I, = sinhyz e Vin(a,y+a— zyy) — e ¥(azy + a — z,y)
2 2 ’
—yBe ¥ — Avycoshyz’ = 1. (25) Y%
Therefore, we have I —si e Yu(zy — aH,)
3 = smhyz—l,
e % L7t
A=- (26)
Y I, = e_“/za sinhyH,, + v(z, — aH, )coshyH, — vz,
and Y2
R [e~GHul2)(yz, coshyz + sinhyz) — (yz, coshyH, + sinhyH, )|(z, — aH,,) d
s=e e , an
) e[(H,,;z)/zO]*vz(zO —aH ) Consequently, ¢ is then recovered from (30) using the in-
I = sinhyz 2y + 1 e verse Fourier transform. We thus have
L(" o ke
Note that when H,,, = 0, (30) can be summarized as = Re{ﬂ Lx el ’)dK}. (32)
0 ¢l 2[e~) — ¢ %] According to the streamfunction, we obtain
i 20 0
= , 31
T oy LI GV ) L
u="-Re —J W gitee= ¢ 33)
0z 2m ). 9z ’

which represents the land-sea-breeze linear theory without
terrain (Rotunno 1983; Qian et al. 2009; DR15; Du and W= 0P _ Re{_—iro JjKei(Kxft)dK}. (34)
Rotunno 2018). ax 27 )

Authenticated duyu7@mail.sysu.edu.cn | Downloaded 09/01/25 11:22

AM UTC



SEPTEMBER 2025

CHEN ET AL.

1921

(a) 0 km 13:00

(e) 0 km 01:00

5.0 5.0
| |
4.0 4.0
| |
3.0 1 3.0 1
2.0 | 2.0 |
1.0 1 1.0 1
| |
0.0 0.0
2150 0 150 300 450 600 750 900 -150 0 150 300 450 600 750 900
50(b) 1 km 13:00 50(f) 1 km 01:00
4.0 : 4.0 : 0.12
3.0 1 3.0 1 0.09
—
E 2.0 : 2.0 : 0.06
1.0 1.0
~ 0.0 0.0 : —
4 -150 0 150 300 450 600 750 900 -150 0 150 300 450 600 750 900 0.00 o
< ., (c) 2 km 13:00 £
D > i -0.03
L 40 "
-0.06
I 3.0 |
2.0 | —-0.09
|
1.0 I -0.12
0.0
4150 0 150 300 450 600 750 900

(d) 3 km 13:00

150 300 450 600 750 900

0.0
-150

|
I
|
|
|
I
0

150 300 450 600 750 900

Distance (km)

FIG. 8. As in Fig. 3, but for the linear model with (a),(e) H,, = 0km, (b),(f) H,, = 1km, (c),(g) H,, = 2km, and
(d),(h) H,, = 3km. The solid (dashed) purple lines indicate the positive (negative) peak phase of gravity wave vertical motion.

The integrals in (33) and (34) are numerically evaluated us-
ing MATLAB in this study.

4. Gravity waves from the linear analytical model

modulated by coastal topography

Gravity wave generation in flat coastal plains and
varied coastal topography

The structure of inertia—gravity waves generated from a flat
coastal plain in the linear model is depicted in Figs. 8a and 8e
through cross sections of vertical velocity, with N* = 0.009 675!
(averaged from HO test), z; = 0.5km, x; = 50km, a = 0.125, flat
land (H,, = 0km), and no background wind (U =0ms™!).
These results are consistent with previous theoretical studies (e.g.,
Rotunno 1983; Qian et al. 2009; DR15), which refer to inertia—
gravity waves excited by diurnal heating, which is the linear com-
ponent of land-sea-breeze circulation within tropical regions. The
waves are generated along the coastline, where the maximum
thermal contrast occurs, and propagate as rays radiating upward
into the atmosphere while simultaneously propagating both sea-
ward and landward. Although the linear theory model developed
in this study incorporates background wind effects, the current re-
search focused solely on the impact of coastal terrain under zero
background wind conditions, i.e., setting U = 0.

In the cases of mountain slope heating (Figs. 8b—d and 8f-h),
coastal topography significantly alters the vertical wavelength
of inertia—gravity waves compared to the flat coastal plain sce-
nario. The dominant vertical wavelengths, indicated by the dis-
tance between purple solid and dashed lines, increase with
larger H,, (Fig. 8). The impact of topography is also evidenced
by the amplitude of the gravity waves. In the flat coastal plain
case, the maximum vertical motion peaks at approximately
0.03 m s~ !. However, in the case with a 3-km mountain height,
the maximum vertical motion exhibits a fourfold increase, ex-
ceeding 0.12 m s~ L. These relationships align with our findings
from the idealized experiments (Fig. 3), which demonstrated
that mountain height has a positive linear correlation with
both the vertical wavelength and amplitude of gravity waves.

Hovmoller diagrams of the vertical velocity averaged from
3 to 5 km AGL from the linear model are shown in Fig. 8.
The propagation speed of the maximum vertical velocity is
10.0 m s~ ! in the case of the flat coastal plain, increasing to
approximately 11.0, 13.0, and 14.7 m s~ ! with 1-km height and
2-km mountain and 3-km mountain slope heating, respec-
tively. The phase speed of the inertia—gravity waves increases
with mountain height, consistent with the findings from ideal-
ized simulations. The propagation speeds in the linear model
cases closely match those of the idealized experiments shown
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FIG. 9. As in Fig. 2, but for the linear model with (a) H,,,

in Fig. 2, with the largest differences within 0.5 m s~'. These
small discrepancies may result from minor ambiguities associ-
ated with our method of estimating phase speeds from Hov-
moller diagrams. It is worth noting that the model estimates a
propagation speed of approximately 13 m s~ ! for the case
with 2-km mountain, which aligns well with the observed precipi-
tation propagation speed from satellite data over the northern
coast of New Guinea, where the average topographic height is
about 2 km (not shown).

The horizontal phase speeds of the waves comprising the rays are
governed by ¢ = w/k” = wH/K = oH,[(N?* — a2)A2/(f2 — 02),
where A_ is the vertical wavelength of gravity wave [when A, = 1/
in (18)]. Consequently, the phase speed increases as the vertical
scale becomes larger due to the thicker depth of the heating
source near the coastline. As the heating depth increases, the ver-
tical wavelength of the gravity waves also increases, echoing the
earlier discussion. This result aligns with the findings from Li and
Carbone (2015) in their linear model studies of elevated heating
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= 0km, (b) H,, = 1km, (c) H,, = 2km, and (d) H,, = 3km.

and land-sea-breeze cases. In addition to vertical wavelength, the
horizontal phase speed of the wave also varies with N. According
to the relation ¢ = wH. \/(Nz — a2)A/(f2 — o2), the phase speed
increases as N increases. Moreover, the vertical variations in N
can significantly impact wave dynamics, leading to reflection and
refraction of wave ray paths, particularly in layers where N
changes abruptly (Short et al. 2023; Du et al. 2024).

The maximum vertical motion of the wave in Fig. 9a is
around 0.03 m s~ ', which is 0.07 m s~ ! smaller than that with
3-km mountain slope heating (Fig. 9d). It is intriguing to note
that the vertical motion of the wave becomes stronger with a
higher mountain slope, implying that the increased heating
depth due to coastal mountains, with the same magnitude of
forcing, plays a vital role in strengthening the wave perturba-
tion. However, one evident difference in the phase of w’ here
compared to the idealized cases (Fig. 2) is that the peak of w’
occurs at approximately 500-600 km from the coast (Fig. 9),
which is about 150 km further than that in the idealized cases.
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FIG. 10. Sensitivity of (a) the propagation speed and (b) maximum amplitude of gravity waves

to coastal terrain height in the linear model. (a)

ent background wind conditions (0, 3, and 5m s~

Propagation speed of waves under three differ-
1. (b) Maximum amplitude includes variations

in vertical velocity w (m s~ 1), heating function Q (m s~>), buoyancy b (m s~ 2) variations, and to-
tal wave energy E, (m s~ 2). The propagation speed is calculated from the vertical motion aver-
aged from 3- to 5-km altitude range, as in Figs. 2 and 9.

This difference likely originates from two factors: 1) the verti-
cal variation of the heating function in the linear model (cf.
Figs. 7a,b), which is derived from the horizontally averaged ver-
tical temperature profile of the nearshore land area in the ideal-
ized simulations, and 2) the absence of an actual mountain in the
linear model. Additionally, the flow dynamics over the mountain
in the idealized scenario may also contribute to this difference.

It is worth noting that the starting phase of the inertia—gravity
waves in all the linear model cases has not changed significantly.
This implies that the phase of waves is insensitive to the coastal
topography in this linear model. This result contrasts with the
findings of Li and Carbone (2015). In their study, which simu-
lated the scenario of diurnal heating over mountains, they
found that the starting phase of gravity waves occurs earlier
with a larger heating depth in the elevated heating cases. This
discrepancy may be due to the difference between the heating
function in our linear model and the elevated heating cases in
Li and Carbone (2015). In our coastal topography case, the
heating function starts from the surface, while the elevated
heating function in Li and Carbone (2015) starts from the top
of mountain, with no heating source below the mountain top.
Despite this, our results reveal the significant impact of coastal
mountainous terrain on the vertical structure, phase speed, and
intensity of inertia—gravity waves generated by diurnal heating.

b. Effects of coastal terrain

We further quantitatively explore the influence of coastal
mountainous terrain height on the propagation speed and maxi-
mum amplitude of inertia—gravity waves in the linear model
(Fig. 10). The propagation speed increases slowly with terrain
height up to 500 m and then exhibits a nearly linear rapid in-
crease for heights between 500 and 3000 m. This suggests that
the influence of low mountains (below 500 m) on the propaga-
tion speed of inertia—gravity waves is less pronounced than that
of higher mountains (above 500 m). For flat or low coastal
mountains, the land-sea thermal contrast likely dominates over
the mountain—plain thermal contrast. Note that the increasing
trend in speed shown in Fig. 10a is not entirely smooth, which

may be attributed to variations in the objective method em-
ployed to calculate phase speed from the Hovmoller diagrams.

The influence of background wind on wave propagation is
also shown in Fig. 10a. Through Doppler shifting, the propa-
gation speed increases by approximately 3 and 5-6 m s~
when a background westerly winds of 3 and 5 m s are
added, respectively, as discussed in Qian et al. (2009) and Du
and Rotunno (2018). As topography height increases, the in-
fluence of background wind on wave speed still persists, which
aligns with the Doppler shifting effect.

The maximum wave amplitude, which is represented by the
magnitude of vertical velocity perturbations, also increases with
terrain height (red dots in Fig. 10b) but at a gradually decreasing
rate. The change is particularly small within the 2000-3000-m
range. This can be attributed to the vertical variation of the heat-
ing function, which decreases with height as determined by the
slope coefficient a in (6). As shown in Fig. 7, Q is smaller at
higher levels. Consequently, the vertical integration of Q
(black dots in Fig. 10b), which represents the total energy
of the heating source, increases more slowly when H,,, exceeds
2000 m, resulting in a nonlinear increase of wave amplitude
with terrain height. Noting that the total wave energy
E, (green triangle markers in Fig. 10b), which includes kinetic
and available potential energies, is proportional to the total
heating energy Q*. However, the heating function [(6)] is non-
linearly related to the topography height (H.,), and the total
heating energy is not directly proportional to the terrain
height. Therefore, the wave amplitude increases with terrain
height in a manner that is not simply proportional to the ter-
rain height. While the overall trends align with Li and Carbone
(2015), the specific characteristics in our results exhibit notable
differences from both their local elevated heating case and
their land-sea-breeze case.

Both the propagation speed and amplitude increase with
mountain height, consistent with the results discussed in ideal-
ized simulation. To gain deeper insight into these relationships
through the linear analytical solution, the next section exam-
ines wave amplitudes at different horizontal wavenumbers.
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FIG. 11. Energy distribution as a function of height z* (m) and
wavenumber k* = K/H, calculated using the amplitude of the
integrand | —iyK| from the linear model for (a) H, = Okm,
(b) H,, = 1km, (c) H,, = 2km, and (d) H,, = 3km. (¢) Energy dis-
tnbutlon in wavenumber k" after vertlcal 1ntegrat10n from 3 to
5 km, computed using the amplitude of Lk | —iiK|dz"* for differ-
ent heights: H, =Okm (orange line), H, = 1km (blue line),
H, =2km (green line), and H,, = 3km (red line). (f) Relationship
between horizontal wavelength A, and terrain height H,,, where
A= 27T/k and k" is the wavenumber at the maximum amphtude
of Lk | —iiK|dz". Gray dashed lines in (a)~(d) and black dots
in (a)—(e) indicate the locations of maximum energy.

c¢. Characteristics of dominant waves

Figures 11a—d illustrates the integrand | — ifyK] as a function
of k" and height z* from (34), representing wave amplitudes at
different horizontal wavenumbers k* and heights z". The

VOLUME 82

maximum wave amplitude, indicative of the dominant
wave’s energy, increases with mountain height, reaching a
value of 28 for H, = 3km, compared to 4 for H,, = Okm,
consistent with the results shown in Fig. 10b. Moreover, in
the flat plain case, the energy is spread across a wide range
of k* values. In contrast, as the mountain height increases,
the energy increasingly concentrates around the k* value of
the dominant wave.

For H;, = 0km, the maximum wave amplitude in the linear
model occurs at z*=1.75km when k*=9.6X10"°m!
(dominant horizontal wavenumber). As the mountain height
H,, increases, the height z* of maximum wave amplitude also
increases. For instance, at the highest an = 3km, the maxi-
mum amplitude occurs at z* = 2.75km, while the correspond-
ing horizontal wavenumber k* decreases to 5.4 X 107° m™ L.
These results indicate that in cases with higher mountains, the
dominant inertia—gravity waves are excited by higher altitude
heating sources and exhibit larger horizontal wavelengths
(smaller horizontal wavenumbers), even when the horizontal
scale x, of the heating function remains constant. Moreover,
the vertical wavelength also increases with mountain height,
as depicted in Fig. 8. These findings demonstrate that thermal
heating from coastal topography can significantly affect both
the vertical and horizontal scales of inertia—gravity waves gen-
erated by diurnal heating.

As discussed in Du et al. (2024) and CD24, the horizontal
phase speed of inertia—gravity waves ¢ = w/k” is influenced by
the horizontal wavenumber k*. To examine the variation of
k" for gravity waves in the 3-5-km layer, Fig. 11e depicts the
vertical integral of the integrand | — K| from z* = 3-5 km,
highlighting the horizontal wavenumber k* of the maximum
energy wave (the dominant wave). In the flat coastal plain
case, the k” value corresponding to the wave with the most en-
ergy is 9.6 X 107 m™!, while for the 1-km coastal mountain
case, it decreases to 8.2 X 10°® m ™' As the mountain height
increases, k* of the dominant wave progressively decreases,
reaching 5.5 X 107% m ™! for the 3-km mountain case.

Figure 11f presents results from a series of sensitivity tests
examining the effects of terrain height and the dominant hori-
zontal wavelength. Comparison of Figs. 10a and 11f reveals
nearly identical trends: Both horizontal phase speed and the
dominant horizontal wavelength increase with terrain height,
confirming the direct relationship between these two factors.
In other words, the height of coastal mountains influences
wave energy distribution across different wavenumbers k*. As
the mountain height increases, energy tends to concentrate in
waves with smaller k*. When k" = HK and A, = 2m/y in (18),
we obtain

2 _ g2)k*2
ZA—’T N il 7 f’alk . (35)
z
Thus, according to (35), the vertical wavenumbers 27/A_
are proportional to the horizontal wavenumbers k*, suggest-
ing that higher mountains, which generated the waves with
larger vertical wavelength A, correspond to dominant waves
with smaller horizontal wavenumbers k" Consequently, this
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leads to faster horizontal phase speed (c = w/k") of inertia—
gravity waves. The physical interpretation of these results is
that the elevated heating effect of the terrain slope creates a
deeper near-surface heating layer in the coastal area, which in
turn generates gravity waves with a larger vertical scale. These
findings are in alignment with both the idealized experiments
in the present study and the more realistic simulations in
CD24.

5. Summary and discussion

Coastal topography plays an important role in shaping the
characteristics of diurnal rainfall propagation. CD24 suggests
that the propagation speed of rainfall increases with faster
phase speed of inertia—gravity waves due to greater heating
depth from higher mountains near the coastline. This heating
depth is closely related to the vertical scale of inertia—gravity
waves, which in turn affects the phase speed of these waves
and subsequently influences rainfall propagation. However,
the mechanism by which coastal mountains alter the structure
of inertia—gravity waves has not been well documented, partly
due to challenges in isolating this effect in real scenarios,
where numerous processes are involved. To address this, we
employed an idealized numerical model and a linear analyti-
cal model to examine the influence of topography on inertia—
gravity waves.

In this study, we compared a series of idealized WRF simu-
lations with varying coastal terrain heights to isolate the
impact of coastal mountains on inertia—gravity waves. By ana-
lyzing heating profiles near coastlines from these experiments,
we developed a novel linear theory that combines the effects
of land-sea and mountain—plain thermal contrasts. This the-
ory incorporates averaged heating profiles from coastal moun-
tain areas, elucidating the generation of gravity waves in
mountainous coastal regions. The primary conclusions are as
follows:

1) Compared to a flat coastal plain, the greater heating
depth associated with higher coastal mountains affects
both the vertical and horizontal wavelengths of inertia—
gravity waves generated by diurnal heating. The increased
vertical and horizontal scales of these waves result in
higher phase speeds. In environments where offshore
rainfall propagation is governed by gravity wave dynam-
ics, greater heating depths consequently facilitate faster
rainfall propagation. These processes are illustrated sche-
matically in Fig. 12.

2) The greater heating depth from higher coastal mountains
amplifies the amplitude of the inertia—gravity waves, causing
stronger vertical motions and larger temperature anomalies
along the wave ray paths.

From the analytical model, we obtained quantitative and
detailed insights into the influence of coastal mountains on
the characteristics of waves. Mountains lower than 500 m
have a relatively minor effect on the propagation speed of
inertia—gravity waves, while taller mountains produce more
pronounced impacts. This is further evidenced by the trend in
the horizontal wavelength of dominant waves as mountain
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FIG. 12. Schematic illustration of the influence of coastal topog-
raphy on gravity waves characteristics and offshore rainfall propa-
gation. (a) High coastal topography results in a deeper heating
layer, which generates gravity waves with longer vertical wave-
lengths. These waves propagate more quickly, leading to faster
movement of rainfall. (b) Low coastal topography leads to a shal-
lower heating layer, which generates gravity waves with shorter
vertical wavelengths, leading to slower offshore propagation of
both gravity waves and associated rainfall. The radial shading rep-
resents vertical motion.

height changes, reflecting the direct relationship between hor-
izontal phase speed and horizontal wavelength. Due to the
gravity wave dispersion relation, both parameters are influ-
enced by variations in mountain height. As mountain height
increases, the waves with dominant energy are excited at
higher altitudes. Furthermore, with our choice of Q, the maxi-
mum amplitude of waves is evidently affected by coastal
mountains up to 2 km in height but shows minimal change be-
yond this altitude.

Our linear theory successfully captures the changes in
phase speed and structure of inertia—gravity waves observed
in the idealized experiment. The heating effects of coastal
mountains have been successfully incorporated into the linear
theory of land-sea breezes (Rotunno 1983; Li and Carbone
2015; DR15; Du and Rotunno 2018), bringing the model
closer to real-world scenarios where orographic effects of
coastal mountain ranges are critical mechanisms in generating
coastal precipitation (Aoki and Shige 2024). The analytical
expressions derived from the linear model clearly demon-
strate how wave characteristics change under the influence of
coastal mountains.

Our study significantly advances the linear theory of coastal
mountain-land-sea-breeze interactions, providing a more
comprehensive understanding of these complex systems. While
this study focuses on gravity wave dynamics, the findings of this
study have important implications for understanding diurnal
rainfall propagation. The wave characteristics identified in our
linear model, particularly the propagation speed and its
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dependence on terrain height, provide physical mechanisms
that help explain the observed rainfall propagation patterns
in CD24.

Furthermore, the findings also have practical implications for
both climate and meteorology. They can enhance the representa-
tion of tropical coastal rainfall in climate models, thereby enhanc-
ing the accuracy of rainfall projections for these regions.
Additionally, this study provides valuable insights into interscale
feedback mechanisms, contributing to a deeper understanding of
how local topography influences large-scale atmospheric pro-
cesses. Moreover, our results can refine models of phase-locked
propagating systems (e.g., Ruppert and Zhang 2019; Ruppert
et al. 2020) and aid in investigating cross-coastal impacts. Exam-
ples includes western Sumatra squall lines reaching Singapore,
eastern Sumatra coast systems extending to eastern Borneo, and
North Java coast systems propagating to southern Borneo (e.g.,
Short et al. 2019). These advancements have the potential to im-
prove regional weather forecasting and climate modeling in com-
plex coastal environments, ultimately enhancing our ability to
understand and predict coastal weather phenomena.

In addition to topography, convective heating may also
deepen the effective heating depth, thereby increasing phase
speed in an analogous manner, as discussion by Hassim et al.
(2016) and Vincent and Lane (2016). Other factors, such as
latitude (Rotunno 1983), atmospheric stability (Jiang 2012a),
and background winds (Qian et al. 2009; DR15), also influ-
ence propagation speeds by influencing f, N, and U in the
dispersion relationship. In contrast, deeper heating profiles af-
fect wave rays and wave packets by altering the spectrum of
excited waves.

However, our modeling experiments assumed a constant
slope angle and a fixed distance of topography from the coast-
line. The linear theory applied in this study emulated the average
heating associated with coastal mountains. We only examined
scenarios where mountains are located near the coastline with
the same slope angle as in CD24, without considering cases
where mountains are situated at varying distances from the coast
or have different slope angles. Both mountain location and
slope angle can affect gravity wave generation and propaga-
tion. In addition, the effects of boundary layer processes and
latent heat release from moist convection, which may influence
wave behavior, are not included in the theoretical model.
Boundary layer processes can modify the near-surface vertical
temperature structure and the distribution of thermal contrast
near slopes and coastlines, thereby affecting the generation
and properties of gravity waves. Similarly, the latent heat re-
lease during convection may modify the heating depth of the
source, which in turn changes the vertical scale and horizontal
phase speed of the waves. These factors warrant further inves-
tigation in future studies.

It is important to note that the linear theory model devel-
oped in this study already incorporates background wind ef-
fects, although the current research focused on scenarios with
zero and constant background wind. Future studies could ex-
tend this work to explore the influence of coastal mountains
on gravity waves under various background wind shear condi-
tions (e.g., Du et al. 2019) and distinct stability layers, such as
the troposphere and stratosphere (e.g., Short et al. 2023; Du
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et al. 2024). Beyond coastal topography and background
wind, other factors, such as boundary layer processes, diabatic
heating from convective systems, other mesoscale processes
such as cold pools or density currents, and complex coastline
configurations in the real world, can affect the offshore propa-
gation of precipitation (e.g., Love et al. 2011; Hassim et al.
2016; Vincent and Lane 2016; Peatman et al. 2023). Under-
standing the variability in propagation speeds remains a chal-
lenge and could be a focus for future research.
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