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Abstract An idealized convection-permitting simulation is performed to investigate the physical
mechanisms responsible for the nighttime offshore propagation of convection around tropical islands. An
idealized island is placed in the middle of a long, nonrotating channel oceanic domain with constant sea
surface temperature. A strong diurnal cycle typical of a tropical island is simulated, with a thermally forced
sea breeze in daytime and the associated inland propagation of precipitation. Offshore propagation of a
land breeze and its associated convection is simulated every night but with varying extent. Gravity waves
of first and second baroclinic modes trigger convection far from the coast if the offshore conditions are
favorable. This accelerates the propagation speed of the land breeze as it reduces the onshore wind
associated with the lower branch of the overturning large-scale circulation. Higher-order modes may
trigger convection or reinforce existing convection but less systematically. The distance of propagation is
particularly sensitive to humidity and temperature at the top of the boundary layer, with occasional
incursions of a dry anomaly at the top of the boundary layer near the island preventing convection from
developing far from the island.

Plain Language Summary Climate models have problems modeling the precipitation pattern,
timing, and atmospheric circulation associated with tropical island regions. This impacts the prediction
of planetary scale events such as the Madden-Julian Oscillation. Part of this problem originates from the
poor representation of islands and their topography, which affects the diurnal cycle of convection over
land and the surrounding oceans. This diurnal cycle generates a sea breeze during daytime, which triggers
convection over the island in the afternoon, early evening. At night, the breeze reverses and becomes a
land breeze that propagates over the ocean. In order to understand what controls this offshore propagation,
we study the movement of convection around an idealized tropical island. We show that a land breeze
is systematically present even though its distance of propagation depends on the presence of offshore
convection triggered by gravity waves earlier and on the humidity and temperature between 1 and 2 km of
altitude close to coast. Properly modeling these individual elements may improve the precipitation pattern
and atmospheric circulation around tropical islands and be beneficial for improving the representation of
atmospheric phenomenons impacted by these regions.

1. Introduction
Islands are focal points for the development of convection in the tropics. If they are sufficiently far from the
continent and sufficiently large, they can be seen as a fixed and localized forcing in the middle of a uniform
ocean (Sobel et al., 2011). This forcing primarily comes from the lower heat capacity of land relative to ocean.
The solar forcing on these two contrasted surfaces results in a sea breeze circulation during the day when
land warms rapidly and winds blow toward the island, followed by a smaller land breeze in the opposite
direction at night (Mori et al., 2004; Qian, 2008).

This land-sea breeze circulation controls the diurnal cycle (DC) of convection and precipitation over and
around tropical islands. This diurnal cycle is characterized by a concentration of clouds and precipitation
over land during daytime, with a peak in the early evening, and over sea at night, with a maximum in early
morning (e.g., Yang & Slingo, 2001; Nesbitt & Zipser, 2003; Mori et al., 2004). Mountain ranges, and the
upslope winds they generate in the afternoon, enhance precipitation over the islands (Mapes et al., 2003;
Qian, 2008; Sobel et al., 2011; Yang & Slingo, 2001). This is particularly true over the main islands of the
Maritime Continent: Sumatra (Mori et al., 2004; Yokoi et al., 2017), Borneo (Ichikawa & Yasunari, 2007; Qian
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et al., 2013), and New Guinea (Hassim et al., 2016; Ichikawa & Yasunari, 2008; Vincent & Lane, 2016). The
land breeze at night is responsible for an offshore propagation of coastal convection over the surrounding
ocean (Hassim et al., 2016; Li et al., 2017; Love et al., 2011; Mori et al., 2004; Qian, 2008; Saito et al., 2001;
Vincent & Lane, 2016).

Most general circulation models (GCMs) fail to reproduce the diurnal cycle of convection over the Maritime
Continent properly, which results in large systematic precipitation errors (Neale & Slingo, 2003; Qian, 2008).
Part of this problem stems from the poor horizontal resolution and the underrepresentation, or absence, of
islands and mountains, thus weakening the atmospheric disturbances caused by the diurnal cycle. More
recent GCMs with horizontal resolution down to (1/3)◦ still have issues simulating the timing and ampli-
tude of the diurnal cycle (e.g., Peatman et al., 2015). The correct representation of the delayed increase in
cloudiness and precipitation relative to the solar heating is also a significant problem in most GCMs, even
though some new parameterizations have made progress toward solving this issue (Rochetin et al., 2014;
Bechtold et al., 2014). More realistic timing and amplitude of precipitation can also be simulated when hor-
izontal resolution is increased sufficiently to resolve cloud systems (grid spacing of 5 km or finer; Sato et al.,
2009; Love et al., 2011).

In order to improve the timing and amplitude of the diurnal cycle in GCMs, it is important to understand the
physical mechanisms controlling the land-sea breeze circulations and how they interact with the large-scale
environment. One approach is to identify key features missing in coarse-resolution simulations in order to
parameterize their effect. In the present study, we attempt to understand the mechanisms of the nocturnal
offshore propagation. The extent of the observed propagation is quite surprising (Love et al., 2011), far from
the thermal contrast that first caused the land breeze. By comparison, the daytime propagation of the sea
breeze rarely penetrates beyond 100 km inland.

Gravity waves have long been hypothesized as important contributors to the offshore propagation of con-
vection (Mapes & Houze, 1993; Mapes et al., 2003). Several studies have identified different propagation
speeds of convection and related them to gravity waves. In observations, Mori et al. (2004) found an aver-
aged front propagation at 10 m/s within 400 km from the coast, slower than the 15–20 m/s from Mapes et
al. (2003) but faster than the 8 m/s estimated by Yokoi et al. (2017). The precipitation maximum propagates
at a more reduced speed between 3 and 5 m/s (Mori et al., 2011; Yokoi et al., 2017). Modeling work also
shows some variability in the propagation speed. In their most realistic simulation of the diurnal cycle, Love
et al. (2011) identified a first internal gravity wave which is excited in early afternoon and propagates at 40
m/s. But precipitation follows the offshore propagation (3–5 m/s) of a higher-order gravity wave mode trig-
gered by a change of heating profile due to stratiform convection in the mid-afternoon. Hassim et al. (2016)
found gravity waves propagating at 15 m/s similar to Mapes et al. (2003) even though they do not trigger
convection. On the other hand, they make the environment more conducive to deep convection and likely
contribute to the longevity of squall lines propagating at 5 m/s. They also mention that the offshore rain-
fall onset propagates at 8 m/s. Using the same model, Vincent and Lane (2016) emphasize that land-valley
breezes persisted for 100–200 km offshore and moved with a speed of 3–5 m/s too, while farther offshore,
faster bands of convection moved at 12–18 m/s.

These results, even though they seem to lead in the same direction, emphasize how difficult it is to gener-
alize results from observations and realistic modeling studies which are sensitive to many factors such as
large-scale humidity or background wind. Because they can partially control such factors, idealized simula-
tions prove useful to clearly identify mechanisms. Tulich and Mapes (2007) looked at multiscale convective
wave disturbances emerging from a two-dimensional cloud model forced by uniform cooling over a uni-
form ocean. They showed that upper-level convective heating excites waves packets moving at 16–18 m/s
over the ocean, while gust front wave packets excited by cooling over the boundary layer propagate at 8 m/s
and trigger new convection in the vicinity of earlier convection. Cronin et al. (2015) used such idealized
simulations to investigate the island precipitation enhancement. They attributed the island enhancement
to a mechanism of rectification of the diurnal cycle which, they found, is sensitive to island size. Wang and
Sobel (2017) also used idealized simulations to investigate the role of the mean wind and found that for large
wind, the mechanism of diurnal cycle rectification is ineffective because horizontal transport of tempera-
ture reduces the land-sea thermal contrast that drives the sea breeze. Instead, they found that fast winds
create mechanically forced convergence and precipitation.
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The aim of this study is to characterize the physical mechanisms responsible for the nocturnal offshore prop-
agation of convection around an idealized island. The dependence of these mechanisms on topography will
be investigated in a companion paper. Section 2 describes the model and setup of the simulations. Section 3
presents the global characteristics of the simulation. Section 4 analyzes offshore convective propagation as a
function of maximum distance of propagation. Sections 5 and 6 focus on the land breeze front and the grav-
ity waves that control the triggering of offshore convection. Section 7 investigates the control of the distance
of propagation by the large-scale environment.

2. Methods
We use the mesoscale nonhydrostatic atmospheric model Meso-NH version 5.3.1 (Lafore et al., 1998; Lac
et al., 2018), developed jointly by the Laboratoire d'Aérologie and the Centre National des Recherche
Météorologiques. Cloud microphysical processes are represented by the ICE3 scheme (Pinty & Jabouille,
1998) that includes six different types of hydrometeors. The turbulence is solved by a three-dimensional
scheme using a prognostic equation for the turbulent kinetic energy (Cuxart et al., 2000) with the turbulent
mixing length given by the mesh size. The scheme of Pergaud et al. (2009) is used to represent dry thermals
in the atmospheric boundary layer and to parameterize the effects of unresolved shallow convective clouds.
Longwave radiation calculation is done using RRTM scheme: Morcrette, (1991, 2002), while the shortwave
radiation calculations are based on Fouquart and Bonnel (1980). Surface processes and interactions with the
atmosphere are simulated by the SURFEX model (Masson et al., 2013) coupled with Meso-NH.

In our simulation, the domain is a long doubly periodic channel, 2,048 km × 128 km in x and y directions,
respectively, with 47 stretched vertical levels and a top at 25 km. The horizontal grid spacing is 4 km. There
is no large-scale wind. A flat island of 128 km × 128 km is placed in the middle of the domain. This width
corresponds to the typical width of medium-large tropical islands such as Java. Doubling it or dividing it
by 3 encompass the vast majority of tropical islands with a distinct diurnal cycle. With this width, we also
allow the spatial scales for variability over the island to be the same in the x and y directions. The model is
run in Radiative-Convective Equilibrium (RCE) configuration without rotation. RCE is the statistical equi-
librium state the atmosphere and surface would reach in the absence of lateral energy transport (Emanuel
et al., 2014). This framework is widely used to understand the basic properties of the tropical atmosphere.
It has been applied successfully to tropical islands (Cronin et al., 2015; Wang & Sobel, 2017). Diffusion and
damping are used in the top levels to prevent unrealistic momentum transport. We also apply damping on
the first and last 80 km of the periodic x direction to avoid gravity wave propagation from one side of the
domain to the other.

The sea surface temperature (SST) is fixed at 301 K, a typical deep-tropics SST. A novel aspect of our config-
uration is the use of the state-of-the-art SURFEX land model that includes a soil-vegetation scheme (ISBA;
Noilhan and Planton (1989)). In our setup, 80% of the island is covered by evergreen broadleaf trees, the rest
by bare land. The evergreen broadleaf trees is the vegetation type used to characterize tropical vegetation in
land models. In order to get a realistic heat capacity of the soil in our model, we set the bare land proportion
to 20%, larger than observed values (5%). The near-infrared, visible, and ultraviolet albedos of bare land are
set to 0.25 and those of the evergreen broadleaf vegetation to 0.12. In order to simulate reasonable oceanic
surface fluxes and to avoid spurious effects from the contrast between the fixed-SST ocean, which acts as
an energy sink, and the island, which has a zero net long-term surface heat flux, we follow the approach of
Cronin et al. (2015) and reduce the insolation at the equator by one quarter. This leads to a time-mean inso-
lation of 330 W/m2, with the sun rising at 06:00, a top-of-atmosphere maximum insolation of 1,035 W/m2

at 12:00 and the Sun setting at 18:00 everywhere at the same time.

We initialize the simulation with the mean vertical profile of a RCE simulation with the same SST over a
300-km × 300-km domain at 3-km resolution. A white noise of 0.1 K (maximum at 30 m) is added to the first
five levels to initiate subdomain variability. The simulation lasts 250 days. We analyze the last 200 days, for
which the model reached a stationary state.

The budget equations for momentum, temperature, and water vapor are calculated directly in flux form by
the model, which stores the changes in each variable after exiting the corresponding routine. The resulting
budget provides useful information that enables us to investigate the physical mechanisms at play (e.g.,
Cuxart et al., 2014). Here, we use 1-hr averages for the 200 days studied and each grid point. The three
budgets are given by the following equations:
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Figure 1. Hovmoller plot of precipitation for the 200 days considered. Precipitation is averaged in the y direction for
every time step. The red lines show the coasts of the island.
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In the momentum budget, equation (1), Diff is the diffusion term and ShConv the term related to unresolved
shallow convective clouds. In the temperature equation, equation (2), Rj is the net radiative flux in direction
j. PC corresponds to the sources and sinks related to phase changes and Diss to molecular dissipation. The
humidity equation, equation (3), has the same terms except for the radiative and dissipation terms. In our
simulation, the advective term (first term on the right-hand side in all equations) is calculated as the sum
of all directions. Diff and Diss being very small, they will not be shown in our figures. Rain evaporation will
be isolated from the other phase changes to show its specific effect on the different variables.

3. Global Composites
In the following sections, we present in detail the flat island simulation and the mechanisms controlling its
offshore propagation of convection. Except in Figures 1 and 5, all the figures show the center of the island
on the left and the distance is measured from the coast, positive offshore.

In this simulation, precipitation occurs daily over the island (Figure 1), propagating inland from midday
to the evening and subsequently propagates offshore. Considering the simplicity of our setup, these results
show how fundamental this propagation is. The propagation is roughly symmetric about the center of the
island. Compositing for all days and both sides of the island shows that precipitation over the island is
maximum between 18:00 and 21:00 and rarely lasts after 06:00 (Figure 2). On the other hand, precipitation
is maximum over the ocean from 00:00 to 09:00 and can last longer. Precipitation intensity also roughly
matches precipitation values observed over tropical islands (Qian et al., 2013). These features show that the
simulated diurnal cycle is realistic.

The distance of maximum offshore propagation varies significantly during the simulation, with a significant
number of cases where convection propagates far away, up to 600 km from the coast, or stays close to the
island. The instances of long propagation show that convection generally propagates further away every day
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Figure 2. Diurnal composite of precipitation at the surface (shading) and wind at 75 m (contours) over 200 days. The
composite considers both sides of the island and is built so that the left of the figure is the center of the island. All
distances are relative to the coast (0 mark). Positive wind anomalies are represented by plain white lines and negative
wind anomalies by dashed white lines.

until it reaches a maximum that can be 400–500 km from the coast. The rapid onset and propagation of these
events generally occurs a few days after a period of short propagation. The transition to short-propagation
days is usually very fast too.

The large day-to-day variability in the propagation makes it difficult to pinpoint specific signals in the diurnal
Hovmoller of precipitation and wind (Figure 2). We can nevertheless distinguish several features. Because
convection is always mostly localized over the island and its surrounding oceans, an overturning circulation
develops over the whole domain. The lower branch of this large-scale circulation is associated with low-level
winds converging toward the island. Thus, even though no large-scale constant wind is imposed, there is
always a large-scale wind far from the coast because of this overturning circulation. In the rest of the paper,
large-scale winds refer to the winds associated with this large-scale overturning circulation.

The large-scale wind further than 150 km from the coast is similar all day long and is directed onshore with a
speed of 2–3 m/s, as a result of the circulation responding to the enhanced convection over the island. At the
coast, the sea breeze is clearly visible. The wind blows onshore from 10:00 to 20:00 with a maximum of 3.25
m/s between 15:00 and 18:00. The reinforcement of this onshore wind is triggered by the strong warming
over the island, visible at 12:00 and 15:00 in Figure 3. This figure also shows that the sea breeze circulation
extends up to 100 km from the coast.

The maximum of precipitation moving at 3 m/s from the coast at night is associated with a strong offshore
wind and large negative temperature anomaly that stay confined in the first 500 m of the boundary layer.
Both propagate together until the next morning. The propagation speed of this maximum slightly slows
down after reaching 50 km from the coast when the wind decreases (Figure 2). The region of precipitation
widens and the edge of the convective envelope propagates faster at 8 m/s and generally reaches 100 km
from the coast at 23:00, before abruptly slowing down.

The last noticeable feature in Figure 2 is the local maximum of precipitation around 130 km from the coast
at midnight. This maximum appears stationary and could be initiated by a much faster wave which triggers
convection as far as 250 km from the coast. Precipitation persists for a few hours until the slower offshore
propagation from the island reaches the same area and may help maintain favorable conditions for the land
breeze front to propagate.

Figure 3 enables us to identify several temperature perturbations propagating from the coast. The first one
is associated with the diurnal heating of the troposphere over the island. The warm phase of this perturba-
tion propagates at 30 m/s around 3–4 km of altitude in the early afternoon. It is followed by a cold phase
propagating at a similar speed. A slower positive temperature anomaly is visible between 1 and 2 km from
15:00 to 03:00, though it is difficult to estimate its speed due to its dispersion and low amplitude.
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Figure 3. Temperature (shading) and wind (contours) anomalies profiles every 3 hr averaged over 200 days. The center of the island is on the left. The
anomalies are calculated relative to daily average.

4. Composites by Distance of Propagation
As emphasized by Figures 2 and 3, it is difficult to clearly identify processes in the all-day composite because
of the large day-to-day variability in the distance of propagation. This variability stems either from dif-
ferences in offshore conditions or from different physical mechanisms at play. In order to clarify these
differences, we composite the days based on the maximum distance of propagation. A threshold of 0.33
mm/hr is used to detect the maximum distance. We choose this threshold as it gives a smoother distribution
of propagation distance and clearer composites, but the results are not significantly different with alternative
thresholds (0.11, 0.17, 0.67, and 1 mm/hr). The maximum distance is defined as the point furthest from the

Figure 4. Diurnal composite of surface precipitation (shading) and wind at 75 m (contours, plain line for positive, dashed line for negative) averaged over the
days with (a) the shortest propagation and (b) the longest propagation. The light blue, yellow, orange, and red lines indicate speeds of 3, 8, 20, and 30 m/s,
respectively.
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Figure 5. Hovmoller plot of the wind at 100 m (colors) and precipitation (black contours) for (a) days 60–61 and
(b) days 194–195 in Figure 1. The dashed and plain light blue lines indicate speeds of 20 and 30 m/s, respectively. The
dashed, semidashed, and dotted green lines indicate speeds of 2, 2.5, and 5 m/s, respectively.

coast where precipitation exceeds the threshold at least once in 24 hr. Both sides of the island are considered
independent to increase the sampling size.

The mean distance of maximum propagation is 141 km from the coast (median value is 118 km). The 1st,
25th, 75th, and 99th percentiles are at 10, 81, 186, and 430 km, respectively. In order to investigate the dif-
ferences between short and long propagation, we contrast the composites of the first and last quartiles. In
these composites, diurnal patterns of precipitation and surface wind differ very significantly from each other
(Figure 4) and from the all-days composite (Figure 2). The precipitation signal far offshore around midnight
in Figure 2 is absent from the short-propagation days and goes as far as 350 km from the coast for the longest
propagation. For the long propagation, convective triggering propagates away from the island evening pre-
cipitation maximum at a speed of 30 m/s (0.3-mm/hr contour aligns with red line in Figure 4b) with an

Figure 6. Wind (shading) and cloud (contours at 10−5, 10−4, and 10−3 g/kg) profiles at 21:00 averaged over the first
days of (a) short propagation and (b) long propagation. The center of the island is on the left.
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Figure 7. Transect of the 1-hr composites of the zonal wind budget between 20:00 and 07:00 averaged between the surface and 500 m for (a) the shortest
propagation and (b) the longest propagation. The center of the island is on the left. The total tendency, pressure, advection, shallow convection, and turbulence
components are represented by the black, blue, red, orange, and pink lines.

intensification of precipitation along a 20-m/s line (orange line). The far offshore, midnight precipitation
maximum coincides with a wave propagating between 8 and 10 m/s from the island. These features are
clearly highlighted when we look at days representative of both types of propagation (Figure 5). Convection
is first triggered far from the coast either along the 30-m/s line or the 20-m/s line. This offshore triggering
only occurs in regions where convection was present the day before. Then, it is generally advected toward the
island by the large-scale wind and merges with the land breeze front propagating from the island at night.
Because of the convergence convection generates at its base, offshore convection significantly decreases the
low-level onshore wind all day long. This does not considerably change the maximum strength of the sea
breeze (0.5-m/s decrease) but decreases the wind by 2 to 3 m/s within the first 100 km at 21:00 (Figure 6).
This decreased onshore wind probably accelerates the propagation speed of both the convective envelope
and the precipitation maximum. In the long propagation cases, the maximum propagates on average at 3
m/s, almost 2 m/s faster than for the short propagation (Figure 4). The same is true for the first precipitation
envelope (10 versus 8 m/s). Note that these values can vary significantly from 1 day to another or for the
same night, as illustrated by Figure 5. This figure also illustrates that the first precipitation envelope along
the 8–10 m/s is in fact an average of individual offshore convective systems moving onshore rather than
another independent front propagating from the coast.

5. Land Breeze Front
In order to investigate the physical mechanisms responsible for the nighttime offshore propagation of con-
vection, we look at the budget of momentum integrated between the surface and 500 m, which is the top
of the wind anomaly propagating offshore in Figure 3. We investigate both short and long propagation
composites to detect any difference in the physical mechanisms at play (Figure 7).

In both cases, the positive wind anomaly associated with the offshore wind primarily originates from the
advection term, which confirms that the propagation is due to frontal dynamics. The pressure gradient term
also contributes significantly at the beginning of the propagation and then follows the advective tendency.
It stays positive at night over land because the land becomes cooler than the sea. The turbulence distributes
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Figure 8. Same as Figure 7 for the temperature budget at 4 km. The total tendency, pressure, advection, shallow convection, turbulence, radiation, rain
evaporation, and phase changes components are represented by the black, blue, red, orange, pink, yellow, purple, and green lines. Note that the abscissa starts
at the coast and goes up to 400 km to be able to show the gravity wave, compared to 250 km for Figure 7.

surface friction throughout the boundary layer and as a result its tendency opposes the pressure tendency
over the island and the positive advective tendency along the propagation.

The positive peak of the advection term moves at 3.5 m/s between 20:00 and 4:00 for the long propagation,
much faster than for the short propagation (1.3 m/s). A look at the temperature budget integrated over the
same height shows that the cold anomaly propagates at the same speed and is also controlled by the advec-
tion (not shown). Since these speeds correspond to the propagation speed of the maximum of precipitation
in Figure 4 as well as differences observed between the two examples in Figure 5, we can conclude that this
maximum of precipitation is the signature of the land breeze front: intense convergence at the front creates
ascent and convection. It also explains why the wind pattern closely matches the maximum of precipitation
rather than following the development of convection. Because the propagation speed of the land breeze is
the same as the absolute wind, the difference in propagation speed of the land breeze between the short and
long propagation is independent of the strength of their advection term.

Another difference between the two composites is the offshore wind reinforcement (positive tendency term)
by the pressure term at 4:00 for the long propagation. This happens when the land breeze meets the offshore
convection triggered 100 km away from the coast earlier in the evening and advected toward the land breeze
front shown in Figure 5b. Their meeting seems to reinforce convection and may explain why convection
continues to move offshore while it hovers over a constant location when this convective pattern is absent.
On the other hand, while offshore-triggered convection decreases the large-scale wind on the land breeze
side because of the convergence at its base, this wind is generally amplified on the other side. This may
explain why the land breeze slows down around 03:00 in the other composites (Figures 2 and 4a), when it
crosses these onshore-moving convective systems.

The onset of the sea breeze occurs, while the land breeze still propagates offshore. It slowly erodes the land
breeze. As a result, the land breeze usually does not propagate a lot more than 24 hr. In the most favorable
cases where the land breeze front moves at 4 m/s, this allows convection to reach 350 km offshore in 24 hr,
which is roughly the maximum distances observed in Figure 1.
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Figure 9. Wind anomaly profiles of the theoretical vertical modes (red) and composited over wind anomalies
propagating at the same speed in the simulation (black) for (a) the 30-m/s gravity wave and (b) the 20-m/s gravity wave.

6. Offshore Triggering of Convection by Gravity Waves
This pattern of convection triggered more than 100 km away from the coast early in the evening appears cru-
cial to determine the extent of the land breeze propagation. Now, we investigate what triggers this convection
in the case of long propagation and compare it with the short propagation.

Figures 4 and 5 show that the triggering occurs along both 30- and 20-m/s lines propagating from the island
evening precipitation maximum. The 30 m/s is also the propagation speed of the warm temperature anomaly
emanating from the island in the afternoon at 4 km (see Figure 3). Since this anomaly originates from the
tropospheric heating over the island during the day, we expect to find a gravity wave signature in the temper-
ature budget at 4 km (Figure 8). This figure shows that the temperature anomaly over the sea is controlled
almost exclusively by advection. The gravity wave is also triggered 1 hr earlier for the short-propagation
cases. The positive tendency due to condensation indicates convection. For the long propagation, this hap-
pens as soon as the cold phase arrives, while for the short propagation, the cold anomaly is not sufficient to
trigger convection. In both cases, once convection occurs, upward motion also develops and the temperature
tendency due to vertical advection opposes the condensational warming. The cold phase of the gravity wave
originally propagates at 30 m/s between 17:00 and 19:00 before slowing down slightly to 20 m/s between
19:00 and 22:00. This shows that the 30- and 20-m/s waves both contribute to the cold phase responsible for
convection triggering.

In order to confirm that both waves are gravity waves generated by convection, we calculate the wind
anomaly profile associated with these waves and compare it with the vertical modes calculated from the
anelastic equations with the density and potential temperature profiles at equilibrium, under the hydrostatic
approximation. For our simulation, the profile is composited along 30- and 20-m/s perturbations detected
in the 4 days shown in Figure 5, that is, along the light blue lines in that figure. We include other wave sig-
natures in the composite even if they do not trigger convection. A Fourier transform is used to filter out the
first six harmonics of the diurnal cycle and keep only short-scale perturbations.

To investigate these modes, we perform the theoretical calculation of the normal modes of internal gravity
waves using the average density profile with boundary conditions of zero vertical wind at the surface and at
the top, following Gill (1982). The theoretical calculation of the vertical structures of the hydrostatic gravity
waves produces two modes propagating at 30 and 20 m/s (red lines in Figures 9a and 9b, respectively). The
30-m/s mode has a first baroclinic vertical structure, while the 20 m/s is associated with a second baroclinic
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vertical structure. The first baroclinic mode results from the midtropospheric warming associated with con-
vection over the island in the afternoon, while the second baroclinic mode comes from its transition toward
a more stratiform convection in the early evening. The profiles composited along perturbations propagat-
ing at the same respective speed (black lines) are very similar to the theoretical vertical profiles and confirm
that gravity waves associated with these two vertical profiles of convective heating are responsible for the
rapid triggering of offshore convection, either directly or by making the environment more favorable for
convection, which is then triggered by the propagating land breeze front.

Higher-order baroclinic modes can also be detected and contribute to the triggering of offshore convection
as well. For example, in Figure 8a, the warm phase propagating from 150 km at 20:00 to 375 km at 00:00 is
associated with the third baroclinic mode propagating at 15 m/s. Slower, higher-order gravity wave modes
(propagating at 12, 10, and 8 m/s for the fourth, fifth and sixth baroclinic modes, respectively) are also visible
in Figure 5b and explain the broad convective envelope preceding the land breeze front in Figure 4. But all
these higher-order modes are less systematic than the first and second baroclinic modes that dominate the
wind and temperature signals.

In Figure 8, the warm and cold anomalies have the same amplitude in both cases, hinting at an environmen-
tal control on the triggering of convection. We hypothesize that the land breeze, when it propagates beyond
100 km offshore as in Figure 4b, creates an environment favorable for convection. When the cold phase of
the fast gravity wave reaches this distance on the next day, convection develops. The progressive increase in
propagation distance in several consecutive days supports this hypothesis (Figure 1).

7. Large-Scale Versus Local Control of the Distance of Propagation
While a moistening by previous propagating disturbances or a gravity wave can favor convection triggering
far from the coast, large-scale processes can also contribute to favoring or inhibiting convection away from
the coast. In order to investigate what role the land breeze and the large-scale environment have in control-
ling the distance of propagation, we consider only the first day with long propagation following a period of
short propagation and, conversely, the first day with short propagation following a period of long propaga-
tion. Because these events generally recur with a 20-day period (Figure 1), if two separate days are identified
as the first of a short (or long) propagation period within 12 consecutive days, we only keep the first one
in order to avoid including an environment favorable for short (or long) propagation in the composite. Our
results are insensitive to the value of this threshold within the interval 6–18 days.

Isolating the first day of short or long propagation allows us to look at the offshore environment when
such propagation occurs, as well as in the days preceding it, before the propagation itself modifies this
environment. The daily-averaged temperature and humidity anomalies in the days leading to short prop-
agation highlight a warm and dry anomaly approaching the coast in the lower free troposphere (first row
in Figure 10). This dry anomaly is advected by the large-scale overturning wind, as shown by the humidity
budget for the first short propagation (Figure 11). The absence of increased subsidence over the region indi-
cates that the advection is horizontal (not shown). Because it sits on top of the boundary layer, this anomaly
stabilizes the lower troposphere and inhibits convection, leading to short propagation.

For long propagation, we notice a gradual cooling and humidification of a previously dry region at the top of
the boundary layer between 150 and 200 km (second row in Figure 10), which corresponds to a deepening
of the boundary layer. The humidity budget on the day of first long propagation and 2 days before shows
that shallow convection, turbulence, and advection humidify the top of the boundary layer between 100
and 200 km prior to long propagation (Figure 12). On the first day of long propagation, shallow convection
and turbulence still act as precursors for the humidification. Advection contributes around the maximum
distance of propagation (between 180 and 200 km). This advection is most likely vertical since convection is
occurring there and causing ascent.

Thus, even though the large-scale environment and more specifically the conditions at the top of the bound-
ary layer control the maximum distance of offshore propagation, the importance of this control versus the
local processes differs in both cases. The horizontal advection of a dry and warm anomaly at the top of the
boundary layer forces convection to stay increasingly closer to the coast and emphasizes the very strong con-
trol of the short-propagation cases by the large-scale environment. This large convection-inhibiting anomaly
is progressively damped by the land breeze front propagating increasingly further from the island at night,
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Figure 10. (first row) Daily mean profiles of humidity (shading) and temperature (contours) anomalies for (a) the first day of short propagation, (b) 1 day
before, and (c) 2 days before. (second row) same for (d) the first day of long propagation, (e) 1 day before, and (f) 2 days before. The anomalies are calculated
relative to daily average for the 200 days at each point in the x direction.

which highlights the role played by local processes such as shallow convection prior to the first long propaga-
tion. Once the boundary layer is sufficiently deep, the cold phase of the fast gravity waves forced by heating
over the island during the afternoon triggers convection far from the coast. This convection is advected
toward the land breeze front. It also decreases the wind from the lower branch of the large-scale overturning
circulation and favors a faster propagation of the land breeze front (Figure 6). Once the land breeze merges
with the convective systems triggered by the earlier gravity wave, it gets reinforced and propagates further.

Figure 11. Transect of the daily budget of humidity at 1.1 km for (a) the first days of short propagation and (b) 1 day
before.
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Figure 12. Same as Figure 11 for (a) the first days of long propagation and (b) 2 days before.

This creates favorable conditions for convection to get triggered even further away the next day and explains
why convection can very quickly propagate more than 300 km away from the coast.

8. Discussion and Conclusions
In this study, we investigate the physical mechanisms controlling the offshore propagation of convec-
tion over an idealized rectangular island using the nonhydrostatic atmospheric model Meso-NH in RCE
configuration. We focus on a simulation without any topography. The large-scale wind is set to zero.

The diurnal cycle of convection over the island is controlled by a land-sea breeze circulation. Precipitation
realistically peaks in the late afternoon-early evening over the island before propagating offshore at night.
The propagation shares many similarities with other studies:

• A land breeze front propagates away from the coast at night. This land breeze is evidenced by advection
controlling the wind and temperature budgets integrated over the first 500 m of the boundary layer. The
land breeze front propagates at an average speed of 3–4 m/s, which is consistent with the propagation
speed of the precipitation maximum found in observations (Mori et al., 2011; Yokoi et al., 2017) and other
high-resolution modeling studies (Hassim et al., 2016; Love et al., 2011; Vincent & Lane, 2016). This speed
depends on the large-scale wind speed, itself mostly modulated by the presence of convection further
offshore.

• The offshore rainfall onset propagating from the coast, in which the land breeze propagates, moves at 8–10
m/s. It corresponds to speeds estimated in observations near Sumatra (Mori et al., 2004; Yokoi et al., 2017).
But even though high-order gravity wave modes propagating at these speeds can trigger convection prior
to the land breeze front, they do not usually trigger convection along a line that would define the envelope
visible in the composite. In our model, these modes correspond to the third to sixth baroclinic modes and
propagate at 15, 12, 10, and 8 m/s, respectively. In reality, these modes either trigger new convection or rein-
force convection triggered earlier by a faster gravity wave. This new convection is usually advected by the
wind from the lower branch of the large-scale overturning circulation toward the land breeze front. Thus,
the rainfall onset in the composite mainly results from averaging of all these small convective systems.

• The heating over the island in the afternoon and early evening triggers gravity waves moving at 30 and 20
m/s every day. These waves are evidenced by the temperature budget at 4 km and have a similar vertical
structures to the first and second baroclinic vertical modes. The cold phase of these gravity waves trigger
convection far from the coast (more than 100 km away) when the offshore atmospheric conditions are
favorable. The fastest gravity wave is quite similar to the gravity wave found in Mapes et al. (2003) or forced
in the 4-km resolution of Love et al. (2011), even though they found a slightly faster propagation in the
latter.

The large-scale variability, in particular of temperature and humidity at the top of the boundary layer, plays
a crucial role in controlling how far offshore convection propagates. Short propagation takes place when
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a warm and dry anomaly is advected above the boundary layer. This anomaly stabilizes the atmosphere
and prevents the onset of convection. Long propagation is possible after shallow convection and vertical
advection gradually deepen the boundary layer and reduce convective inhibition. In this case, the gravity
wave is able to trigger convection far from the coast. This convection is advected toward the land breeze
front, but because of the convergence it generates at its base, it shelters the breeze front from the large-scale
wind, allowing a faster propagation of the land breeze. Once the land breeze and the offshore convection
merge, convection is reinforced and propagates further away from the coast but at a slower speed. It also cre-
ates favorable conditions for future convection even further away and explains how convection can rapidly
transition from short propagation to propagation as far as 400 km from the coast.

Overall, this study confirms observational results and previous modeling work. It shows how important
the large-scale environment is for the offshore propagation of convection. But so far, the few observational
studies looking at offshore propagation of convection did so over short-term campaigns. Now that algorithms
able to track offshore-propagating systems originating from islands exist, it might be possible to assess more
precisely the role that large-scale environment plays in those events.

In addition to the large-scale environment, boundary layer processes are also crucial since they modulate
the environment at the top of the boundary layer and oppose the effect of the large-scale environment as
they do for the first days of long propagation. Better parameterizations of these processes might improve the
performance of models with coarser resolution around the islands.

Considering how topography is known to affect the propagation of the land breeze via mountain-valley
breeze (Qian, 2008; Vincent & Lane, 2016) and the generation of gravity wave (Mapes et al., 2003), our next
step is to explore how topography modulates the offshore propagation of convection in a similar framework.
This is done in part II of this work (Coppin & Bellon, 2019) which explores the impact of two different
mountain shapes: one with a central ridge and one with a peak and a pass.
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