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ABSTRACT: This study investigated the daily cycle of the wind and divergence fields observed off the southwestern coast
of Sumatra during a field campaign of the Years of the Maritime Continent pilot study. An algorithm was developed to re-
trieve kinematic variables from the single-Doppler data collected aboard the Research Vessel Mirai from 24 November to
13 December 2015. The observed daily cycles of the wind and divergence fields consisted of diurnal, semidiurnal, and
short-term variations. Diurnal wind variation was characterized by deep and three-dimensional circulation. There was an
approximate phase locking of the semidiurnal variation to the diurnal variation, both in the wind and divergence fields.
The short-term wind variation occurred at a time scale of ~1-3 h, and this pattern was associated with density currents or
mesoscale gravity waves. Up to 73% of the daily vertical motion variance can be attributed to the diurnal and semidiurnal
vertical motion variations with comparable strengths. Concurrently, precipitation propagated offshore in phase with den-
sity currents and mesoscale gravity waves. Our results suggest that diurnal and semidiurnal wind variations dominate the
daily evolution of precipitation, whereas density currents and mesoscale gravity waves control offshore propagation. Addi-
tionally, it appears that the daily precipitation cycle is modulated by multiple-time-scale wind variabilities of less than a
day, which is also responsible for the development of strong nocturnal convection off the southwestern coast of Sumatra.

SIGNIFICANCE STATEMENT: To improve our understanding of the daily wind and divergence cycle off the south-
western coast of Sumatra, we examined wind data collected by a shipborne Doppler radar. The observed daily cycles of
the wind and divergence fields consisted of diurnal and semidiurnal variations, as well as a 1-3-h variation associated
with a density current or mesoscale gravity wave. Our results suggest that diurnal and semidiurnal wind variations dom-
inate the daily evolution of precipitation, whereas density currents and mesoscale gravity waves control offshore propa-
gation. Thus, we highlight the role of multiple-time-scale wind variabilities of less than a day in modulating the daily
precipitation cycle off the southwestern coast of Sumatra.

KEYWORDS: Atmosphere; Maritime Continent; Precipitation; Wind; Diurnal effects

1. Introduction Atmospheric migrating and nonmigrating tides can gener-
ate diurnal and semidiurnal wind oscillations (Chapman and
Lindzen 1970; Haurwitz and Cowley 1973). Migrating tides
propagate globally, and their phases are independent of longi-
tude and can be expressed in local time. In contrast, nonmi-
grating tides are locally driven and their phases depend on
both local time and longitude. The classical theory of atmo-
spheric tides comprehensively delves into diurnal and semidi-

Low-level convergence is one of the key dynamic forces
driving deep convection in the tropics (Cotton and Anthes
1989). Convergence induced by daily wind oscillations fa-
vors the evolution of convection and precipitation on a di-
urnal scale, which is a fundamental mode of the global
climate system. In particular, diurnal convective activity

over the Maritime Continent generates a large amount of ) T R
heat, which is regarded as a significant source of energy urnal pressure and wind variations induced by migrating tides
that drives large-scale atmospheric circulation (Ramage (Carlson and Hastenrath 1970; Chapman and Lindzen 1970;

1968). Haurwitz and Cowley 1973).

Observational studies have illustrated the characteristics of
diurnal and semidiurnal variations in wind and divergence
fields worldwide. By analyzing wind data from the moored

@ Denotes content that is immediately available upon publica- buoy array over the tropical Pacific Ocean, Deser (1994),
tion as open access. Deser and Smith (1998), and Ueyama and Deser (2008) found
that the semidiurnal cycle associated with the migrating tides
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cycle dominates for the meridional wind. Winds observed by
wind profilers in the equatorial western and southern Pacific
regions also exhibit consistency between the semidiurnal
zonal wind and the migrating tidal wind field (Gutzler and
Hartten 1995; Hartten and Datulayta 2004). Williams and
Avery (1996) found that the wind profiler-observed diurnal
wind variation off the equator of the tropical Pacific was in-
duced by tidal mode forcing, whereas the diurnal winds near
the equator were more locally forced.

The products of scatterometer observations have been
used to reveal diurnal surface wind variations over global
oceans (Gille et al. 2005; Brown et al. 2017; Kilpatrick et al.
2017; Short et al. 2019). The sea and land breezes propa-
gated offshore and reached several hundred kilometers off
the coast. The offshore propagation speeds ranged from
~2to 30 m s~ !, which is consistent with those of density cur-
rents or gravity waves (Simpson 1969; Rotunno 1983; Mapes
et al. 2003; Tulich and Mapes 2008). Density currents and diur-
nal gravity waves have been observed to account for the off-
shore propagation of precipitation over coastal regions (Mori
et al. 2004; Li and Carbone 2015; Yokoi et al. 2017; Short et al.
2019; Bai et al. 2021). However, because of their coarse tem-
poral resolution (2—4 times a day), scatterometer observations
cannot capture semidiurnal wind variations.

Dai and Deser (1999) documented diurnal and semidiurnal
variations in surface wind and divergence fields across the
globe based on wind observations from land and island sta-
tions along with marine reports from the Comprehensive
Ocean—Atmosphere Dataset. Their results indicated a stron-
ger diurnal wind cycle over land than over ocean. Wood et al.
(2009) further observed that the diurnal oscillation of the sur-
face divergence field over oceans is largest near tropical land-
masses and decreases exponentially away from the coast. Dai
and Deser (1999) reported a land-ocean phase difference in
the diurnal variation of the surface divergence field. They noted
that surface convergence and divergence prevailed over the
continents and adjacent oceans, respectively, in the afternoon
and early evening. However, the opposite pattern occurred in
the early morning. A similar dipole of surface divergence be-
tween land and ocean was also observed in the tropical Atlantic
Ocean by Christophersen et al. (2020).

Dai and Deser (1999) suggested that this type of land-
ocean phase difference in diurnal divergence variation implies
the existence of a large-scale diurnal circulation; its ascent
branch and descent branch is situated over the continents and
nearby oceans in the afternoon and early evening, respec-
tively. Similarly, the opposite is true in the early morning.
They concluded that the land—ocean phase difference of the
diurnal divergence variation is attributed to distinct pressure
gradients, which are induced by daytime higher surface tem-
perature and nighttime colder surface temperature over land
than over the ocean. This conclusion is consistent with the re-
sults of Dai and Wang (1999), who investigated diurnal and
semidiurnal surface-pressure variations. In addition, Dai and
Wang (1999) highlighted that the land-sea difference in semi-
diurnal pressure variation is small. Dai (2001) indicated that
the abovementioned diurnal land-ocean circulation favors
diurnal variation in precipitation over oceans adjacent to
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continents. On the other hand, the low-level divergence field
and associated vertical motions resulting from semidiurnal
pressure tides are responsible for the semidiurnal variation in
precipitation over the tropical oceans (Brier and Simpson
1969; Dai 2001).

Although they have been illustrated in various regions
worldwide, diurnal and semidiurnal wind variations and their
induced divergence fields have not been documented off the
western and southwestern coasts of Sumatra. In these regions,
the annual mean rainfall is as high as 4000 mm, with most of
the rainfall occurring at night (Mori et al. 2004; Wu et al.
2009; Tan et al. 2019; Worku et al. 2019; Minobe et al. 2020;
Sakaeda et al. 2020). Previous studies have proposed that ei-
ther the land breeze, terrain-induced katabatic flow, or diur-
nal gravity waves may be responsible for the development of
the diurnal cycle of offshore precipitation over the Maritime
Continent (Mori et al. 2004; Wu et al. 2009; Love et al. 2011;
Hassim et al. 2016; Vincent and Lane 2016; Yokoi et al. 2017;
Wei et al. 2020; Bai et al. 2021). However, the process domi-
nating the diurnal variation of offshore precipitation is still
disputable. Because low-level convergence and associated up-
drafts are the most fundamental forces driving deep convec-
tion in the tropics, observations of the daily cycle of the wind,
divergence, and vertical motion fields off the western and
southwestern coasts of Sumatra should broaden our under-
standing of the daily evolution of convection and precipitation
in these regions. In fact, by evaluating numerical model re-
sults with observational data, Dipankar et al. (2019) and Lee
et al. (2021) indicated that a bias in local circulation produces
an unrealistic simulation, whereas an improved representation
of local winds sufficiently improves the simulation of diurnal
precipitation in the coastal region of Sumatra.

A pronounced diurnal variation in precipitation off the
southwestern coast of Sumatra has been observed by the
Research Vessel Mirai during the field campaign of the Years
of the Maritime Continent (YMC) pilot study (Pre-YMC)
(Yokoi et al. 2017; Yoneyama and Zhang 2020; Geng et al.
2020). Therefore, the purpose of this study was to investigate
the daily cycle of the wind and divergence fields over the sea
and its relationship to the development of offshore precipita-
tion observed by the Mirai during the Pre-YMC campaign.
The remainder of this paper is organized as follows: section 2
describes the data and methods; section 3 presents the results;
finally, summary and discussion are presented in section 4.

2. Data and methodology
a. Data

Doppler radar data obtained aboard the Mirai during the
Pre-YMC campaign were used to investigate the daily cycle
of the wind and divergence fields off the southwestern
coast of Sumatra. The surface and radiosonde data ob-
served aboard the Mirai, the surface data obtained from an
automatic weather station installed at the Bengkulu meteo-
rological station of Indonesia, and the hourly European
Centre for Medium-Range Weather Forecasts fifth-generation
reanalysis (ERAS) data (Hersbach et al. 2020) were used to
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FIG. 1. (a) Topographical map of the study area. The filled black circle and triangle indicate the locations of
the Research Vessel Mirai and the Bengkulu meteorological station, respectively. The open circle with a radius
of 100 km from the Research Vessel Mirai shows the range of the radar data. (b) The coordinate system used
for retrieving winds from the Mirai radar data. The radar data within each box were used to retrieve the wind
field at the center (i.e., the filled magenta circle) of the box through a regression analysis. The centers of the boxes
were along the x axis, that is, perpendicular to the coast. The cyan line through the centers of the boxes indicates the

location where time-distance diagrams derived from the ERAS5 data (Figs. 10c,d and 14) are prepared.

validate the Doppler radar results. Figure 1 shows the loca-
tions of the Mirai and the Bengkulu station. The main specifi-
cations of the Mirai radar and quality control of the radar data
were described by Geng and Katsumata (2020). Radiosonde
observations were conducted every 3 h, and the Mirai radar
performed volume scans every 6 min. Data observed during
the period from 0000 UTC 24 November to 0000 UTC
13 December 2015, when diurnal variations in the wind field
and precipitation were pronounced over the observation site
(Yokoi et al. 2017; Geng et al. 2020), were analyzed in this
study. Data after 13 December were not used in this study as
the diurnal variation of precipitation turned indistinct (Yokoi
et al. 2017), due to the passage over the study area of intensive
convective activity associated with a Madden—Julian oscillation
(MJO) (Madden and Julian 1972) event.

b. Retrieval of kinematic variables from the Mirai radar

A coordinate system with the x axis and y axis perpendicu-
lar and parallel to the coast was utilized (Fig. 1b). The origin
of the coordinate system was the Mirai radar. The radar data
within each box shown in Fig. 1b were used to retrieve the
wind field at the center of the box through a regression analy-
sis. As indicated by the filled magenta circles in Fig. 1b, the
centers of these boxes were along the x axis, that is, perpen-
dicular to the coast. The x, y, and z dimensions of the box
were set to 150 km, 15 km, and 500 m, respectively. The long
box parallel to the coast allowed the study of the daily cycle
of the along-coast mean kinematic structure perpendicular to
the coast.

Similar to previous studies (Easterbrook 1975; Waldteufel
and Corbin 1979; Koscielny et al. 1982; Johnston et al. 1990),
the wind retrieval was based on the assumption of the linearity
of the vector wind field. The relationship between the radial ve-
locity V, measured by a Doppler radar located at the coordinate
origin and the three-dimensional Cartesian velocities (u, v, w)
at a point (x, y, z) can be expressed as (Armijo 1969)

'V, =ux + vy + wz,

(1.1)

where

=02+ + )2 (12)
Here, w represents the combination of air and hydrometeor
vertical motions. The wind field at each point shown by the
filled magenta circle in Fig. 1b, which is specified as (xo, yo, Zo),
was retrieved by assuming that the three-dimensional veloci-
ties varied linearly around that point. Furthermore, u, v, and w
in Eq. (1) can be expanded in a Taylor series with respect to
(x0, Yo, 20) as follows:

w=uy +u(x —x) +uy =y +ulz -z, 2.1)
v=u, + vx(x - xO) + vy(y - yO) + vz(z - zO), (22)
w=w, +w.(x—x)+ wy(y —y) tw,(z—z), (23)

where ug, yo, and wq are the three-dimensional velocities at
points (xo, Yo, Zo)-
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It is a common practice to exclude small kinematic varia-
bles that are not of interest because the estimation of all the
parameters shown in Eq. (2) requires a much larger analysis
volume (Koscielny et al. 1982). Based on the analyses of pre-
vious studies (Waldteufel and Corbin 1979; Johnston et al.
1990) and our own tests, we eliminated the terms wy, w,,
and w_, which exerted less influence on the wind-retrieval re-
sults. Contamination of u, and vy by horizontal vorticity occurs
when (xg, o) is not centered at the radar site (Easterbrook
1975; Koscielny et al. 1982). In this study, wind retrievals were
performed with respect to the points (i.e., the filled magenta
circles in Fig. 1b) located on the x axis, yo = 0. In addition, as
diurnal precipitation off the southwestern coast of Sumatra
usually develops parallel to the coast, that is, the y axis in
Fig. 1b (Geng et al. 2020), the term u, was further elimi-
nated according to the two-dimensionality of the precipita-
tion feature.

Based on the above conditions and assumptions, Egs. (1)
and (2) were combined and arranged as follows:

rV, = ugx + vy + wyz + ux(x2 — XX) + vyy2
+ v (xy — xpy) +ux(z — zp) + v y(z — zo). (3)

Equation (3) was used to retrieve the wind field through a
method involving singular value decomposition (Golub and
Van Loan 1996). To ensure the accuracy of the results, wind
retrieval was performed below a height of 6 km, which is the
modal echo-top height of most precipitation systems observed
during the Pre-YMC campaign (Geng and Katsumata 2021).
For a typical volume scan at heights where the masking effects
of Earth’s curvature are less pronounced, the number of radar
gates contained in the analysis box shown in Fig. 1b varied from
~6000 to over 180000. The wind retrieval in a box was per-
formed if the number of available data in that box was larger
than 500, which appeared to be a sufficient number to perform
the regression analysis. The iterative method of Matejka and
Srivastava (1991) was used until the residual standard error of
V, in each box was <1.5 m s~ ', which has sufficiently removed
the Doppler velocity outliers from the regression analysis.

¢. Retrieval of the daily cycle

A temporal anomaly was used to investigate the daily cycle
of kinematic variables (Brown et al. 2017; Liang and Wang
2017). Temporal anomaly was calculated by subtracting the
mean of each variable during the analysis period. The daily
cycle was later constructed by averaging the temporal anoma-
lies at individual local times with an interval of 30 min for the
surface and radar data, 1 h for the ERAS data, and 3 h for the
radiosonde data. Finally, the vertical motion of air was deter-
mined by vertically integrating the horizontal divergence
from the surface upward without establishing upper-boundary
conditions. This method may result in vertical motion errors
that increase with height, resulting in unreliable vertical mo-
tion in the upper regions. To ensure the accuracy of the re-
sults, the computation of the vertical motion was terminated
at a height of 4.5 km, based on the suggestion of Wang (2004).
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3. Results

a. Bulk characteristics of the daily cycle over the
radar domain

Time-height diagrams of the daily cycle of the kinematic
variables are shown in Fig. 2. The radar-derived zonal wind
(Fig. 2a) exhibited a marked diurnal variation, which was
dominated by westerly winds at ~1000-1700 local time (LT;
LT = UTC + 7 h) and easterly winds at ~1800-0200 LT. In
contrast, westerly and easterly winds were also observed at
~0300-0700 and ~0700-1000 LT, respectively, indicating that
the zonal wind underwent a semidiurnal oscillation. The radar-
derived meridional wind (Fig. 2b) also exhibited pronounced
diurnal and semidiurnal variations. The radar-derived diurnal
and semidiurnal wind variations were generally consistent with
those observed by the radiosondes (Figs. 2c,d). However, be-
cause of their coarse temporal resolution, radiosonde observa-
tions exhibited smoother diurnal and semidiurnal signals
compared to radar observations.

Figures 2e and 2f indicate that radar-derived divergence and
downdrafts dominated in the morning and afternoon hours
(~0800-1700 LT), whereas convergence and updrafts prevailed
during the evening and early night hours (~1800-0000 LT). In
addition, relatively strong convergence and updrafts were ob-
served during the early morning around 0600-0800 LT. These
facts indicate the existence of diurnal and semidiurnal variations
in the divergence and vertical motion fields. The diurnal and
semidiurnal variations of each kinematic variable, as shown in
Fig. 2, demonstrated a near-constant phase in the low and
middle troposphere at most times of the day. Perturbations
with shorter time scales of ~1-3 h also existed, which were
more prominent in the divergence and vertical motion
fields.

Figures 3a and 3b show the daily cycle of the radar-derived
zonal and meridional winds, respectively, averaged over the
radar domain at 0.75-km height, which was the lowest height
at which the distortion of the radar measurement due to
Earth curvature could be ignored. The daily cycle of surface
winds observed aboard the Mirai was superimposed on these
figures. The radar-derived zonal and meridional winds were
in good agreement with those observed at the surface and
both displayed similar diurnal and semidiurnal oscillations.
Harmonic analyses (Chapman and Lindzen 1970) were used
to extract the diurnal and semidiurnal cycle components of
the wind field observed using the Mirai radar.

The maximum amplitudes of the diurnal zonal and meridio-
nal wind harmonics were 0.83 m s~ ' at 1230 LT and 1.36 m s~ *
at 1800 LT, respectively (Figs. 3a,b). For the semidiurnal har-
monics, the maximum zonal and meridional winds were
0.53 m s~ ! at 0300/1500 LT and 0.8 m s~ ' at 0600/1800 LT,
respectively. As indicated by the squared correlation coefficient
(R?) in Figs. 3a and 3b, the diurnal and semidiurnal harmonics
explained 55% and 23%, respectively, of the zonal wind vari-
ance, whereas they accounted for 69% and 25%, respectively,
of the meridional wind variance. This result implies the domi-
nance of the diurnal variation over the semidiurnal variation
in both the zonal wind and meridional wind, which is different
from previous observations across the tropical Pacific that
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FIG. 2. (a),(b) Time-height diagrams of the daily cycle of (a) zonal wind anomalies and (b) meridional wind anoma-
lies (color shades; m s~ ') derived from the radar data and averaged over the radar domain. (c),(d) As in (a) and (b),
but for (c) zonal wind anomalies and (d) meridional wind anomalies (color shades; m s ') derived from the radio-
sonde data. For the sake of comparison with the radar results, the radiosonde data were not used when the occurrence
frequency with reflectivity values of =10 dBZ derived from the radar data and averaged over the radar domain was
less than 3%. (e),(f) As in (a) and (b), but for (e) divergence anomalies (color shades; 107> s~ ') and (f) vertical
motion anomalies (color shades; cm s~ !) derived from the radar data and averaged over the radar domain.

demonstrated the dominance of the semidiurnal cycle of the of the zonal wind variance and 94% of the meridional wind
zonal wind over its diurnal cycle (Deser 1994; Deser and Smith  variance.

1998; Hartten and Datulayta 2004; Ueyama and Deser 2008). The daily cycle of sea level pressure observed aboard the
The diurnal and semidiurnal harmonics jointly explained 78%  Mirai is shown in Fig. 3c. The maximum amplitude of the
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FIG. 3. (a) Time series of the daily cycle of zonal wind anomalies
derived from the radar data and averaged over the radar domain at
0.75-km height (solid gray curve). The cyan and red curves repre-
sent the fitted diurnal and semidiurnal harmonics, respectively. The
squared correlation coefficient of the harmonic analysis is denoted
by R?. Time series of the daily cycle of surface zonal wind anoma-
lies observed aboard the Mirai is superimposed by the dotted gray
curve. (b) As in (a), but for meridional wind anomalies. (c) As in
(a), but for sea level pressure anomalies observed aboard the
Mirai.
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semidiurnal pressure harmonic was 1.55 hPa at 1000/2200 LT,
which was at least twice as high as that of its diurnal coun-
terpart (0.61 hPa at 0400 LT). This result is consistent with
the diurnal and semidiurnal variations in surface pressure
observed in other tropical oceans (Dai and Wang 1999;
Ueyama and Deser 2008). In addition, the maximum ampli-
tudes and phases of the diurnal and semidiurnal pressure
harmonics are congruent with the general global character-
istics of the diurnal (~0.59 hPa and ~0512 LT) and semidi-
urnal (~1.16 hPa and ~0945/2145 LT) tidal surface pressure
perturbations near the equator (Chapman and Lindzen
1970). In conjunction, the diurnal and semidiurnal harmon-
ics explained 100% of the variance in the pressure. It ap-
pears that the diurnal and semidiurnal pressure oscillations
observed in this study had global structures of migrating
modes.

Previous studies have illustrated the characteristics of
tidal wind oscillations forced by migrating tidal pressure
gradients using a simple dynamic model (Carlson and
Hastenrath 1970; Chapman and Lindzen 1970). According
to Carlson and Hastenrath (1970), the diurnal and semidiurnal
variations in zonal tidal wind are maximized when the respec-
tive tidal pressure oscillations reach their minimum values in
both hemispheres. In addition, the phases of the diurnal and
semidiurnal variations of the meridional tidal wind lead those
of the respective tidal pressure waves by 6 and 3 h, respec-
tively, in the Southern Hemisphere.

Comparing Figs. 3a and 3b with Fig. 3c shows that the diur-
nal harmonic of the zonal wind did not reach the maximum
amplitude when the diurnal pressure harmonic was at a mini-
mum, with a time difference of more than 3 h. In addition, the
peak of the diurnal meridional wind harmonic led that of the
diurnal pressure harmonic by more than 10 h, rather than by
6 h as predicted by the dynamic model. These results indicate
that the phase of the diurnal wind field was distinct from that
of the migrating tidal wind field. The inconsistency of the di-
urnal wind phase with the prediction from the tidal pressure
gradient force suggests that the observed diurnal wind varia-
tion is locally driven, probably by the high and inhomoge-
neous mountains near the southwestern coast of Sumatra
(Fig. 1), through processes such as those described by Bielli
et al. (2002) and Muiioz (2008).

However, the phase relationship between the semidiurnal
harmonics of the zonal and meridional winds and the semidi-
urnal pressure harmonic is consistent with that illustrated by
the dynamic model. In fact, the peak times of the semidiurnal
zonal (0300/1500 LT) and meridional (0600/1800 LT) winds
(Figs. 3a,b) are very similar to those determined by Chapman
and Lindzen (1970), who demonstrated that the zonal component
of the semidiurnal tidal winds was maximized at 0344/1544 LT in
both hemispheres, whereas their meridional component peaked at
0644/1844 LT in the Southern Hemisphere. The consistency of the
semidiurnal wind phase with semidiurnal tidal oscillations implies
that the semidiurnal wind variation is primarily associated with
migrating tides.

The diurnal harmonic of the low-level divergence field
(Fig. 4a) exhibited divergence and convergence that peaked
during the day and night, respectively, which is consistent
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FIG. 4. (a) Time series of the daily cycle of divergence anomalies
derived from the radar data and averaged over the radar domain at
heights of 0.75-2.5 km. The cyan and red curves represent the fitted
diurnal and semidiurnal harmonics, respectively. The squared corre-
lation coefficient of the harmonic analysis is denoted by R>. (b) As in
(a), but for vertical motion anomalies at 2.5-km height. (c) Time se-
ries of the daily cycle of occurrence frequency with reflectivity values
of =10 dBZ averaged over the radar domain at 2.5-km height.

with the diurnal divergence cycle observed over the offshore
regions of the Pacific and Atlantic Oceans (Dai and Deser
1999; Christophersen et al. 2020). Furthermore, a pronounced
semidiurnal oscillation was observed in the divergence field.
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The maximum amplitude of the diurnal divergence harmonic
was 1.54 X 107> s™!, whereas that of its semidiurnal counter-
part was 1.41 X 107> s~'. In addition, the diurnal and semidi-
urnal divergence harmonics explained 35% and 28% of the
divergence variance, respectively. These results suggest a com-
parable contribution of diurnal and semidiurnal variations to
the daily low-level divergence cycle, which is in contrast to the
results of Dai and Deser (1999) that demonstrated the domi-
nance of the diurnal cycle over the semidiurnal cycle for sur-
face divergence.

Figure 4a shows that the total contribution of the diurnal
and semidiurnal harmonics to the low-level (0.75-2.5 km) di-
vergence variance was as high as 63%. The semidiurnal diver-
gence harmonic showed a feature with its second peak
(~1400 LT) and second trough (~2000 LT) of the day, nearly
in phase with the peak and trough of the diurnal divergence
harmonic, respectively. This indicates an approximate phase
locking of the semidiurnal divergence variation to its diurnal
counterpart. As a result, the strong divergence that occurred
in the early afternoon (~1200-1500 LT) was coherent with
the superimposition of the diurnal and semidiurnal diver-
gence phases. In contrast, strong convergence was observed
in the late evening and early night (~1900-2200 LT) when
the convergence phases of diurnal and semidiurnal varia-
tions overlapped.

The diurnal harmonic of the vertical motion field was char-
acterized by intense downdrafts around noon and intense up-
drafts before midnight (Fig. 4b). The maximum amplitude of
the diurnal vertical motion harmonic (2.51 cm s™!) was close
to that of its semidiurnal counterpart (2.11 cm s~ ). In addi-
tion, the contributions of diurnal and semidiurnal harmonics
(42% and 31%, respectively) to the vertical motion variance
were comparable. These results imply comparable strengths
for diurnal and semidiurnal vertical motion variations. Nota-
bly, diurnal and semidiurnal harmonics accounted for as much
as 73% of the variance in the vertical motion. Corresponding
to the daily cycle of the divergence field, strong downdrafts
observed during the morning and afternoon were associated
with the superimposition of diurnal and semidiurnal down-
draft phases, whereas strong updrafts observed during the
evening and night were related to the superimposition of
diurnal and semidiurnal updraft phases (Figs. 4a,b). In addi-
tion, short-term (~1-3-h) perturbations are evident in Figs. 4a
and 4b.

Figure 4c shows the daily cycle of occurrence frequency
with reflectivity values of =10 dBZ averaged over the radar
domain at a 2.5-km height, which is used as a proxy for daily
convective and precipitation activity. The highest 10-dBZ
occurrence frequency occurred during the night around
0030 LT, consistent with previous studies relating to the
nocturnal intensification of precipitation off the western and
southwestern coasts of Sumatra (Mori et al. 2004; Wu et al. 2009;
Yokoi et al. 2017; Geng et al. 2020). However, another smaller
peak was observed in the 10-dBZ occurrence frequency at
~0900 LT, which corresponded well with the maximum semidi-
urnal updrafts (Figs. 4b.c).

Figure 4 shows that an increase in the 10-dBZ occurrence
frequency is generally consistent with the enhancement of
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FIG. 5. (a) Time-height diagram of the daily cycle of cross-coast wind anomalies (color shades; m s~ ') derived from
the radar data and averaged over the radar domain. The positive values correspond to the onshore winds, and the
negative values indicate offshore winds. (b) As in (a), but for along-coast wind anomalies (color shades; m s~ ). The
positive values denote the northwestward, and the negative values represent southeastward along-coast winds. (c) As
in (a), but for divergence anomalies induced by the cross-coast wind (color shades; 107> s~ 1). (d) As in (a), but for di-

vergence anomalies induced by the along-coast wind (color shades; 107> s 1).

the updrafts and low-level convergence. Both peaks of the
10-dBZ occurrence frequency formed ~1-2 h after the up-
drafts and low-level convergence were maximized. The highest
peak of the 10-dBZ occurrence frequency around midnight
corresponded well with the formation of strong convergence
and updrafts owing to the superimposition of the diurnal and
semidiurnal convergence and updraft phases. In contrast, the
lowest value of the 10-dBZ occurrence frequency occurred
around 1430 LT, when strong divergence and downdrafts were
present, in association with the superimposition of the diurnal
and semidiurnal divergence and downdraft phases. Further-
more, the secondary rainfall maximum around 0900 LT was
weak, which can be attributed to the superimposition of the di-
urnal downdraft phase with the semidiurnal updraft phase.
These results suggest that diurnal and semidiurnal wind varia-
tions play important roles in the development and suppression
of convection through their induced updrafts and downdrafts,
respectively.

Time-height diagrams of the daily cycle of the radar-derived
cross- and along-coast kinematic variables are shown in Fig. 5.

The onshore (positive) wind dominated from late morning to
early evening and shifted to an offshore (negative) wind at
night (Fig. 5a). The diurnally varying cross-coast wind encom-
passed a height of up to ~5 km with a near-constant phase. In
addition to diurnally varying cross-coast winds, onshore winds
appeared around 0600-0700 LT, which were more pronounced
at heights greater than 1.5 km. Furthermore, relatively intense
offshore winds were observed in the low troposphere around
0800-1100 LT. These results indicate the existence of semidi-
urnal cross-coast wind variation.

There was also a significant diurnal variation in the along-
coast wind (Fig. 5b). The positive along-coast wind (the north-
westward wind; see Fig. 1) was observed from the afternoon
to the early night, while the negative one (the southeastward
wind) dominated from late night to morning hours. The diur-
nally varying along-coast wind extended from the surface to
higher elevations, with a near-constant phase during most
times of the day. A positive along-coast wind was also ob-
served around 0700-0900 LT, which signifies a semidiurnal os-
cillation in the along-coast wind. Figures 5c¢ and 5d show that
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FIG. 6. (a) Time series of the daily cycle of cross-coast wind anomalies derived from the radar data and averaged
over the radar domain at 0.75-km height (gray curve). The positive values correspond to the onshore winds, and the
negative values indicate offshore winds. The cyan and red curves represent the fitted diurnal and semidiurnal harmon-
ics, respectively. The squared correlation coefficient of the harmonic analysis is denoted by R%. (b) As in (a), but for
along-coast wind anomalies. The positive values denote the northwestward, and the negative values represent south-
eastward along-coast winds. (c) As in (a), but for divergence anomalies induced by the cross-coast wind and averaged
at heights of 0.75-2.5 km. (d) As in (a), but for divergence anomalies induced by the along-coast wind and averaged

at heights of 0.75-2.5 km.

the divergence field was induced by both cross- and along-
coast winds. The cross- and along-coast divergence fields also
underwent diurnal and semidiurnal variations, as can be
clearly seen in Fig. 6.

Figures 6a and 6b show that the maximum amplitudes of the
diurnal and semidiurnal harmonics of the cross-coast wind were
1.16 and 0.76 m s~ !, respectively, while those of the along-coast
wind were 1.1 and 0.66 m s™*, respectively. This result implies
that the strengths of the diurnal and semidiurnal variations in
the along-coast wind were very close to those of the cross-coast
wind. The diurnal and semidiurnal harmonics explained 68%
and 26%, respectively, of the variance in the cross-coast wind,
whereas they accounted for 61% and 22%, respectively, of the
along-coast wind variance.

The approximate phase locking of the semidiurnal varia-
tion to the diurnal variation also occurred in both the cross-
coast and along-coast winds. Figure 6a indicates that the
intense onshore (positive) wind occurring from late after-
noon to early evening (~1500-1800 LT) was consistent
with the superimposition of the diurnal and semidiurnal on-
shore wind phases, whereas the intense offshore (negative)
wind observed around midnight (~2300-0200 LT) was
congruent with the superimposition of the diurnal and

semidiurnal offshore wind phases. For the along-coast wind,
Fig. 6b indicates that the intense positive wind in the eve-
ning (~1700-2100 LT) and the intense negative wind in the
late morning and early afternoon (~1100-1400 LT) were
associated with the superimposition of the positive and neg-
ative wind phases, respectively, of the diurnal and semidiur-
nal harmonics.

Figures 6¢ and 6d show that the maximum diurnal ampli-
tude of the cross-coast divergence field (1.14 X 107> s~ 1) was
close to that of its along-coast counterpart (1.31 X 107> s~ 1),
indicating that the diurnal strengths of the cross- and along-
coast divergence fields are also comparable. On the other hand,
the maximum amplitude of the semidiurnal harmonic of the
cross-coast divergence field (1.12 X 1073 s™1) was almost twice
as high as that of its along-coast counterpart (0.57 X 107> s™").
The diurnal and semidiurnal harmonics explained 32% and
31% of the cross-coast divergence variance, respectively, indi-
cating a comparable contribution of diurnal and semidiurnal
variations in the cross-coast divergence field. In contrast, the
contributions of diurnal and semidiurnal harmonics to the
along-coast divergence variance were 54% and 7%, respectively
(Fig. 6d), suggesting the dominance of diurnal variation over
semidiurnal variation in the along-coast divergence field. In
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FIG. 7. (a) Time—distance section perpendicular to the coast of the daily cycle of cross-coast wind anomalies (color
shades; m s~ 1) derived from the radar data at 0.75-km height. The positive values correspond to the onshore winds,
and the negative values indicate offshore winds. The vertical black line indicates the approximate location of the coast.
The tilted solid purple and black lines outline the seaward propagations of the leading edges of onshore (positive) and
offshore (negative) wind anomalies, respectively. (b) As in (a), but for along-coast wind anomalies (color shades; m s~ ') at
1.75-km height. The positive values denote the northwestward, and the negative values represent southeastward along-
coast winds. The tilted dashed purple and black lines outline the seaward propagations of the leading edges of positive and

negative along-coast wind anomalies, respectively.

addition to the diurnal and semidiurnal variations, the short-
term (~1-3 h) perturbations observed previously are also evi-
dent in Figs. 6¢ and 6d.

b. Daily offshore propagation of the wind field

Figure 7 shows time—distance sections perpendicular to the
coast of the daily cycle of the cross- and along-coast winds.
The trends of the relatively regular edges of the cross- and
along-coast winds have been used to obtain information about
the offshore propagation speeds of wind signals.

Figure 7a shows that at ~1100 LT, the winds near the coast
started to become onshore (positive). As time progressed, the
onshore wind underwent coherent seaward propagation from
the coast and expanded out of the analysis domain (~112.5 km
from the coast) by 1330 LT. The seaward propagation speed of
the leading edge of the onshore wind envelope was ~14.1 ms™ .
The strong onshore wind propagating seaward from the coast
in the afternoon and early evening was related to the super-
imposition of the diurnal and semidiurnal onshore wind
phases (Fig. 6a). From ~1800 LT, the onshore wind near
the coast was replaced by an offshore (negative) wind
(Fig. 7a). The offshore wind around this time was relatively
weak and propagated seaward at a low speed of ~3.1 ms ™.
The offshore wind intensified by 2100 LT, which was related
to the superimposition of the diurnal and semidiurnal

offshore wind phases (Fig. 6a). The intensified offshore flow
propagated seaward with a fast speed of ~13.5 m s~ ', overtak-
ing the slow-propagating offshore flow around x = 25 km
(~20 km from the coast) and propagating out of the analysis
domain by 2230 LT (Fig. 7a).

As shown in Fig. 7b, the leading edge of the broad enve-
lope of the positive along-coast wind began to propagate
offshore from the coast at ~1400 LT, with a speed of
~82 m s~ '. By 1600 LT, a relatively strong and offshore-
propagating positive along-coast wind appeared, which was
associated with the superimposition of the positive along-
coast wind phases of diurnal and semidiurnal variations
(Fig. 6b). From ~0300 LT, the positive along-coast wind re-
versed to a negative wind near the coast (Fig. 7b). The nega-
tive along-coast wind then propagated offshore at a speed of
~13.1 m s~ !. Offshore propagation was also observed for
the intense negative along-coast wind during the late morn-
ing and early afternoon, when the negative along-coast wind
phases of the diurnal and semidiurnal variations overlapped
(Fig. 6b). The along-coast wind also propagated out of the
analysis domain (Fig. 7b).

As shown above, the wind field propagated offshore from
the coast at various speeds, which is consistent with the results
of previous studies on the offshore propagation of sea and
land breezes (Gille et al. 2005; Brown et al. 2017; Kilpatrick
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FIG. 8. (a),(b) Vertical cross sections perpendicular to the coast of cross-coast wind anomalies (color shades; m s™")
and occurrence frequency with reflectivity values of =10 dBZ (white contours; %) derived from the radar data at
(a) 1630 and (b) 2330 LT. For cross-coast wind anomalies, the positive values correspond to the onshore winds, and
the negative values indicate offshore winds. The vertical black line indicates the approximate location of the coast.
(¢),(d) As in (a) and (b), but for along-coast wind anomalies (color shades; m s™!) at (c) 1300 and (d) 2030 LT. The

positive values denote the northwestward, and the negative values represent southeastward along-coast winds.

et al. 2017; Short et al. 2019). In this study, the slowest propa-
gation speed found in the offshore wind (3.1 m s™') is consis-
tent with the phase speed for a density current (Simpson
1969), while the other propagation speeds, ranging from 8.2 to
141 m s™!, agree very well with those of gravity waves
(Mapes et al. 2003; Tulich and Mapes 2008).

The occurrence of gravity waves is also reflected in Fig. 8,
which shows a distinct tendency for both the cross- and along-
coast winds to tilt upward with increasing distance from the
coast. Such vertical features are consistent with the upward
and outward ray paths of gravity waves generated by an over-
land heat source (Rotunno 1983). As shown by the distribu-
tion of the 10-dBZ occurrence frequency, these offshore
propagating gravity waves were accompanied by either rela-
tively strong (Figs. 8a,d) or weak (Figs. 8b,c) convection over
land. This result indicates that the excitation of gravity waves
may have been related to different thermal profiles in the tro-
posphere, which explains the range of wave propagation
speeds (Fig. 7) (Tulich and Mapes 2008). Following the meth-
odology of Holton (2004), the phase speed of a gravity wave
in a resting atmosphere can be represented by the equation

¢ = NA /2@, where N represents the Brunt—Vaiiséld frequency
and A, represents the vertical wavelength. Vertical profiles of
anomalous potential temperature observed using radiosonde
(Fig. 9a) indicated the presence of vertical wavelength struc-
tures ranging between 4.9 and 9.1 km. The mean value of N
from the surface to 15 km is ~0.01 s ! (not shown). Therefore,
the radiosonde observations suggest the phase speeds of grav-
ity waves between ~7.8 and 14.5 m s~ !, which are consistent
with the wave propagation speeds derived from the radar data
(Fig. 7).

Figure 8b shows the vertical feature when the fast-propagating
offshore flow propagated ahead of the slow-propagating off-
shore flow (Fig. 7a). As shown in Fig. 8b, the fast-propagating
offshore flow reached approximately x = —65 km. The fast-
propagating offshore flow was characterized by a seaward and
upward tilt from approximately x = —20 km and from the
surface to a height of ~4 km, respectively, signifying its as-
sociation with gravity waves (Rotunno 1983). The slow-
propagating offshore flow possessed an elevated head of
~1.5 km deep near its leading edge (around x = 10 km) and
was concentrated in the lowest 1 km inland of the elevated
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FIG. 9. (a) Vertical profiles of potential temperature anomalies, as derived from the radiosonde data at 1300 LT
(red curve) and 2200 LT (cyan curve). (b) Time series of the daily cycle of surface temperature (cyan curve) and dew-
point temperature (red curve) anomalies observed at the Bengkulu meteorological station, with the diurnal and semi-

diurnal harmonics being removed from the data.

head. The vertical structure of the slow-propagating off-
shore flow is consistent with the density current (Simpson
1969). As it occurred considerably earlier than the typical
formation of the land breeze after midnight (Hsu 1970;
Houze et al. 1981; Case et al. 2005), the density current ob-
served here may have been related to the katabatic flow in-
duced by the mountains close to the southwestern coast of
Sumatra (Figs. 1 and 7a) (Wu et al. 2009). Figure 9b shows
the daily evolution of the surface temperature and dewpoint
temperature observed at the Bengkulu meteorological sta-
tion (Fig. 1), after removal of the diurnal and semidiurnal
harmonics. Surface observations indicate that at ~1900 LT,
there was a transition of temperature and dewpoint temper-
ature anomalies from positive to negative, which is consis-
tent with the density current observed by the Mirai radar at
approximately this time (Fig. 7a).

¢. Daily offshore propagation of the divergence field and
precipitation

Figures 10a and 10b show the time-distance evolution of
the vertical motion filed at 2.5 km as observed by the Mirai
adar. During the analysis period, a series of updraft-downdraft
couplets that occurred within an interval of several hours were
observed daily. These updraft-downdraft couplets corresponded
to a series of alternating convergent and divergent regions (not
shown). Most of these updraft-downdraft couplets exhibited
feature tilting from top right to bottom left, indicating that they
primarily propagated from land to sea. The rapid alternation
and seaward propagation of the updrafts and downdrafts
were also evident in the daily analyses of the ERAS data
(Figs. 10c,d), confirming the observational results obtained
from the Mirai radar. The perturbation pattern and seaward
propagation of the vertical motion field illustrated in Fig. 10
provide evidence that short-time-scale gravity wave activity was
significant on individual days during the analysis period.

Figures 11a shows the time-distance section perpendicular
to the coast of the daily cycle of the low-level divergence field

observed by the Mirai radar. As shown in Fig. 4, the daily evo-
lution of precipitation over the radar domain is closely related
to the overall diurnal and semidiurnal evolution of the vertical
motion and low-level divergence fields. However, Fig. 11a il-
lustrates that the low-level divergence field also varies signifi-
cantly over a time scale of ~1-3 h. A series of convergence—
divergence couplets was observed, which propagated offshore
along the previously illustrated gravity wave phase lines. A
zone of intense convergence also propagated offshore and
aligned with the density current. These results imply that
short-term variation is closely related to offshore-propagating
density currents or gravity waves.

Consistent with the short-term oscillations of the diver-
gence field, a series of updraft-downdraft couplets propa-
gated offshore along the gravity wave phase lines (Fig. 11b),
indicative of further modulation of the gravity waves on the
diurnally and semidiurnally varying wind fields.

An envelope of suppressed precipitation, as exemplified by
the area with values of the 10-dBZ occurrence frequency = 8%,
occurred over the sea from 1100 to 2000 LT (Fig. 11). This cor-
responded to the suppression of convection due to divergence
and downdrafts induced by semidiurnal and diurnal wind var-
iations (Fig. 4). Figure 11 shows that the offshore propagation
of the leading edge of the suppressed precipitation envelope
is consistent with the offshore propagation of intense down-
drafts and low-level divergence, approximately along the
gravity wave phase line of 14.1 m s~'. Furthermore, the mini-
mum precipitation (3.5% 10-dBZ occurrence frequency) also
propagated offshore, together with intense downdrafts and
low-level divergence, approximately along the gravity wave
phase line of 82 m s™!. These results imply that gravity
wave-induced downdrafts further helped to suppress daytime
convection over the sea.

Further evidence of the suppression of convection over the
sea due to gravity wave downdrafts is additionally visible in
Figs. 12a and 12b. As shown in Figs. 12a and 12b, convection
over the sea was inactive during the day, which was associated
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FIG. 10. (a),(b) Time-distance section perpendicular to the coast of vertical motion anomalies (color shades; cm s™') derived from the
radar data at 2.5-km height during 24 Nov-13 Dec 2015. (c),(d) Time-distance section perpendicular to the coast of vertical-p motion
anomalies (color shades; 10™! Pa s~ ') at 750 hPa, derived from the ERA5 data along the cyan line shown in Fig. 1b, with the diurnal and
semidiurnal harmonics being removed from the data. In (c) and (d), the cold and warm colors denote positive (downdraft) and negative

(updraft) anomalies, respectively. The vertical black line in each panel indicates the approximate location of the coast.

with the superimposition of the divergence and downdraft
phases of diurnal and semidiurnal wind variations (Fig. 4).
Figures 12a and 12b indicate the existence of oscillations both
in the cross-coast wind and in the vertical motion field. Such
oscillations are a signature of gravity waves. Based on the ver-
tical motion, the horizontal wavelength of the gravity wave
was approximately 50-60 km. Figure 13a indicates the exis-
tence of oscillations between 1400 and 1600 LT daily. The
downdrafts peaks were generally observed around x = 0 km
and between x = 30 and 67 km, which is consistent with the
result observed in the mean daily cycle (Fig. 12b). Further-
more, Figs. 13b—d indicate that each of these downdraft peaks
exhibited a seaward propagation on individual days. The re-
sults illustrated in Fig. 13 reinforce the signature of gravity
waves revealed in the mean daily cycle (Fig. 12b).

Figure 12b indicates that the gravity wave was character-
ized by a stronger downdraft than the updraft, which is in
good agreement with the superimposition of the gravity
wave-induced vertical motions on the diurnal and semidiurnal
downdrafts. Between x = —20 and 20 km, intense gravity
wave-assisted downdrafts penetrated downward from the
middle to the lower troposphere. A region of minimum pre-
cipitation, as indicated by the area with values of the 10-dBZ
occurrence frequency = 3.5%, was observed between x = —5
and 20 km (25-50 km from the coast). The offshore minimum

precipitation was found to be collocated with deep and in-
tense downdrafts aided by gravity waves, which demonstrates
the effect of gravity wave downdrafts on further inhibiting
rainfall over the sea. This is likely due to the increase in static
stability and drying caused by gravity wave downdrafts (Liu
and Moncrieff 2004; Lane and Zhang 2011).

Returning to Fig. 11, it is apparent that a broad envelope of
precipitation, as exemplified by the region with values of the
10-dBZ occurrence frequency = 16%, existed over the sea
from ~1600 to 0500 LT, which was associated with semidiur-
nally and diurnally forced convergence and updrafts (Fig. 4).
Generally, the leading edge of the precipitation envelope
propagated offshore with updrafts and low-level convergence
(Fig. 11). The offshore propagation speed of the leading edge
of the precipitation envelope identified by the 10-dBZ occur-
rence frequency was ~7.1 m s~ ' (not shown), which is close
to the offshore propagation speed (8 m s~ ') of the rain-rate
envelope observed during the Pre-YMC period (Yokoi et al.
2017).

The onset of intense precipitation over the sea, such as the re-
gion with values of the 10-dBZ occurrence frequency = 32%, oc-
curred within the precipitation envelope after 1800 LT
(Fig. 11), which corresponds well with the diurnal and semi-
diurnal intensification of updrafts and low-level convergence
(Fig. 4), as well as the diurnal and semidiurnal transition from
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FiG. 11. (a) Time-distance section perpendicular to the coast of the daily cycle of divergence anomalies (color
shades; 107> s~ 1) and occurrence frequency with reflectivity values of =10 dBZ (white contours; %) derived from the
radar data at 0.75-km height. The vertical black line indicates the approximate location of the coast. The tilted solid
purple and black lines outline the seaward propagations of the leading edges of onshore and offshore wind anomalies,
respectively, as shown in Fig. 7a. The tilted dashed purple and black lines outline the seaward propagations of the lead-
ing edges of positive and negative along-coast wind anomalies, respectively, as shown in Fig. 7b. (b) As in (a), but for
vertical motion anomalies (color shades; cm s~ 1) and occurrence frequency with reflectivity values of =10 dBZ (white

contours; %) at 2.5-km height.

the onshore flow to the offshore flow (Fig. 6a). In addition, in-
tense offshore precipitation was associated with the offshore
propagation of density currents and gravity waves (Fig. 7a).
We observed that in addition to the semidiurnal and diurnal
forcings, the development of nocturnal intense precipitation
over the sea was further assisted by the density current and/or
gravity waves in three aspects.

First, intense offshore precipitation emerged near the coast
together with the density current and propagated offshore in
phase with the density current at a slow speed of ~3.1 ms™*
(Fig. 11). The slow propagation speed near the coast of the in-
tense precipitation as judged from the 10-dBZ occurrence fre-
quency is consistent with Yokoi et al. (2017), who found a
propagation speed of 3.3 m s~ for intense rain rate near the
coast during the Pre-YMC period. The intense offshore pre-
cipitation near the coast was associated with intense updrafts
and low-level convergence aligned with the path of the density
current (Figs. 7a and 11). This can be attributed to the collision
of the density current with the low-level onshore flow forming
over the sea at earlier times of the day. Evidently, the density
current converging with the previously formed onshore flow
contributed to the enhancement of precipitation and slow off-
shore propagation of intense precipitation near the coast.

Second, the heaviest precipitation (e.g., the region of =40%
10-dBZ occurrence frequency) occurred between x = —30 and

10 km (35-75 km away from the coast) around 2230-0030 LT
(Fig. 11). This is consistent with previous studies on the occur-
rence of the heaviest precipitation off the western and south-
western coasts of Sumatra around midnight (Mori et al. 2004;
Wau et al. 2009; Yokoi et al. 2017; Geng et al. 2020). The heavi-
est offshore precipitation in this study was observed after the
leading edge of the rising phase of the gravity wave along the
phase line of 13.5 m s~ ! overtook the leading edge of the den-
sity current (Fig. 11b). Compared with the density current,
stronger updrafts were formed with the coupling between the
gravity wave updrafts and density current lifting. Consequently,
the cooperation of density current lifting and grave wave up-
drafts assisted in the development of the heaviest precipitation
over the sea.

Finally, after the gravity wave propagated well ahead of the
density current, intense precipitation far from the coast oc-
curred with the arrival of the rising phase of the gravity wave
(Fig. 11b). Thereafter, the offshore propagation of intense
precipitation accelerated, reaching a speed similar to that of
the gravity wave (~13.5 m s~ !). These patterns indicate that
gravity wave updrafts also contributed to the enhancement of
precipitation and the propagation of intense precipitation far
from the coast.

Figures 12c¢ and 12d further highlight the nighttime en-
hancement of convection over the sea through the cooperative
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FIG. 12. (a),(b) Vertical cross sections perpendicular to the coast of (a) cross-coast wind anomalies (color
shades; m s~ ') and (b) vertical motion anomalies (color shades; cm s~ ') derived from the radar data at 1530 LT.
For cross-coast wind anomalies, the positive values correspond to the onshore winds, and the negative values in-
dicate offshore winds. The vertical distribution of occurrence frequency with reflectivity values of =10 dBZ
(white contours; %) is superimposed in each figure. The vertical black line indicates the approximate location of

the coast. (c),(d) As in (a) and (b), but for 2130 LT.

effect of density current lifting and gravity wave updrafts. As
shown in Figs. 12c and 12d, offshore convection was active in
relation to the superimposition of diurnally and semidiurnally
forced convergence and updrafts (Fig. 4). The gravity wave
manifested itself as a series of onshore-offshore-flow and
updraft-downdraft couplets (Figs. 12c,d). Generally, the grav-
ity wave demonstrated a stronger updraft than the downdraft,
which is consistent with the evolution of the gravity wave un-
der diurnal and semidiurnal updraft conditions.

The density current manifested as intense offshore flow con-
centrated below a height of 1 km (Fig. 12¢). Collision of the
density current with the onshore flow was clearly observed
around x = —10 km, with gravity wave updrafts hanging over
the leading edge of the density current (Figs. 12¢,d). Accompa-
nying the vertical coupling of the density current lifting and
wave updrafts aloft, intense updrafts formed and extended
from the surface to high elevations, which were properly collo-
cated with a heavy and deep precipitation region over the sea
between x —10 and 30 km (15-75 km from the coast).
Therefore, these results indicate that the combined effects of
the density current and gravity wave updrafts lead to further
enhancement of deep convection over the sea, which is consis-
tent with results of previous studies on the convective develop-
ment triggered by the interaction of density currents and

gravity waves (Stensrud and Fritsch 1993; Anabor et al. 2009).
Similar to the process described in Su and Zhai (2017), the
coupling of density current-induced convergence and grav-
ity wave updrafts can intensify the low-level lifting, thereby
strengthening convection.

Figure 14a shows the time—distance section perpendicular to
the coast of the daily cycle of the vertical motion field derived
from the ERAS data at 750 hPa. Similar to radar observations,
ERAS displays pronounced diurnal and semidiurnal varia-
tions. Relatively weak upward motions around 0800-1100 LT
and strong upward motions around 1900-0400 LT corre-
sponded well with the weak and strong daily rainfall peaks,
respectively, which is in good agreement with what was observed
by the Mirai radar (Figs. 4b,c). Figure 14a also exhibits the super-
imposition of short-time-scale and offshore-propagating gravity
wave-like disturbances on diurnal and semidiurnal variations.
This is more evident in Fig. 14b, where the diurnal and semi-
diurnal harmonics were removed. Figure 14b indicates that
offshore-propagating gravity waves displayed a dominant
period of ~2-4 h and propagation speeds ranging from
~11.1 to 30.4 m s~ '. Therefore, except for a much faster
propagation speed of ~30.4 m s~ !, the ERA5-derived pe-
riod and offshore propagation of gravity waves were in good
agreement with those observed by the Mirai radar (Fig. 11).
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FIG. 13. (a) Time-distance section perpendicular to the coast of vertical motion anomalies (color shades; cm s~ 1)
derived from the radar data at 3-km height and averaged between 1400 and 1600 LT daily from 24 Nov to 12 Dec
2015. (b)—(d) A closer look at the time—distance section perpendicular to the coast of vertical motion anomalies
for 24 Nov, 27 Nov, and 8 Dec 2015, respectively. The vertical black line in each panel indicates the approximate

location of the coast.

The major discrepancy between the ERAS and radar obser-
vation is that the former displays horizontal wavelength of
gravity waves ranging from ~150 to 400 km (Fig. 14b), which
is longer than the horizontal wavelength of ~50-60 km, as ob-
served by the Mirai radar (Fig. 12). This discrepancy is possi-
bly due to the coarse horizontal resolution (0.25° latitude—
longitude grid space) of the ERAS data. Nevertheless, despite
this discrepancy, the results of ERAS further support the radar-
captured signatures of the daily wind cycle off the southwestern
coast of Sumatra, including diurnal, semidiurnal, and short-term
variations.

4. Summary and discussion
a. Summary

The daily cycle of the wind and divergence fields observed
off the southwestern coast of Sumatra during the Pre-YMC
period was investigated using single-Doppler radar data. The
radar data were collected aboard the Research Vessel Mirai
from 24 November to 13 December 2015, when both the wind
field and precipitation underwent a pronounced daily varia-
tion. An algorithm was developed to retrieve the wind and di-
vergence fields from the single-Doppler data. The daily cycle
of each kinematic variable was further obtained by averaging
the departures from the period mean at individual local times.

The observed daily cycles of the wind and divergence fields
consisted of diurnal, semidiurnal, and short-term variations.
The main characteristics of each temporal variation are as follows.

1) The phase of the diurnal wind variation was inconsistent
with the predictions from the tidal pressure gradient
force. The diurnal variations in the cross-coast wind,
along-coast wind, and vertical motion field exhibited a
near-constant phase in the low and middle troposphere.
The strengths of the along-coast wind and its induced di-
vergence field were comparable to those of their cross-
coast counterparts.

2) The phase of the semidiurnal wind variation was consistent
with the semidiurnal tidal oscillations. The semidiurnal ver-
tical motion and low-level divergence fields demonstrated
strengths comparable to those of their diurnal counterparts.
There was an approximate phase locking of the semidiurnal
variation with the diurnal variation in the wind and diver-
gence fields.

3) Short-term wind variation is associated with density cur-
rents or gravity waves propagating offshore. The gravity
waves displayed horizontal wavelengths of ~50-60 km and
periods of ~1-3 h.

4) The diurnal and semidiurnal vertical motion variations re-
sulting from the corresponding variations in the low-level di-
vergence field contributed up to 73% of the daily vertical
motion variance. The precipitation propagated offshore, in
phase with the density current and gravity waves. There was
further association of the diurnally and semidiurnally forced
intense nighttime and weak daytime precipitation with the
lifting effect of the density current and/or gravity waves and
gravity wave downdrafts, respectively.
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FIG. 14. (a) Time—distance section perpendicular to the coast of the daily cycle of vertical-p motion anomalies
(color shades; 1072 Pa s~ ') at 750 hPa, derived from the ERA5 data along the cyan line shown in Fig. 1b. The white
curve represents the time series of the daily cycle of occurrence frequency with reflectivity values of =10 dBZ derived
from the radar data and averaged over the radar domain at 2.5-km height. The vertical black line indicates the approx-
imate location of the coast. The tilted dashed black line outlines the seaward propagation of vertical motion anoma-
lies. The cold and warm colors denote positive (downdraft) and negative (updraft) anomalies, respectively. (b) As in
(a), but with the diurnal and semidiurnal harmonics being removed.

b. Discussion

The results of this study suggest that locally driven diurnal circu-
lation is fundamentally deep and three-dimensional off the south-
western coast of Sumatra, in contrast with the low-troposphere
sea—land breeze circulation emphasized in previous studies (Mori
et al. 2004; Wei et al. 2020; Bai et al. 2021). The along-coast wind
off the southwestern coast of Sumatra has rarely been investi-
gated. Our study revealed for the first time that the diurnal vari-
ability of the along-coast wind can be as significant as that of the
cross-coast wind and may not be negligible in this region.

The results of this study further suggest, for the first time,
that semidiurnal wind variation due to the migrating tidal ef-
fect plays a role comparable to its diurnal counterpart in forc-
ing convection and rainfall off the southwestern coast of
Sumatra. Specifically, the approximate phase locking of the
semidiurnal wind and divergence variations to their diurnal
counterparts manifests the reinforcement of diurnal wind var-
iation by its semidiurnal counterpart. Consequently, our re-
sults emphasize the importance of semidiurnal wind variation
in modulating daily kinematic structure and precipitation off
the southwestern coast of Sumatra.

Because of their horizontal wavelengths of ~50-60 km and
periods of ~1-3 h, the observed gravity waves are fundamen-
tally mesoscale in character (Uccellini and Koch 1987; Koch
and O’Handley 1997). This result is in contrast to the diurnal
gravity waves illustrated in previous studies on the western

and southwestern coasts of Sumatra (Mori et al. 2004; Love
et al. 2011; Yokoi et al. 2017; Wei et al. 2020; Bai et al. 2021).
Yokoi et al. (2017) noted the importance of diurnal gravity
waves in the diurnal precipitation cycle observed during the
Pre-YMC period. However, their recognition of gravity waves
was primarily based on the data from radiosondes launched
every 3 h. The coarse temporal resolution of the radiosonde
data may have hindered the detection of mesoscale gravity
waves during the Pre-YMC period. This suggests that high-
temporal-resolution data, such as the Doppler radar data
used in this study (i.e., 6-min resolution), are necessary to ac-
curately identify the daily wind cycle.

The high contribution (up to 73%) of diurnal and semidiur-
nal vertical motion variations to the daily vertical motion vari-
ance emphasizes that these wind variations exert a dominant
effect on the daily precipitation cycle, while the density current
and gravity waves are only of secondary importance. Further-
more, the daily analyses of the ERAS data indicate that the
impact of diurnal and semidiurnal vertical motion variations
on the vertical motion variance during the analysis period was
also higher than that of the short-term variations on each day,
with exceptions for 26 November and 9 December when both
diurnal and semidiurnal variations were extremely weak (not
shown). Weak diurnal variations could be due to the large-
scale suppression of convection during the Pre-YMC period
(Geng et al. 2020). Therefore, the results of this study are in
contrast with those of previous studies (Mori et al. 2004; Wu
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et al. 2009; Love et al. 2011; Yokoi et al. 2017; Wei et al. 2020;
Bai et al. 2021), where the density current (such as the land
breeze or terrain-induced katabatic flow) or gravity waves
played a crucial role in the development of diurnal precipita-
tion off the western and southwestern coasts of Sumatra. Nev-
ertheless, the movement of precipitation in phase with the
density current and gravity waves implies that they can exert a
controlling influence on the offshore propagation of daily pre-
cipitation, which is consistent with previous studies.

Our results highlight the multiple-time-scale wind variabil-
ities of less than a day in modulating the daily precipitation
cycle off the southwestern coast of Sumatra. It appears that
the superimposition of the updrafts induced by the density
current and mesoscale gravity waves with the intense updrafts
induced by diurnal and semidiurnal variations in the low-level
divergence field provides the most favorable conditions for
the development of strong nocturnal precipitation frequently
observed off the southwestern coast of Sumatra.

The data analyzed in this study cover a period of only
19 days, just before the passage of the intensive convective activ-
ity associated with a boreal winter MJO event. Although the re-
sults presented in this study shed some light on the daily and
subdaily wind variations off the southwestern coast of Sumatra,
it is necessary to investigate data over a significantly longer pe-
riod and larger area to build a more robust understanding of
the daily wind cycle around the Maritime Continent. We ob-
served that the daily convective signatures captured by the
high-temporal-resolution ERAS data during the analysis pe-
riod (Figs. 10c,d and 14) were consistent with those observed
by the Mirai radar. Therefore, in future studies, more compre-
hensive field campaigns and long-term ERAS data will be use-
ful to reveal the similarities and differences of the daily wind
cycle, either between various stages of the MJO, between dis-
tinct large-scale disturbances, or between different locations of
the Maritime Continent.
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