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ABSTRACT: This study investigated the diurnal cycle of convection over Sumatra Island in an active phase of the
Madden–Julian oscillation (MJO) during the Pre-Years of the Maritime Continent (YMC) observation campaign in
December 2015 based on in situ and satellite observations and a convection-permitting numerical model. Observations
suggest that before the active phase of the MJO in early December, convection occurred frequently over the island during
the afternoon and at midnight. By contrast, during the active phase of the MJO in mid-December, afternoon convection
over the island was delayed and suppressed, and midnight convection was suppressed. Numerical experiments also success-
fully replicated the main features of the observed modulations. In general, during the active phase of the MJO, the tropo-
sphere became drier in the Sumatra region. While the clouds reduced the solar radiation over the land, the sea breeze was
also found to be delayed and weakened. As a result, the afternoon convection initiation was delayed and weakened. Fur-
ther analyses suggested that the sea breeze was weakened mainly due to the orographic stagnation effect rather than the
slightly reduced land–sea temperature contrast. On the other hand, the increased stratiform-anvil clouds induced the
anomalous evaporative cooling in the midtroposphere and generated island-scale subsidence during the nighttime, which
finally led to the suppression of inland convection. Overall, our study reveals the modulation of diurnal convection over
Sumatra Island by an active phase of the MJO and also shows the potential role of land–sea interaction in convection initia-
tion and maintenance.
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1. Introduction

The unique geographical features and location of the Maritime
Continent (MC) make it a hotspot of the atmosphere–land–sea
interactions, where numerous islands are surrounded by the
warmest ocean on Earth (e.g., Yamanaka 2016; Yoneyama and
Zhang 2020). Vigorous convective activity is the key feature of
the MC due to a large amount of latent heat released from the
ocean. Among the convective variabilities on different time
scales, the diurnal cycle of convection is one of the dominant var-
iabilities over the MC. It is well known that convection in this
region generally occurs over islands in the afternoon and propa-
gates offshore during the nighttime as a result of the sea–land-
breeze circulations (e.g., Mori et al. 2004; Sakurai et al. 2005; Wu
et al. 2009; Yokoi et al. 2019). Moreover, some studies also found
that the diurnal cycle has spatial variations among the different
islands of theMC due to their sizes and orographic characteristics

(e.g., Yang and Slingo 2001; Li and Carbone 2015; Wang and
Sobel 2017).

In addition to the local diurnal cycle, the Madden–Julian
oscillation (MJO), the largest element of the intraseasonal
variability in the tropical atmosphere, has also been demon-
strated to significantly influence the weather over the MC
(e.g., Madden and Julian 1994; Matthews 2008). Numerous
observational and numerical studies have shown that the
MJO can modulate the diurnal convection over the MC (e.g.,
Fujita et al. 2011; Kanamori et al. 2013; Ajayamohan et al.
2021). For example, based on satellite observations, Rauniyar
and Walsh (2011) found that the amplitude and phase of the
diurnal cycle of rainfall on islands vary among the categories
of the MJO. Peatman et al. (2014) showed that precipitation
was enhanced over land before the main convective envelope
arrived, while they further evaluated such modulation by the
MJO in a high-resolution GCM (Peatman et al. 2015). On the
other hand, some studies have also shown that the MJO may
not greatly influence the diurnal cycle (e.g., Suzuki 2009).

Similar to the diverse effects of the MJO reported in previ-
ous studies, different mechanisms were also proposed for
MJO modulation. Birch et al. (2016) and Fonseca et al. (2019)
explained the reasons for the differences in the mean rainfall
anomaly over the land and sea in an active phase of the MJO
by the interaction between the large-scale environment and
the mesoscale circulation (sea–land breezes). From another
perspective, Sakaeda et al. (2017) suggested that the MJO
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modulates the diurnal cycle of rainfall and cloudiness by
changing the cloud-type population distribution and associ-
ated rainfall rates, and Vincent and Lane (2018) further
emphasized the importance of the modulations of convective
and stratiform processes by the MJO. Besides the clouds, the
related insolation also modulates the sea-breeze circulation
and the diurnal cycle consequently (e.g., Natoli and Maloney
2019). More recently, Wei et al. (2020) further discussed the
spatial differences in the modulations by evaluating the pro-
cesses over three major islands in the MC. In addition, some
recent studies also demonstrated the important role of the
background states among the different phases of the MJO,
such as the moisture (e.g., Lu et al. 2019) and the wind (e.g.,
Bai et al. 2021).

However, most previous studies evaluated the influence of
the MJO on convection based on long-term measurements
from satellites and simulations, but few of them focused on
detailed characteristics of circulation fields due to the lack of
high-resolution in situ observations. Therefore, our knowledge
of the modulations of the MJO on the diurnal cycle of convec-
tion remains few.

In 2015, an intensive observation was performed as part of
the Pre-Years of the Maritime Continent observation campaign
(Pre-YMC 2015), and an active MJO event was successfully
observed during the campaign. Observations were made at
Bengkulu and from the research vessel (R/V) Mirai on the
western coast of Sumatra Island (see white dots in Fig. 1) from
November to December 2015, which clearly showed a weak-
ened diurnal cycle during the MJO (e.g., Yokoi et al. 2017). On
the other hand, based on the observation data obtained during
the campaign, Wu et al. (2017) found that strong daytime solar
radiation caused a pronounced diurnal cycle in surface air tem-
peratures on the island in December 2015, even during an
active phase of the MJO. Moreover, it is reported that the
land–sea temperature contrast did not change much (Wu et al.
2018). Interestingly, previous studies suggested the MJO

weakens sea breeze by reducing the solar insolation and land–
sea temperature difference via the increased cloud cover, and,
therefore, modulates the diurnal cycle (e.g., Qian 2008; Birch
et al. 2016). Thus, the goal of this study is to investigate why the
diurnal convection was suppressed over Sumatra Island during
the active phase of the MJO and possible hidden mechanisms
using the in situ observations obtained during the Pre-YMC
campaign and numerical approaches.

This paper is organized as follows. Section 2 includes
descriptions of the data sources and model settings. Section 3
documents the observed modulation of diurnal convection
and atmospheric conditions before and during the active
phase of the MJO in December 2015. In section 4, the possi-
ble mechanisms of the suppressed convection are presented.
Section 5 discusses the weakened sea breeze. Finally, a sum-
mary of our major findings is presented in section 6. The
results of the preliminary tests of microphysics schemes in our
simulation, extra information of diurnal variations, and simu-
lated atmospheric properties (correspond to the in situ obser-
vations) are presented in the supplemental material.

2. Materials and methods

a. Data

In this study, we used hourly precipitation data from the
Global Rainfall Mapping Precipitation (GSMaP) dataset
(Kubota et al. 2020), which has a resolution of 0.18 from 608S
to 608N. The in situ radiosonde data were obtained aboard the
R/V Mirai and at Bengkulu, Indonesia during the Pre-YMC
2015 field campaign with a 3-h interval (Yokoi et al. 2017).
Note that the observation aboard the R/V Mirai ended on 16
December, while observations continued at Bengkulu until 25
December (Fig. 2). For further analyses, radiosonde data were
vertically averaged within every 5 hPa. Rain gauge precipita-
tion data, surface downward solar radiation, surface tempera-
ture, and wind were also gathered at both Bengkulu and
aboard the R/V Mirai, and we used the hourly data in this
study. The convective available potential energy was calcu-
lated based on the radiosonde data and the most unstable sce-
nario using the FORTRAN code created by Dr. G. H. Bryan
(e.g., Bryan and Fritsch 2004; see acknowledgments for down-
loadable link).

For the numerical model, we used the 0.258 ERA5 dataset
from the European Centre for Medium-Range Weather Fore-
cast (ECMWF) as the initial and lateral boundary conditions
(Hersbach et al. 2020). The sea surface temperature (SST) was
obtained from the 0.258 daily GHRSSTMultiproduct Ensemble
(GMPE; Martin et al. 2012) for the lower boundary condition.

Note that the diurnal anomalies of observations and simula-
tions represented in this study were obtained by removing the
1-day running mean, and the cross-sectional wind was
obtained by assuming that the cross-section angle is 458 (see
the orientation of Sumatra Island in Fig. 1).

b. Numerical simulations

Although the field campaign successfully observed detailed
characteristics of precipitation around the west coast, the

0 400 800 1200 1600 2000

10°S

5°S

0°

5°N

10°N

85°E 90°E 95°E 100°E 105°E 110°E 115°E
m

Domain 2Domain 2

Domain 1Domain 1

R/V R/V MiraiMirai
BengkuluBengkulu

FIG. 1. Map of the Sumatra region and model domains together
with the line of the cross section and the masked areas for the area
averaging of the “land” and “sea.” The two white dots represent
the locations of Bengkulu and R/VMirai.

MONTHLY WEATHER REV I EW VOLUME 150698

Unauthenticated | Downloaded 05/22/23 11:05 PM UTC



weather radars could not observe precipitation in inland
areas. While the radiosonde data have high temporal resolu-
tion enough for analyzing the diurnal signals, their spatial res-
olution may not be sufficient for discussing mechanisms of the
modulations of the MJO on the diurnal cycle. To overcome
these difficulties, we conducted the numerical simulations
based on the Weather Research and Forecasting (WRF)
Model (WRF V4.2.2; Skamarock et al. 2019). Moreover, to
reduce the potential influence of initial conditions (e.g., Bei
and Zhang 2007; Singh and Mandal 2015), a set of simulations
were conducted with different initial times (i.e., initial condi-
tions) from 0000 UTC 29 November to 0000 UTC 30 Novem-
ber with 6-h intervals (five ensemble members in total). Since
we only focused on the latter half of the period of the Pre-
YMC 2015 campaign from 2 to 23 December, the period
before 2 December in each member was considered the
spinup time and was not used for the analyses. The simulated
atmospheric properties were saved every hour.

Our model domain was designed to cover the whole Sumatra
region with a resolution of 9 km, and it contains a 3-km two-way
nested domain to obtain the high-resolution atmospheric fields
around Sumatra Island (Fig. 1). Both domains have 60 sigma
layers from the surface to 50 hPa. In both domains, we used the
Goddard microphysics scheme (Tao et al. 2016), the Yonsei Uni-
versity PBL scheme (Hong et al. 2006), the revised MM5 surface
layer scheme (Jiménez et al. 2012), the United Noah Land Sur-
face Model (Tewari et al. 2004), and the New Goddard short-
wave and longwave schemes (Chou and Suarez 1999; Chou et al.
2001). In coarser domain 1, we applied the Grell–Freitas ensem-
ble cumulus scheme (Grell and Freitas 2014) following Zhao and
Nasuno (2020). Note that some other microphysics schemes
were also tested, and the Goddard scheme showed the best
performance, especially in terms of precipitation over the

sea (see Fig. S1b in the supplemental material). All modeled
properties used in the following sections were based on the
ensemble mean values from domain 2, and all members
shared the similar diurnal features (Figs. S1c,d).

3. Observed atmospheric conditions in December 2015

a. Pre-MJO and MJO periods

Figure 2 shows the observed zonal wind and specific humid-
ity at Bengkulu (3.878S, 102.358E) and R/V Mirai (anchored at
approximately 4.068S, 101.098E). In early December 2015, the
wind in western Sumatra was generally weak in the lower tro-
posphere, while slightly stronger easterly wind (∼5 m s21)
dominated at higher levels. During 13–22 December, when the
enhanced convection developed and shifted east across the
MC (i.e., the active phase of the MJO; Wu et al. 2017; Yokoi
et al. 2017), strong westerlies (.10 m s21) were dominant in
the lower- to midtroposphere (Figs. 2a,b). On the other hand,
observations show that the whole troposphere was relatively
moister during the period before the MJO, and then became
drier (see the reduction in the total precipitable water vapor in
Fig. 2). One may consider it is strange to see a drier atmo-
sphere during an active phase of the MJO; however, this was
mainly due to the specific location of Sumatra Island, which is
located west of the enhanced convective envelope during the
active phase of the MJO over MC. Such moisture reduction
could also be seen in previous observational and numerical
studies (e.g., Fujita et al. 2011; Yokoi 2015; Matsugishi et al.
2020). Note that our model well simulated the wind and mois-
ture and their changes before and during the MJO (Fig. S3).

According to the observations, we defined the active phase
of the MJO over MC from 13 to 22 December (hereafter
referred to as the MJO period; also see the Real Multivariate
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MJO index in Fig. S2, Wheeler and Hendon 2004). Accord-
ingly, we defined the same 10-day period from 2 to 11 Decem-
ber to show the conditions prior to the active phase of the
MJO (hereafter, the PRE period). Note that the data on 12
December were excluded due to phase changing (Fig. 2).

b. Response of convection

To generally show how convection responded to the phase
changing of the MJO, following Zhao and Nasuno (2020), we
analyzed the frequency–altitude distributions (FAD) of the
relative humidity (RH with respect to ice, i.e., RH can be
.100%) calculated from the radiosonde observations (Fig. 3).
During the PRE period, the high RH (.80%) had a higher
frequency at the lower to midtroposphere rather than the
upper levels at both Bengkulu and R/V Mirai (Figs. 3a,d),
which can be regarded as the regular diurnal convection with
a larger fraction of convective precipitation (e.g., Mori et al.
2011; Sakaeda et al. 2017). On the other hand, a clear incre-
ment of high RH (.85%) frequency at mid- to upper levels

was seen in the observations at both Bengkulu and R/V Mirai
during the MJO (Figs. 3b,e; also see Fig. S12 for the simulated
results), which provided the favorable condition for the devel-
opment of stratiform-anvil clouds. These findings are also
consistent with previous studies which suggest the fraction of
stratiform precipitation becomes larger during the active
phase of the MJO (e.g., Morita et al. 2006; Mori et al. 2011;
Sakaeda et al. 2017). Moreover, observations also showed
that, compared with the R/VMirai (i.e., over the sea), the fre-
quency of high RH at lower to midlevels decreased more at
Bengkulu during the MJO (Figs. 3c,f), suggesting the poten-
tial suppression of the diurnal convection.

c. Diurnal conditions before and during the MJO

Comparing with the general overview, our interest focused
on the diurnal cycle of convection. As shown in Fig. 4, before
the MJO, the precipitation mainly occurred from the late
afternoon to the evening at Bengkulu and from evening to
the early morning over the sea (Figs. 4a,c). These results
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generally represent a canonical diurnal cycle of convection,
that convection was initiated over the mountains and propa-
gated offshore later (e.g., Yokoi et al. 2017).

As the primary drivers of the diurnal cycle, we first investi-
gated the temperature difference between Bengkulu and R/V
Mirai and the cross-sectional wind at Bengkulu, which
roughly represent the land–sea temperature contrast and the
land–sea breeze, respectively (Fig. 5). Before the MJO, the
temperature difference started to increase after the sunrise
(0000 UTC, 0700 LT), and it rapidly reached its maximum
(∼28C) at about 0400 UTC (1100 LT) and was maintained for
several hours. The increasing temperature difference also
induced the onshore wind (i.e., the sea breeze) from morning
to the late afternoon but with 1–2-h delay (see blue lines in
Figs. 5a,b). The maximum onshore wind could exceed 6 m s21

at noon, while the offshore wind dominated the nighttime but
was generally weak (∼2 m s21). Interestingly, our results
showed that, although the solar insolation had comparable
values over the land and sea before noon, the sea received
more solar heating in the afternoon, and the temperature
over the sea increased during the whole daytime. In contrast,

the temperature at Bengkulu decreased from 0700 UTC
(1400 LT), which was likely caused by the offshore propagat-
ing diurnal convection. Consequently, the land–sea tempera-
ture contrast declined rapidly and became negative after 0800
UTC (1500 LT), and the onshore wind also declined in the
afternoon.

During the MJO, the regular diurnal precipitation was no
longer observed (Fig. 4). It was raining in both the morning
and evening hours at Bengkulu and over the sea (green bins
in Figs. 3a,c). Meanwhile, the solar radiation reduced about
30% at Bengkulu and even became only one-third of its previ-
ous level over the sea as we observed aboard the R/V Mirai
(e.g., Wu et al. 2018; Suzuki et al. 2018). However, due to the
larger heat capacity of the water, the temperature over the
land and the sea experienced similar reductions, resulting in
the similar diurnal amplitude of the land–sea temperature
contrast as the PRE period (but was 1-h delayed; Fig. 5b).
Unlike the slightly changed temperature contrast, the local
circulation was significantly modulated. The surface onshore
wind was largely weakened and was delayed about 3 h, while
its duration was also reduced from 9 to 6 h (Fig. 5b). Such
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weakening in the onshore wind was further confirmed under
the 950-hPa level.

In addition to the modulated surface conditions, modula-
tions were also seen in the troposphere. Before the MJO, the
lower troposphere warming appeared in the morning at Beng-
kulu together with a negative potential temperature anomaly
at the approximately 700-hPa level (Fig. 6c), leading to an
unstable lower troposphere later in the afternoon (also see
the increasing CAPE in Fig. 6g). Considering the weak back-
ground wind (Fig. 2), the surface onshore wind generally fol-
lowed the variations of temperature (temperature contrast),
while a relatively strong onshore wind dominated the lower-
to midtroposphere in the afternoon when the moistening was
seen over the entire troposphere (i.e., the arrival of the diur-
nal convection). Comparing with the land (Bengkulu), the
diurnal fluctuations over the sea were generally smaller than
those over land (Fig. 7), but the lower tropospheric warming
and moistening also induced a large instability over the sea at
0600 UTC (1300 LT). Moreover, the landward wind was also
weak over the sea in the afternoon.

After the MJO transferred to the active phase, the lower
layer was less warmed in the morning and early afternoon
over the land and the sea (see smaller positive u anomaly
below the 800-hPa level; Figs. 6d and 3d) due to the reduced
solar insolation (Fig. 4), and the onshore wind anomaly was
also weakened. Meanwhile, the low-level moistening was seen
over the land at 0600 UTC (1200 LT; Fig. 6b), which was
likely due to the moisture transported from the sea by the
onshore wind (e.g., Fig. 5). On the other hand, while the

MJO-related convective activities dominated over the sea, the
diurnal variation of the tropospheric moistening became less
visible in our radiosonde observation aboard the R/V Mirai
(although there was a negative anomaly in the afternoon;
Fig. 7b). Another interesting fact is that a strong onshore
anomalous wind was observed in the late evening at mid- to
upper levels that were absent before, and the near-surface off-
shore wind anomaly also became stronger.

4. Modulation of the MJO on the diurnal convection in
WRF simulations

a. Overview of convection

Comparing with the radiosonde observations, satellite obser-
vation and our simulation provide a wider view of the modu-
lated diurnal convection during the MJO (Fig. 8). Prior to the
MJO, convection was initiated over the mountainous areas of
the island in the afternoon (0600 UTC, 1300 LT), while the
peak precipitation over mountains was observed a few hours
later at approximately 0900 UTC (1600 LT; Fig. 8e). Then,
mountainous convection migrated offshore toward the sea in
the subsequent late afternoon to evening hours, presenting a
typical pattern of the diurnal cycle of convection over the west-
ern coast of Sumatra Island (Wu et al. 2017, 2018; Yokoi et al.
2017). As a result, the precipitation over the land decreased
during the evening but increased over the sea (see solid lines in
Figs. 8e,f). Moreover, the second peak in precipitation over the
land was observed at midnight (1800 UTC, 0100 LT), which
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likely corresponded to the eastward migration of mountainous
convection (Figs. 8a,c; e.g., Sakurai et al. 2005). The inland pre-
cipitation during midnight was weak but covered a large area
over Sumatra Island, especially on the eastern side of moun-
tains, contributing to the second peak in precipitation over
Sumatra Island (Fig. 8e).

After 13 December, the diurnal convection over the
Sumatra region was significantly changed. The afternoon
convection over mountainous areas was greatly suppressed
(Figs. 8b,d), as shown by a 2–3-h lag in the peak precipita-
tion and a large reduction in precipitation intensity. Conse-
quently, no clear migration of convection was observed.

Furthermore, the midnight inland precipitation became nearly
negligible when the MJO arrived, resulting in the disappearance
of the second peak (Fig. 8e). By contrast, the precipitation over
the sea was enhanced during the active phase of the MJO and
persisted for the whole day, although it became slightly weaker
when mountainous precipitation appeared in the afternoon.

It should be mentioned that our model tends to overesti-
mate precipitation over the mountains compared with satellite
observations, while the underestimation was found over the
sea, and one may, therefore, think our results lacking reliabil-
ity. One fact that should be mentioned is that our simulated
precipitation shows good agreement with the radar-estimated
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precipitation over mountains (see Fig. 5 in Yokoi et al. 2017),
suggesting the satellite observations may underestimate the
precipitation over the mountainous area (e.g., Birch et al.
2015; Lu et al. 2019). Meanwhile, although the simulated east-
ward migration of convection was nearly invisible in the satel-
lite observations, the reduction in midnight precipitation was
clear in both simulation and observations.

In addition, despite the overestimated diurnal amplitude of
the precipitation, our model well represented the changes in
other diurnal signals that observed at Bengkulu and R/V
Mirai, such as the temperature, moisture, and wind (see Figs.
S10, S11, and S13), including the enhanced subsidence-related
cross-sectional winds during the MJO period. The simulated
vertical distributions of relative humidity (Fig. S12) also
matched well with the observations (Fig. 3). Thus, our simula-
tions are reliable in representing the modulations on convec-
tion by the MJO.

b. Afternoon convection

To find why the afternoon convection was delayed and sup-
pressed, we first evaluated the atmospheric conditions of con-
vection initiation during the PRE and MJO periods. Figure 9
shows the cross-sectional distributions of the vertical equivalent
potential temperature gradient (due/dz), vertical velocities,
diurnal anomalies of cross-sectional wind, and the hourly pre-
cipitation along the cross section. During the PRE period, our
simulation suggests that descending motions were dominant
over the sea and the inland area of Sumatra Island during the
morning (see the downward vectors in Fig. 9a). From 0200
UTC (0900 LT) to 0300 UTC (1000 LT), a weak updraft
appeared over the mountainous area during the PRE (Fig. 9c),
corresponding to the surface heating by the solar insolation.
After that, it was further enhanced by the onshore wind
(hence, the sea breeze; also see Fig. 5) and its related oro-
graphic lifting. Meanwhile, the surface warming and the mois-
ture carried by the sea breeze destabilized the boundary layer
over the mountains (see the upward tilted large negative ue gra-
dient around mountains), leading to a favorable condition for
convection. Finally, at 0400 UTC (1100 LT), a much stronger
updraft was seen (Fig. 9e), that extended upward over the
3000-m height, accompanied by the strong sea breeze, indicat-
ing the triggering of convection over the mountains. This
mountainous convection further developed during the next few
hours (Figs. 9g,i) before its offshore migration (Fig. 6), inducing
the local precipitation over the mountains. Because of the
weak background wind, the above convection initiation was
quite conspicuous even in original composites (see Fig. S4).

During the MJO, the weakened solar insolation induced a
relatively cooler surface over the mountains in the morning
(Fig. 10), leading to the weakened updraft (e.g., Figs. 9d,f). In
addition, the sea breeze and the related upslope wind were
found to be delayed and greatly weakened during the MJO
(Fig. 10c), which was also confirmed by our surface observa-
tions at Bengkulu and the sea breeze was not started until
0500 UTC (1200 LT; Fig. 5b). As a result, the atmosphere
became less unstable, as shown by the weak upward titled
negative ue gradient (Fig. 9f). As the sea breeze started to

blow and the instability grew larger at noon (Fig. 9h), the
mountainous convection was finally triggered at about 0600
UTC (1300 LT; Fig. 9j), though its intensity was greatly sup-
pressed. Overall, our results suggest that, besides the reduced
solar heating, the weakened sea breeze played a key role in
the suppression of afternoon convection, and its causes will be
further discussed in section 5.

c. Midnight inland precipitation

Comparing with the afternoon convection that mainly
developed over the mountains, the suppressed midnight
inland precipitation had a larger scale (Fig. 8). Therefore, we
examined the island-averaged microphysics induced heating
and cooling (MP, Figs. 11a,b), which explicitly represent the
moist processes. In general, variations of the heating/cooling
were consistent with that of the precipitation, while the inland
precipitation was delayed and reduced during the MJO. Inter-
estingly, we found that cooling at lower- to midlevels
(700–500 hPa; Fig. 11b) during the MJO, which was absent
before. Moreover, subsidence was found below the upper tro-
posphere at midnight simultaneously when the cooling
appeared (Fig. 11d).

According to previous studies (e.g., Cifelli and Rutledge
1994; Virman et al. 2020), it is reasonable to link the cooling
and the related subsidence to the stratiform precipitation,
whose fraction would increase during the MJO (e.g., Morita
et al. 2006; Sakaeda et al. 2017; also see Fig. 3 and Fig. S12).
Figure 12 further revealed the close relationship between
clouds and the anomalous cooling. While the regular diurnal
cycle of convection induced the westward propagation
(Fig. 12a), the clouds covered the coastal area all day along
during the MJO, and the stratiform-anvil clouds spread land-
ward due to the background westerly wind from the late after-
noon. Then, these clouds further covered the entire island
during the following nighttime hours (Fig. 12b), inducing the
anomalous cooling in midlevels (Fig. 12d).

Together with the drier atmosphere during the MJO (e.g.,
Fig. 2), this subsidence would suppress the possible convective
activity over the island during the nighttime and also create
an unfavorable condition in maintaining the weak eastward
migration of mountainous convection (Figs. 8 and 11a). This
evaporative cooling and subsidence may further induce the
capping inversion as seen in the morning during the MJO
(Fig. 9). In addition, convection over the sea may also provide
the potential contribution via the compensation effect, as
seen by the well-corresponded phases of vertical motions
between land and sea (see Fig. S6 for heating terms and verti-
cal velocity over the sea). To give a clear image of the subsi-
dence and the suppressed precipitation over the island,
Fig. 13 shows the cross-sectional horizontal and vertical veloc-
ities from the late evening to the next morning. In general,
the vertical motions corresponded well with the simulated
precipitation. The upward motion dominated the coastal
region west of Sumatra Island during both PRE and MJO
periods, but it was not the case over the island. Before the
MJO, subsidence was seen over the mountain, accompanied
by the landward wind at midlevels and the offshore wind at
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the western coast (Fig. 13a). This weak subsidence may be
regarded as a compensating downward flow that corresponding
to the strong upward motion (i.e., convection) over the sea.

During the active phase of the MJO, the subsidence over
the mountains became stronger but shallower in the late eve-
ning (Fig. 13b). Meanwhile, the appearance of anomalous
horizontal flows over the western coast was delayed until the
cooling-induced subsidence appeared at midnight (1700 UTC,
0000 LT; Fig. 13d). Unlike the PRE period, the existence of
the island-scale subsidence induced an convergence in the
midlevels, resulting in the stronger anomalous wind on both
sides of Sumatra Island (Figs. 13f,h). At lower levels, while
the offshore wind remained similar on the western coast
because of the mountains, the subsidence generated a strong
anomalous offshore wind blew from the inland area to the sea
on the eastern side of Sumatra Island. It is known that the
land breeze is generally limited within the coastal region, but
this anomalous offshore wind covered a much larger area and

extended far away from the coast (Fig. 13h). Moreover, simu-
lations also showed that the cooling-induced subsidence and
its related anomalous winds remained visible until the next
morning (Fig. 11d and Fig. S8).

Although our results represented the well corresponded
cooling and subsidence, one may consider that the subsidence
could also be related to the coastal convection which induced
the strong upward motions. However, it is not case we found
in Fig. 13. One fact is that the subsidence over the mountains
was weaker during the PRE period than that of the MJO
period, even the coastal convection on the western side of
Sumatra Island was stronger. Thus, the island-scale subsi-
dence was not induced by the coastal convection. On the
other hand, while the causality is clear, the subsidence could
still interact with the coastal convection via the compensation
circulation, considering the correlated vertical motions over
the land and the sea (Fig. 11d and Fig. S6d) and horizontal
anomalous winds (Figs. 6f and 13). A recent study also argued
such compensating effect between the land and the sea during
another field campaign in 2017 (Nasuno 2021); however,
some numerical sensitivity experiments are needed to further
evaluate the detailed processes which are beyond the scope of
the current study and should be one of our future works.

Another fact, that should be mentioned here, is the offshore
wind in the morning (as we will discuss later) was not related to
the compensation flow because no clear horizontal component
was found in mid- to upper levels (Fig. 6f). Readers may also
refer to Fig. S7 for a clear image of the cross-sectional flow with
diurnal anomalies of moisture and potential temperature.

5. Impacts of orographic stagnation on sea breeze

As we mentioned in previous sections, the weakened sea
breeze was one of the key factors in the suppression of after-
noon convection. However, its origin remains unclear. One
possible reason would be the reduced land–sea temperature
contrast which was also mentioned in previous studies (e.g.,
Qian 2008, 2020; Birch et al. 2016). Comparing with the PRE
period, observations showed that the surface temperature dif-
ference between Bengkulu and R/V Mirai reduced about
0.638C in the morning during the MJO period (0000–0500
UTC, 0700–1200 LT; see Fig. 5b), while similar results were
also found in our simulations (Fig. 10a). The reduced temper-
ature contrast (i.e., lower temperature over the land and
higher temperature over the sea) provided a favorable condi-
tion for the land breeze. However, observations also showed
that the land–sea contrast was more likely being delayed
rather than reduced because its diurnal amplitude remained
similar before and during the MJO (Fig. 5). Moreover, it
could not explain the offshore wind in the morning when the
westerly wind dominated during the MJO (blue dashed lines
in Fig. 5). In addition, although the westerly wind dominated
the troposphere (Fig. 2), the offshore wind was observed in
lower levels near the coast most of the day during the MJO
(Figs. 5 and 10c), which also prevented/reduced the potential
effect of the landward advection of temperature by the large-
scale wind (e.g., Wang and Sobel 2017). Therefore, there must
be other factor(s) enhancing the offshore wind.
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Besides the land–sea temperature contrast, another factor
may be the orographic stagnation effect, when the strong west-
erly wind blows toward the mountains on Sumatra Island. Simi-
lar with the observed wind profile (Fig. 5c), our simulations also

showed the offshore wind near the surface to the southwest of
the mountain range during the MJO period (Fig. 14; also see
Fig. S9b for the 10-m wind), suggesting the existence of the oro-
graphic stagnation. However, the thermodynamically unstable
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environment during the MJO period presents an unfavorable
condition for orographic blocking. To check whether the stag-
nation effect worked during the MJO, two commonly used
parameters could be used (e.g., Smith 1988, 1989): the aspect

ratio of the obstacle (r = Ly/Lx; Lx and Ly are the terrain
length scales in the cross- and along-orography directions,
respectively) and the nondimensional normalized mountain
height (M = Nhm/U or equivalently the inverse mountain
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Froude number U/Nhm; N is the Brunt–Väisälä frequency, hm
is the terrain height, and U is the upstream background wind).
Theoretically, the orographic stagnation effect is expected to
occur when M . 1 and r . 1. Note that the stagnation effect
was not clear during the PRE period because the background
wind was generally weak and eastward (Fig. 2).

For the Sumatra Island, the aspect ratio r is obviously larger
than the critical value 1 (Fig. 1), so we only calculated the
nondimensional mountain height M. Following Reinecke and
Durran (2008), we estimated two types of N including the ver-
tical averaged Na and the “bulk” subcrest Nb as follows:

Na � 1
hm

�hm

0
N z( )dz; Nb �

��������������
g
us

uc 2 us
hm

√
, (1)

where g is the gravitational acceleration, and uc and us are the
potential temperature at ridge crest and sea level, respec-
tively. Then, the nondimensional mountain heights Ma and
Mb could be obtained accordingly. In this study, the hm was
set to 1400 m, and u and U were obtained at the upstream
area (i.e., averaged over the region west of the R/V Mirai to
avoid unexpected influences of potential blocked wind or
land–sea breeze, e.g., Fig. 10 and Fig. S8).

Since the original concept ofM is available for steady, invis-
cid, dry, and unheated Boussinesq flow, we also estimated the
cross-sectional flow-over ratio (FO = Ft/Fw; e.g., Kirshbaum
2017), which is defined as the momentum flux ratio between
the flow across the height of mountain ridge (Ft) and the
background flow (Fw):

Ft �
�0

xb

ru*
∣∣∣∣
z�hm

w
∣∣∣∣
z�hm

dx, (2)

Fw �
�hm

0
rU*2

∣∣∣∣
x�xb

dz, (3)

where u* and w are cross-sectional and vertical wind, r is the
air density, xb is the lateral boundary that is far enough for

representing the background flow, and U* is the background
cross-sectional wind. For simplicity, we assumed a constant
air density for both Ft and Fw, and xb was set to the place of
R/V Mirai (xb ≈ 83.2 km). A schematic description can be
found in Fig. 15b.

As shown in Fig. 15,Ma andMb had similar diurnal variations,
and both were much larger than the common-used criterion
(M = 1) with the lowest value around 3.7. The radiosonde-based
results showed even larger values (4.5–9.7). Meanwhile, the FO
also indicates the blocking effect, while its value varies diurnally
from 0.2 to 0.45 during the MJO. Considering the large M and
small FO we obtained here, our conclusion would not be
changed even we applied any different hm or realistically varying
air densities during the calculation. Thus, the orographic stagna-
tion effect would likely occur and weaken the sea breeze during
the MJO. Note that, the best way to explicitly confirm the above
issue would be the numerical sensitivity experiments; however,
it is beyond the scope of this study and will be one of the future
works.

In addition, the compensating flow may also contribute to
the weakening of the sea breeze during the MJO as we dis-
cussed in section 4c; however, it was unlikely the major factor
when considering the canonical diurnal convection could also
generate strong updraft over the coastal area (e.g., Fig. 13;
also see Fig. S8).

6. Conclusions

In this study, we focused on the suppressed convection over
Sumatra Island in an active phase of the MJO during the Pre-
YMC observation campaign in December 2015. The after-
noon convection over mountainous areas was suppressed and
delayed when the MJO became active over the MC in mid-
December, and the midnight convection nearly vanished.
Since the radiosonde data showed only the changes in the
atmospheric conditions at one spot, we also conducted cloud
permitting WRF simulations with 5 ensemble members, which
successfully replicated the main features of the modulated
diurnal convection.
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To find why the afternoon convection was suppressed dur-
ing the MJO in Pre-YMC 2015, we evaluated the conditions
for convection initiation over the mountainous area. Results
showed that, prior to the MJO, the lower tropospheric warm-
ing and moistening during the morning hours enhanced the
instability over the mountainous areas, while the sea breeze
and its related orographic lifting triggered convection over at
0400–0500 UTC (1100–1200 LT). After that, the migration of
active convection induced the precipitation at Bengkulu in
the late afternoon and precipitation over the sea during the
nighttime, and its eastward component induced the second
precipitation peak at midnight.

By contrast, during the active phase of the MJO, the atmo-
sphere became colder and drier as shown by both the radio-
sonde data and our simulations. The cloudy conditions
reduced the solar insolation and stabilized the lower tropo-
sphere. The afternoon convection was largely suppressed and
delayed due to the reduced solar insolation and the weakened
onshore wind. Moreover, we found the land–sea temperature
contrast was more likely to be delayed because similar diurnal
amplitudes were found before and during the MJO. On the
other hand, based on the theoretical diagnostics, we found
evidence that the orographic stagnation effect contributed to
the weakening of onshore wind.

During the evening hours, island-scale subsidence was found
over Sumatra Island, which was absent before the MJO. Our
analyses show that this subsidence was generated by the evap-
orative cooling due to the increased stratiform-anvil clouds.
Such conditions were not favorable for the inland convection
or the maintenance of the eastward migrating mountainous
convection, and, therefore, suppressed the midnight inland
precipitation during the MJO.

Overall, this study reveals the modulation of diurnal convec-
tion over Sumatra Island by an active phase of the MJO via the
combined effect of cloudy conditions, stagnation effect of
topography and the cooling induced subsidence. Our results
also show the potential role of land–sea interactions in convec-
tion initiation and maintenance over Sumatra Island, which are
consistent with the finding in a recent study on the YMC-Suma-
tra 2017 campaign (Nasuno 2021). Moreover, the major features
of the 2015 MJO event (such as the suppressed convection over
the land, strong westerlies, and increased fraction of stratiform
clouds) are commonly found in other MJO events (e.g., Morita
et al. 2006; Fujita et al. 2011; Peatman et al. 2015; Yokoi 2015).
Therefore, it is natural to expect the similar features and related
mechanisms would be found in other MJO events, which should
be further examined in future studies, including the numerical
sensitivity experiments on the cooling-induced subsidence, com-
pensating flow, and the orographic stagnation effect. On the
other hand, although our model well reproduced the diurnal
variations as presented in this study, the model biases and the
potential influences should be carefully treated. For example,
the underestimated convection over the sea during the MJO
period may modulate the diurnal land–sea circulation, resulting
in a weaker compensation flow which may further influence the
midnight subsidence over the land. Thus, our future study will
also investigate the potential uncertainty induced by the model
biases on convection in the future study.
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