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ABSTRACT

A West Sumatra squall line occurred on 10 January 2016, with a clear offshore propagation
of convection. Satellite-derived products from Himawari-8 Advanced Himawari Imager and the
Geostationary Cloud Algorithm Testbed Geocat are used to investigate the westward propagation of
cloudiness from Sumatra to the Indian Ocean with a lifetime of 1.5-days. A convective mask based
on deep convective cells detection and a cell-tracking algorithm are used to estimate the propagation
speed of the cloud system. Two distinct mesoscale convective responses are identified: (1) a rapid
development in South Sumatra is influenced by the convective environment over the Indian Ocean.
The propagation speed is estimated to be ~5 m s within the first 200 km from the coast. This speed
is consistent with density currents. In contrast, (2) the coupling to the inertia-gravity wave is only
evident for the northwest of Sumatra with speed ~12 ms™. The analysis of brightness temperature
from the 10.4 um spectral band and cloud top temperature showed that the lifetime of the squall
line is approximately 30 h with a propagating distance of ~1000 km. Retrieved cloud properties
and tracking of the offshore propagation indicated that the cloud structure consisted of multiple
types of cells, propagating as envelopes of convection and revealed the influence of large-scale
variability of the Indian Ocean. Filtered OLR anomalies, satellite-derived rainfall, moisture flux
convergence, and background winds flow around Sumatra are used to explore the effects of Kelvin

wave activity that likely influenced the lifetime of the squall line.
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1. Introduction

Analysis of the multi-scale variability of diurnally forced convection in the Maritime Continent
(MC) requires well-resolved data in space and time, which also has broad spatial coverage. While
previous studies have established the climatological characteristics of these convective systems,
there are gaps in the detailed understanding of the processes behind their evolution. This is, in
part, due to the limited spatiotemporal resolution (McGarry and Reed 1978; Albright et al. 1981;
Chen and Houze 1997; Short et al. 2019) and spatial coverage of the satellite datasets used, or the
inherent limitations of model simulations (Yang and Slingo 2001; Love et al. 2011; Vincent and
Lane 2016, 2017). The advent of new-generation geostationary satellites, such as Himawari-8, with
revolutionary spatiotemporal and spectral resolutions, provide opportunities to investigate tropical
convection in unprecedented detail. This study uses geostationary data with high spatial and
temporal resolution and broad spatial coverage to examine the diurnal and topographically-forced
convection over Sumatra that evolves to a long-lived squall line interacting with intra-seasonal
variability over the Indian Ocean (IO) and the cloud features of the offshore-propagating squall
line northwest of Sumatra. The goal of this work is to explore the diurnally forced convection in
the MC, using the Himawari-8 Advanced Himawari Imager (AHI) data and satellite-derived cloud
properties. The study investigates the signatures of diurnally driven convection over Sumatra and
the eastern 10 in January 2016, and the influence of the moist Kelvin wave propagation on the
longevity of the Mesoscale Convective Systems (MCS) ahead of the Kelvin wave propagation over
the Maritime Continent.

Previous studies in the tropics have found a rainfall maximum over the sea in the early morning,
while over the land, the maximum is observed in the late afternoon or during the evening. The

observed atmospheric patterns, however, differ across geographical locations and through the
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tropics. Yang and Slingo (2001) used satellite observations and atmospheric modeling to explain
that precipitation over the land often propagates in a seaward direction during the afternoon and
evening. At night and during the early morning, the precipitation is located offshore in areas such
as the Bay of Bengal, northeast of New Guinea, Mexico, and West of the African coast. Studies
have used satellite-based datasets and numerical atmospheric models to investigate the evolution of
the DC over the equatorial region (Yang and Slingo 2001) and the tropical Americas (Mapes et al.
2003). They observed that the triggering of MCSs over tropical oceans resulted from interactions
between the diurnal heating cycle, the planetary boundary layer, and topographic effects. Mapes
et al. (2003) showed that mesoscale convective systems associated with coastal and continental
regimes propagate with an average horizontal phase velocity between 2-8 m s™ near the coast, and
11 and 20 m s™ farther offshore. The ranges of speed depend on the region and the type of local
forcing. Observational and numerical modeling studies have shown evidence of slower propagation
near shore regime linked to cold pools and land breeze density currents with a range of speeds of
approximately 2-8 ms™' (Houze et al. 1981; Sakurai et al. 2009; Fujita et al. 2011; Vincent and Lane
2016; Short et al. 2019; Ruppert and Zhang 2019; Ruppert et al. 2020). The faster propagation
offshore is found between 11 and 20 ms™ to be a response to the intense stratiform heating structure
in the organized convection that develops higher-order gravity waves (Mapes et al. 2006; Tulich
et al. 2007; Tulich and Mapes 2008; Love et al. 2011; Vincent and Lane 2016; Ruppert et al. 2020)
although that speed may be lower in some regions such as the Maritime Continent, where vertical
wavelengths are smaller than the depth of the troposphere and the phase speed is in the range of
approximately 11-20 m s™.

Similar results were found by Mori et al. (2004) for Sumatra, where Tropical Rainfall Measuring
Mission (TRMM) satellite precipitation radar and sounding data were used to explore the regional

variability of rainfall. Spatial and temporal rainfall patterns were found to be driven by the
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migration of the daytime rainfall peak over the land to the offshore region at night, with a typical
propagation distance of around 400 km. Two propagation speeds were reported; (1) approximately
10 m s for the first 100 km and (2) approximately 30 m s farther offshore. They found that
the contribution of convective rainfall varied with proximity from the coast, with up to 70% of
evening rainfall explained by convective processes. Thus, the weather systems in South Sumatra
may be interpreted as a dynamical response of the diurnally driven convection over Sumatra to
local forcings such as mountains and the effects of background westerly wind during the austral
summer, feedback processes involving local convergence and thermal heating associated with the
land- and sea-breezes, as well as the interconnection with the diurnally driven convection over
Java, Borneo, and the Malay Peninsula.

Rainfall in the MC has diverse sources of variability with distinct spatial- and time-scales. On the
intraseasonal scale, the dominant source of variability in the tropics is the Madden-Julian Oscillation
(MJO) on time-scales of 30-70 days with an eastward propagation speed of approximately 5 m
s"'. The propagation creates areas of enhanced or suppressed convection starting over the 10 and
propagating through the tropics towards the western Pacific Ocean. Frictional moisture convergence
associated with Kelvin wave activity ahead of the MJO, changes in solar insolation and modulation
of the background winds have been invoked to explain the variations in the diurnally driven
convection over land and coastal areas of the MC, along with the MJO itself (Peatman et al. 2014;
Birch et al. 2016; Rauniyar and Walsh 2013; Short et al. 2019). The interaction between topography
and Kelvin waves can generate changes in the frictional moisture convergence when the system
propagates towards the MC; this has been argued to amplify the signature of the DC over the land
(Takayabu and Murakami 1991; Serra et al. 2014; Peatman et al. 2014). In contrast, when the
MIJO is convectively suppressed near the MC, the frictional moisture divergence and reduced solar

insolation can substantially suppress the signature of the DC over the land. Chen et al. (1996) used
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17

infrared satellite imagery to show that the pattern of cold cloud shields with westward propagation
behave like an equatorial internal gravity wave but with a 2-day frequency. A possible explanation
is that the lifetime increases due to the reinforcement of the DC of the marine planetary boundary
layer associated with the effects between individual MCSs and 2-day waves in the tropics, despite
the differences in time-scale between them (Takayabu 1994; Chen and Houze 1997; Mapes et al.
20006).

The influence of the MJO on the diurnal precipitation cycle over the MC has been explored in
several studies (e.g., Rauniyar and Walsh 2011; Peatman et al. 2015; Birch et al. 2016; Hassim
et al. 2016; Vincent and Lane 2016; Ruppert and Zhang 2019; Seiki et al. 2021a). Convective-
permitting simulations using the Weather Research and Forecasting (WRF) Model together with
satellite-derived rainfall TRMM and CMORPH were employed to explore the processes associated
with the seaward-propagating precipitation in New Guinea (Vincent and Lane 2016). Based
on previous investigations (Yang and Slingo 2001; Mapes et al. 2003; Love et al. 2011), two
propagation speeds were found: the first was situated within 100-200 km from the coast the
propagation was on average 4 m s". The second was found between 400 and 700 km, where the
speed falls in the range of 12-18 m s'. The latter is consistent with the propagation of an IGW as a
response of the DC of heating and cooling over land, as proposed in several studies (Rotunno 1983;
Weisman and Rotunno 2004; Yang and Slingo 2001; Mapes et al. 2003; Qian 2008). These studies
also found significant differences between WRF simulations and satellite-based rainfall estimates,
which were associated with uncertainties in satellite retrievals, model biases in the representation
of convection, and challenges in capturing the interscale cloud feedback components in global and
limited-area models over the Indo-Pacific warm pool (Vincent and Lane 2016, 2017).

Recent studies have explored the effect of surface winds across the MC on rainfall processes.

Short et al. (2019) used two satellite-based rainfall and three satellite-based sea surface wind
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datasets to investigate the links between the DC of surface winds and offshore rainfall associated
with MCSs. The observational analysis of the land-sea breeze showed an average propagation
distance of around 400 km from the coast, and wind disturbances were related to propagation
offshore of rainfall with a range of speeds between 1 and 5 m s near the coast and 25-30 m
s farther offshore, corresponding with gravity wave propagation. These results are comparable
with the speeds found using numerical simulations (Hassim et al. 2016; Vincent and Lane 2016).
However, three main components of the DC of rainfall were identified: two are associated with the
land-sea breeze processes, whereas the contribution of the open ocean DC 400-800 km offshore
from South Sumatra describes the third one. These findings show the critical location of Sumatra,
where the 10 and the MC meet and define the dynamical and thermodynamic conditions necessary
for convective initiation and MCSs development in a tropical atmosphere.

Capitalizing on the atmospheric and cloud properties derived from the Himawari-8 satellite,
this study aims to explore the diurnally driven convection associated with a tropical squall line
event in Sumatra to further our understanding of the lifetime, structure and variability of tropical
mesoscale convective systems and the underlying processes. We employ the atmospheric and
cloud products derived from the Himawari-8 satellite, which provide higher-resolution data over a
broader spatial area than previously used to study the cloud features in the region. At this resolution
the mean propagation of the cloud system that has been previously reported (e.g., Mori et al. 2004)
to be perpendicular to the coastline is better defined as envelopes of convection rather than squall
lines themselves. However, the brightness temperature (BT) 10.4 um spectral band, cloud top
temperature (CTT), cell-tracking, and convective mask show a meridional transition between the
northwest and southwest of Sumatra. The northwestern line shows slow, fast, and transition speed
components of the propagation and cloudiness signatures of the diurnally driven convection over

Sumatra and the eastern IO that links to density currents and IGW mechanisms. In contrast, the
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southwestern line shifts to a slow propagation dominated by a density current due to the weather
conditions during the squall line event. This squall line event, occurring on 10-11 January 2016, is
chosen as it features a clear offshore land/sea breeze (Fig. 1) and the effect of the convection over
the eastern IO on the lifetime of the squall line. Moreover, the event occurs under suppressed MJO
and Kelvin wave activity over the MC, therefore exemplifying local forcing effects. Using a range
of satellite-based and reanalysis datasets including the unprecedented high-resolution Himawari-
8 AHI products, this study aims to address the science questions as follows: (1) what are the
characteristics of the diurnally driven convection over the North and South Sumatra? (2) how do
these responses evolve under different local and large-scale forcings? (3) what are the sources of
the different responses? The remainder of this paper is organized as follows: Section 2 describes
the characteristics of satellite-derived cloud properties from Himawari-8 AHI. The propagation of
the squall line is analyzed in section 3, focusing on the cloud structure and properties over the West

coast of Sumatra (WCS). Discussion and conclusion are presented in sections 4 and 5.

2. Data and Methodology

a. The satellite-derived dataset from Himawari-8

The atmospheric and cloud products derived from Himawari-8 AHI were produced employing the
Community Satellite Processing Package for Geostationary Data, Geostationary Cloud Algorithm
Testbed (CSPP-Geo Geocat) Level-2 version 1.0.3. in conjunction with additional ancillary datasets
as presented in Table 1. Himawari-8 AHI data was provided by the Japanese Meteorological
Agency. Two databases were produced with the CSPP-Geo Geocat at the same spatial resolution
(2-km) but different temporal resolutions: 1-hour (Lopez-Bravo et al. 2021a,b) and 10-minute,

respectively. The hourly dataset was employed to characterize large-scale drivers over the MC
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during the austral summer from November 2015 to March 2016, and the 10-minute dataset was
used to investigate the evolution, and the internal structure of the squall line event from 07:00 LST
10 January 2016 to 06:50 LST 14 January 2016. Retrieved CTT and cloud top height (CTH) were
employed to examine the squall line propagation and the diurnally driven convection over Sumatra.
These retrieved cloud properties have previously been found to agree reasonably well with the
estimates from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
and shipborne cloud radar-lidar observations (Huang et al. 2019).

A multi-threshold post-processing method was further implemented to remove pixels that may
be subject to significant uncertainties and retrieval artifacts. Sun glint, for example, can sometimes
lead to misclassification of the water surface as a cloud scene, resulting in false cloud detection.
Based on the analysis in Huang et al. (2019), a number of threshold values were carefully chosen
and used to filter out pixels that are deemed unreliable (Table 2). While the filtered dataset may
under-represent the fraction of very shallow and partly cloudy pixels to some extent, it minimizes

the systematic retrieval errors, which may otherwise lead to poor interpretation of the results.

b. Convection Identification and Masking

Based on the concept that deep convection penetrates the tropical tropopause layer and changes
water vapor content in the lower stratosphere, the overshooting cloud tops are used as a proxy of
thunderstorm updrafts embedded in the squall line. The overshooting cloud tops as part of the squall
line modifies the static stability near the tropopause and generates gravity waves. These processes
can promote turbulence and mixing, which promotes mass exchange between the troposphere and
stratosphere (e.g., Hassim and Lane 2010). Specifically, the overshooting convection will transport
water vapor into the upper-troposphere and lower-stratosphere and can generate extensive regions

of large ice water content with very low BT. A combination of techniques was used to identify
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and classify deep convective areas of the squall line structure, following Mecikalski and Bedka
(2006), Walker et al. (2012), and Merk and Zinner (2013). The gradient technique was used to
estimate the intensity gradient of brightness at a pixel level in the zonal and meridional direction
to identify the immature and mature regions during the daytime. In order to avoid the problem
of nighttime identification, a threshold technique based on the brightness temperature difference
between the 10.4 um and 12.4 um spectral bands (BT difference < 3.5 K) was used to define
the outer limit of the immature region. The threshold technique performed well in detection due
to well-organized deep tropical convection without a significant cover of intermediate, low, and
thin clouds. The next brightness threshold technique was applied to identify a deep convective
cloud scene using BT from channel 13 (10.4 um spectral band) and channels 8 (6.2 um spectral
band). Thresholds have been selected from the literature because long-term statistics of cloud
BT derived from Himawari-8 AHI over Sumatra are not available. BT thresholds that have been
used in the literature to identify deep convection include BT < 241 K (Maddox 1980), BT < 245
K (Machado et al. 1993; Mapes and Houze Jr. 1992) and BT < 235 (Vila et al. 2008). In this
study, BT10.4um > 253 K was chosen to separate immature and mature convective regions based on
Roberts and Rutledge (2003), whereas BT 4, < 213 K (modified by Takayabu (1994) for the MC)
was chosen to indicate deep convection. Those conditions have to include the high-water signature
at troposphere level, which can be estimated by the BT difference between 6.2 ym and 10.4 ym
channels. In this study BT 2,,-BT10.4um> -10 K is chosen to indicate pixels with mature cumulus
class, while values greater than -10 K are classified as immature clouds. Together, these thresholds
provide a convective cloud mask with three categories: deep convection (M_DC), mature (M), and

immature (IM).
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Additionally, cold cloud cores associated with deep convective clouds of the squall line were iden-
tified using the brightness temperature (10.4 pum spectral band) from Himawari-8 AHI following

Moseley et al. (2013, 2016), Feng et al. (2018).

c. Tracking of cloud cells

A cell-tracking algorithm was developed based on the convective cloud-mask to characterize the
behavior and evolution of the deep convective clouds. This algorithm uses the deep convective
cloud from the convective mask and the BT channel 13 to identify the center of the target. The
center of the target is determined via a two-stage approach. Firstly, the data is restricted to the
coldest 5™ percentile of the BT (10.4 um) to reduce the search area over the target. Then, the coldest
1% percentile of the BT is used to identify the coldest region of the target. When all the coldest
pixels are found, the geometric midpoint is assigned as the center of the target. Once identified,
a correlation method based on Sum of Squared Differences is used to track the cloud between
the target scene, at some time t, in a search scene forwards or backwards in time, generating the
displacement and new deep convective cell position in time and space. The lifetime of the cell is
calculated as a function of cloud cover/number of pixels every 10-minutes during the squall line
evolution in each category of the convective mask. This methodology is similar to that used in
Williams and Houze (1987), Johnson et al. (1998) and Vila et al. (2008). In this study, convective
initiation is not incorporated in the algorithm because the squall line was selected by manual
inspection.

Apart from Himawari-8 AHI products, additional information is used to analyze the large-scale
environment and squall line evolution. Interpolated Outgoing Long-wave Radiation (OLR) data
was obtained from the Earth System Research Laboratory/Physical Sciences Division (Liebmann

and Smith 1996). Time indices of Kelvin waves were obtained by first filtering OLR data in the
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wavenumber-frequency domain with wave numbers 1-14, a period of 2.5-20 days and equivalent
depth of 8-90 m (Wheeler and Kiladis 1999; Kiladis et al. 2006). ERAS zonal and meridional wind
components are used to show the low- and mid-level background wind during the squall line event,
and the daily accumulated rainfall is calculated by using the Integrated Multi-satellitE Retrievals
for Global Precipitation Measurement (IMERG) (Huffman et al. 2015). The propagation of the
atmospheric disturbances associated with the diurnally driven convection and cloud properties
from Indonesia toward the IO were explored using satellite-derived Level-1 (Lopez-Bravo et al.
2021a) and Level-2 (Lopez-Bravo et al. 2021b) cloud properties derived from Himawari-8 AHI.
Reflectivity from the Cloud Profiling Radar onboard the CloudSat satellite (Stephens et al. 2002)
was employed to explore the vertical structure of clouds associated with the squall line at 14:25

LST 11 January 2016.

3. Results

a. Influence of the large-scale mechanisms on squall line event

Zonal and meridional wind components from ERAS were vertically averaged over the 925-850
hPa layer and at 700 hPa to show the synoptic background wind during the squall line event from
10 January 2016 to 12 January 2016. A Low-level easterly flow regime was identified over the
MC. The maximum speed of approximately 8 m s™' was located at longitude 111°E, and latitudes
between 5°N and 10°N. For the Malay Peninsula, easterly flow was directed around the mountains
to the South, impinging on the Central and South Sumatra (Fig. 2a). Easterly flow crossed the
narrow island gap towards the Strait of Malacca and skirted the Northern region of Sumatra. As
a result, a low-speed area was located between the North of Sumatra and the 10. In contrast, the

easterly flow over the Java Sea is weak near Sumatra but intensifies over the Southern I0.
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Finally, the anticyclonic circulation over the Bay of Bengal contributed to southeasterly flow
towards the equator over the I0. The mid-level wind field at 700 hPa (Fig. 2b) showed that the
easterly flow from the MC modified the flow over Sumatra to acquire a southeasterly direction, and
a cyclonic circulation dominated in the Southern IO. A relative vorticity analysis was performed to
understand the circulation induced by the mountains of the Malay Peninsula and the mountain range
on the Western side of Sumatra (Barisan Mountains with an average elevation of 2,400 m above
sea level). The split flow near the Malay Peninsula can be approximated by a stratified flow being
blocked by an isolated obstacle (Smolarkiewicz and Rotunno 1989; Rotunno and Smolarkiewicz
1991; Fine et al. 2016). The potential for flow blocking may be indicated by the Froude number,
defined by U/Nh, where U is the approaching wind speed, N is the Brunt—Viisila frequency, and
h is the obstacle height. A Froude number < 1 can indicate flow blocking (Smolarkiewicz and
Rotunno 1989). The average Froude number at the low-level layer (925-850 hPa) was 0.4; this
supports the flow blocking and splitting by the high mountains of the Malay Peninsula and Sumatra.
Relative vorticity and streamlines (925-850 hPa layer) are shown in Fig. 2c. A positive vorticity
maximum is observed at the northern region of Sumatra, consistent with a cyclonic circulation over
the 10. The maximum relative vorticity propagates offshore from the northern region of Sumatra
during the squall line event, extending towards the equator and the longitude 90°E. However,
cyclonic or negative values of relative vorticity (Southern Hemisphere) are also found over the
South of Sumatra with a closed offshore circulation extending into a wide area of negative vorticity
over most of the Southern 10 (Latitude between equator and 10°S). This vast region reflects the
existence of a regional circulation over the Southern 10, evident in the 700 hPa analysis and also
at lower levels on individual days (not shown).

The period of December 2015-February 2016 was analyzed using the Wheeler and Hendon

(2004) real-time multivariate MJO index (WHO04) to identify the MJO phase under which the
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squall line event occurred. The WHO04 index is based on the first two principal components of
OLR, and the 850-hPa and 200-hPa zonal wind from NCEP reanalysis averaged over 15°S-15°N.
Between 9 January 2016, and 13 January 2016, the MJO was active over the Western Hemisphere
and the IO and weakened as it approached the MC at the end of January (Fig. 2d). Suppressed
convection over the MC was associated with the eastward propagation of the MJO from Africa
towards the IO. The transition to phase 2 occurred in late January, a few days after the squall line
event, without evidence of the atmospheric disturbances traveling eastward over the 10. Although
the enhanced convective phase of the MJO had not yet arrived at Sumatra on 10 January 2016,
the diurnally driven convection over Sumatra appeared to be influenced by non-diurnal factors,
increasing in the lifetime of the diurnally driven convection offshore from WCS. We hypothesize
that this influence was related to the outer limit of the convective envelope in the direction of the
moist Kelvin wave propagation over the eastern 10 before the Kelvin wave arrived in Sumatra, as
will be discussed below.

Three eastward propagating disturbances were identified during the austral summer December-
January-February (DJF) in 2015-2016 using the BT from the 10.4 ym spectral band of Himawari-
8 AHI (Fig. 3). The large-scale mechanisms were identified based on the WHO04 index, the
analysis of meteorological variables, and wavenumber-frequency filtered OLR. Two of the eastward
propagating cloud systems present in early December 2015 and February 2016 correspond to the
convective envelope of the MJO (phases 4 and 5) moving across the MC (Fig. 3a) with easterly 850-
hPa background zonal flow averaged over 6°S-6°N, which was calculated from ERAS reanalysis
(not shown). Figure 3b shows a third system propagating across the MC in January 2016 likely
corresponding to a Kelvin wave disturbance propagating as bands of cloudiness in two parallel
ray paths but without the characteristic westerly wind anomalies that would otherwise indicate an

MIJO disturbance. The ERAS vertically integrated moisture flux convergence (VIMFC) from the
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surface to the top of the atmosphere (100 hPa) was calculated to identify the convergence zone
over the IO (first column in Fig. 4a,d,g.j). The positive values of VIMFC (ms™)(g kg ") showed an
eastward propagation towards the Maritime Continent during the squall line event. These results are
consistent with the filtered OLR anomaly patterns (W m™) (second column in Fig. 4b,e,h,k), which
illustrate the propagation of the Kelvin Wave. The daily accumulated satellite-derived rainfall (mm
hr'') from IMERG data collection also showed comparable structures over the IO (third column in
Fig. 4c.f,i,]). The rainfall signature of the Kelvin wave is observed between 11 January 2016 to 17
January 2016 with eastward propagation over the eastern IO and Sumatra, Longitude 80°E 102°E
(Fig. S1 in the online supplement). The diurnally forced convection in Sumatra shows a westward
propagation from the WCS, which is consistent with the brightness temperature (10.4 um spectral
band) from Himawari-8 AHI in Fig. 3b.

On 10 January 2016, the squall line was initiated by the diurnally forced convection over the
land, with a subsequent extensive deep convective cloud band ~1000 km offshore from Sumatra
and a lifetime (~1.5-days) that exceeds the mean lifetime of a typical structure of the diurnally
driven convection in Sumatra. However, the development of the convective cells over the WCS
was not uniform because differences were detected in the distribution of clouds over the North and
South of Sumatra. A weak signature of a moist Kelvin wave pattern on 10 January 2016 (Fig.
4a,b,c) was identified over the southwest region of Sumatra prior to the squall line event, and the
analysis confirmed the propagation of the moist Kelvin wave between Latitude 8°S and the equator
(not shown); A cyclonic pattern was also observed in the wind field (Fig. 2a, b). Therefore, the
residual of this first Kelvin wave might have played a role in changing the features of propagation
of the squall line off the Southwest Coast of Sumatra. The dry phase of a second Kelvin wave was

located over the IO on 11 January 2016 (Fig. 4d,e,f). This regional condition is not indicative of
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convective coupling between the moist Kelvin wave phase and the diurnally driven convection over
Sumatra for the case study period.

The dissipating stage of the squall line on 11-12 January 2016 (Fig. 4g,h,i) coincides with the
edge of the convergence zone associated with the Kelvin Wave located at longitude 90°E, likely
promoting the development of new convection cells. The influence of the Kelvin wave on the
dissipation stage of the diurnal cycle may invigorate convection over the eastern 10. However,
cold cloud cores over the eastern IO and western Maritime Continent could lead to the generation
of convectively coupled Kelvin waves, as demonstrated by Roundy (2008); Kiladis et al. (2009);
Baranowski et al. (2016). The Kelvin wave arrived to the WCS on 13 January 2016 (Fig. 4j.k.l).
Note that the position of the Kelvin wave over the IO may play a key role in shaping the patterns
of background wind and moisture distribution, changing diurnally forced convection features such
as the cloud structure and propagation of the cloud population on a local scale between South and

North Sumatra.

b. Diurnal Cycle and Cloud Properties

The Hovmoller diagram of filtered CTT shows the development of the squall line with a lifetime
of about 1.5-days along a section perpendicular to the Northwest coast of Sumatra (Fig. 5a, green
line in Figure 1). The filtered cold cloud top in Fig. 5aillustrates convective development associated
with the cloud population propagating over Sumatra and the IO between 17:00 LST 10 January and
01:00 LST 12 January 2016; inland < 100 km from the WCS and over the IO ~900 km offshore.
However, the lifetime of approximately 30 hours and the nominal distance of ~1000 km from the
coast suggest a possible influence of non-diurnal processes and the convective invigoration near 900
km offshore. Note that the CTT increases between 200 km and 400 km offshore after 07:00 LST 11

January 2016 due to a change of propagation direction of the squall line likely associated with the
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deviations of background wind induced by the easterly flow around the Sumatra mountain range.
In contrast, the section perpendicular to the Southwest of Sumatra exhibits significant differences
in the lifetime and the main direction of squall-line propagation, likely due to the effects of local
forcings and weather conditions resulting from tropical disturbances traveling over the IO and the
MC. Given the distinct responses and influences from the 1O variability, the cloud evolution in the
southern and northern regions of Sumatra are examined separately.

Southern Sumatra

The rapid development of the westward-propagating squall line results from local and regional
forcings such as background wind flow, topography, the orientation of the east and the west coast
of southern Sumatra, and tropical convection from the IO. The cloud population located onshore
during the days 10-12 January 2016 is explained by the convective initiation and the westward
propagation regime over the western and eastern coasts of Sumatra (Fig. 5b, red line in Figure 1).
For example, on 13 January 2016, both eastward and westward propagation was identified at the
West and East coast of Sumatra. The evolution of these MCSs develops a convergence line over
the South-central portion inland resulting in a wide area of deep convective clouds. The diurnally
driven convection signature over the WCS is identified between 17:00 LST 10 January 2016 and
07:00 LST 11 January 2016 (Fig. 5b) with a horizontal extension of ~200 km off Sumatra, starting
the propagation near the coastline (0 km). A fast transition to deep convective clouds is identified
within the first 200 km off Sumatra. The mean value of the CTT of the deepest cloud tops is 210
K with CTH ranging from 9 to 14 km, whereas the production of the shallow clouds dominates
the convection over the IO with fast convective transitions and a CTT of roughly 240 K. This is the
result of two DCs developing simultaneously over the east and WCS. The well-defined structure of

cloudiness linked with a cyclonic circulation offshore South Sumatra on 09 January 2016 drives
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the regional condition that inhibits the development of the convection cells over IO on 10 January
2016.

Northern Sumatra

The developments of retrieved CTH and CTT as a function of distance from the northern
coastline are presented in Fig. 6. Within the first 200 km from the coast, a maximum deep
open-sea convection is identified by maximum values of the CTH between 12 km and 15 km (thin
grey line) (Fig. 6a) and a CTT range of 204-220 K (Fig. 6b). The transition is observed at 200-300
km from the West Coast, where the CTHs drop to ~12 km and the CTTs rises to 220 K. The
second maximum of the CTH is detected offshore from Sumatra at 350-500 km, where the top of
the convective system rises to 14 km. Here the CTH is shallower compared to the previous CTH
close to the WCS. It is noted that the 90™ percentile of CTH and the minimum CTTs correspond
strongly with the envelope of the convection (Fig. 6a), suggesting strong convection and areas of
overshooting cloud tops and providing evidence of the location of the updrafts during the squall-
line propagation. From 900 km outwards, the CTT (Fig. 6b) and the CTH values rise quickly
again (Fig. 6a), likely suggesting a new convective initiation located ahead of the outflows of the
dissipating squall line. We hypothesize that this resulted from the feedback between the dissipating
stage of cloud population of the diurnally forced convection and the line of convergence associated
with the convective envelope of the moist Kelvin wave over the eastern IO moving towards the MC.

Differential propagation of the convective envelope from north and south of Sumatra

The squall line propagation offshore from Sumatra was explored by analyzing the cold cloud
cores, convective cloud mask, and cell tracking algorithm, allowing for the analysis of the spatial
distribution, lifetime, and propagation speed of the cloud population. Figure 7 presents an analysis
of cold cloud cores to provide evidence of multiple convection cores inside of convective envelope

of the squall line propagating offshore Sumatra. Cold convective cores are presented every 3

18



395

397

400

402

403

405

406

408

411

414

415

416

417

418

hours, starting from panel (a) to (1), and show the cloud structure consisting of multiple types of
cells, propagating as envelopes of convection offshore Sumatra. The number of cells indicates
a maximum of cold cloud cores between midnight and early in the morning in Fig. 7m, and a
second peak is also observed around 16:00 LST on 11 January 2016, when the signature of the
diurnally driven convection merges with preexistent convection over the eastern 10 (the northern
hemisphere region). The nighttime convection over the IO around midnight on 12 January 2016
may indicate the first effect of the approaching Kelvin Wave (Please see the location of the Kelvin
Wave in Fig. 4h and the VIMFC in Fig 4g). Figure 8 shows an example of the convective cloud
mask (2 km spatial- and 10 minutes temporal-resolution) at 14:20 LST 11 January 2016 overlaid
by the trajectories of the convective cells over 30 hours as the squall line propagates offshore from
Sumatra (Latitude 0°/Longitude 92°E).

The cloud type categorization shows the spatial variability of the overshooting cells organized
into the mesoscale structure when the cloud system moves offshore from Sumatra, suggesting
possible positions and strength of updrafts at the different convective stages of the squall line.
While the overshooting regions may be inferred from the Himawari-8 AHI derived cloud tops, an
overpass of the CloudSat satellite during the squall line event detects the cloud vertical structure
at 14:25 LST 11 January 2016 (black dots in Fig. 8). In Fig. 9, the vertical cross-section of
reflectivity corresponds to the mature stage of the squall line about 400 km in the open sea (Fig. 6a
and 6b). The average CTH of ~13 km and the CTT of ~204 K are comparable with those derived
from Himawari-8 AHI (Fig. 5). The reflectivity captured the active section of the squall system,
whose structure is somewhat analogous to a canonical leading-line/trailing-stratiform MCS (e.g.,
Houze 2018). An overshooting top was apparent at the leading edge of the storm (around 1°N),
where the strongest updraft was likely located. Intense precipitation was generated within the

cumulonimbus, with with a region of more intense precipitation present at the outer edge of the
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updraft/downdraft side of the storm (1°-2.5°N), as evidenced by the strong attenuation of the radar
reflectivity below the cloud base. Early studies (Houze 2004; Cotton et al. 2011) have suggested
that, in the mature stage of squall lines, moistening above the boundary layer (3-5) km and moisture
in the environment are critical to forming a deep, precipitating stratiform-anvil cloud. The cloud
layer present at 3-8 km (1°-2.5°N) provides evidence of atmosphere moistening in the troposphere,
which is indicative of the cycle of maintenance of convection during the propagation of the squall
line.

The development of deep convective clouds and the inferred lifetime of the squall line for North
Sumatra is presented in Fig. 10a. The deep convective cloud center is identified during the tracking
using the deep convective cloud category from the convective mask and the BT channel 13 (10.4
um spectral band). The target area is defined by the spatial distribution of each category from the
convective mask every 10-minutes, along the red dots in Fig. 8, which represents the center of the
cloud system associated with squall-line propagation. In Fig. 10a, three categories are presented:
immature (IM) in blue, mature (M) in green, and deep convection (M_DC) in yellow. Together,
these categories show the temporal development of the squall line. An increased number of pixels
is observed for M and M_DC during 16 h and 28 h after the convective initiation. This provides
evidence of a population of deep convective clouds propagating offshore as the squall line develops
towards its mature stage. After the change in the propagation direction offshore, the trend reverses,
indicating the dissipating stage of the squall line. However, rather than continuing to dissipate,
a new convection cell immediately develops (green line after 01:00 LST 12 January 2016), and
an increase of IM pixels is observed over the 10, showing the oceanic influence on the diurnally
forced convection analyzed (~30 hours).

The southwest of Sumatra is characterized by two westward propagating systems originating from

land in southeastern Sumatra and the WSC. The track suggests a deflection of the main direction
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of propagation towards the northwest, moving parallel to the long axis of the island, from southern
to central Sumatra (see purple dots in Fig. 8), resulting in changes in the structure and cloud
distribution of the squall line. Notable features include (Fig. 10b): (1) convective initiation occurs
at approximately 13:00 LST 10 January 2016, representing 5 hours of delay in time in comparison
to the North section, as suggested by the convective mask and backward trajectory. Deep and cold
cloud tops dominate the early stage of the convection; the structure of the convective cells is well
defined over the land and along to the WCS (see the CTT at 19:00 LST 10 January 2016 near the
WCS in Fig. 5b), which is confined into small areas with intense cloud activity, (2) the propagation
of deep convective cells started ~5 hours before the North, and (3) the lifetime is observed to be
~11 hours, but the maximum number of M and M_DC pixels are detected between 20:00 LST
10 January 2016 and 07:00 LST 11 January 2016 (Fig. 10b), and differences in the propagation
speed between land and ocean are observed. The cell-size identified as a deep convective cloud is
observed to be considerably smaller than that in the northwest.

The horizontal velocity of the squall line was estimated, assuming the WCS as a reference.
The best fit method based on the least-squares regression (Wilks 2011) was used to estimate the
trend line after the cloud system was tracked by projecting the consecutive storm positions to a
section perpendicular to the coastline, starting from northwestern Sumatra to the eastern IO. In
addition, verification was performed (not shown) to ensure that there were no significant jumps in
the tracked positions. Before the propagation started at 19:00 LST 10 January 2016 (Fig. 11a), at
0 km, convective initiation was located near the mountains, and the convection cell moves parallel
to the coastline for 4 hours (dots without perpendicular displacement). Two main perpendicular
propagation speeds are found (Fig. 11a); The first component is located between 0 and 300 km
offshore with a propagation speed of ~5 m s™'; standard deviation of 2.1 m s™ and coefficient of

determination of 95%, while a change in the propagation speed occurs at around 13:00 LST 11
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January 2016 in the region 250-650 km offshore, estimated to be 10 m s standard deviation 1.8 m
s, and coefficient of determination of 96% is consistent with an IGW. At 650 km, the propagation
of the cloud system ceased, while new convection cells were triggered near the outflow anvil when
the squall line was at its dissipating stage.

The range of speeds estimated in the South of Sumatra corresponds to a double westward
propagation originating from the East and West sides of Sumatra, which are based on convection
cell identification during the squall line event. Even though the disturbances have the same direction
of propagation, two different speeds are extracted from the analysis. Figure 11b shows the inferred
speed originating from the East coast at ~7 m s (yellow dots); standard deviation of 1.6 m s’
and coeflicient of determination of 98%, while the red dots indicates the convection cells off the
Southwest coast of Sumatra with a speed of approximately 5 m s™'; standard deviation of 1.7 m s
and coefficient of determination of 90%, which is comparable to the speed calculated near the coast
at North of Sumatra (See the first speed in Fig. 11a). The westward propagation is influenced both
by the interconnection between the East and the WCS and the reduction in propagation distance
from the WCS, due to the large-scale disturbances traveling toward the MC over the 10. The
asymmetry of background wind flow on either side of the equator may explain the differences in
propagation distance between North and South Sumatra. The cyclonic circulation between the
equator and 10°S that extends over most of the IO and from lower- and mid-levels (Fig. 2a,b)
changed the direction of background wind flow off Sumatra limiting the propagation offshore of
the squall line near southwest Sumatra. The convergence center near Sumatra is related to the
interaction of the IO flow with the mountain range of the Malay Peninsula and southwest Sumatra.
However, the convergence center is extended over the IO with the counterclockwise turning winds

that cross the equator. Coincident with the convergence center over the eastern IO and South
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Sumatra is a maximum in 925-850 hPa relative vorticity in Fig. 2c. In contrast, a zonal component

of the background wind at 700 hPa in Fig. 2b is observed at the North of Sumatra and over the 0.

4. Discussion

We have investigated a squall line event off the WCS using the atmospheric and cloud products
derived from the Himawari-8 satellite. The broad characteristics of the case examined are generally
consistent with previous studies where observational and atmospheric numerical models were
employed (e.g., Mori et al. 2004; Short et al. 2019; Yokoi et al. 2017; Bai et al. 2021). However,
the high temporal, spatial, and spectral resolutions of Himawari-8 AHI have allowed us to examine
the influences of the development, and internal structure of the MCS propagating offshore from
Sumatra in unprecedented detail, which, to the authors knowledge, is the first investigation of its
kind.

During the analyzed squall line event, the evolution of the diurnally driven convection in Sumatra
is influenced by background wind (easterly) and the propagation of the moist Kelvin wave phase
over the IO towards the MC (Fig. 3). This result suggests that the cloudiness propagating eastward
in January 2016 in Fig. 3 responds to the globally propagating Kelvin wave. The dry Kelvin wave
drives the local conditions promoting the suppressed convective phase over Sumatra, resulting in
more clear sky conditions that favor local evaporation over the Indo-Pacific warm pool (IPWP)
surrounding Sumatra (SST > 28.5°C). The weekly SST anomaly over the IPWP between 10-16
January 2016 was positive ~1 K (not shown). The Kelvin wave and MJO activity are considered
as the primary mechanisms that may modify the MCS lifetime and horizontal extension over the
open sea (Kiladis et al. 2009; Baranowski et al. 2016; Chen et al. 2019). The redistribution of
water vapor into the atmospheric column and temperature variations near the tropical troposphere

has been considered as a driver of the moisture content that promotes enhanced convection during
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the propagation of Kelvin waves (Tsuda et al. 1994a,b; Shimizu and Tsuda 1997). However, in
the case studied here, the squall line (Fig. 3; zonal section) is located close to the edge of the
area influenced by the moist Kelvin wave, and the brightness temperature from the water vapor
channels of Himawari-8 AHI provided evidence that moisture is transported in the lower-middle
(Animation A in the online supplement) troposphere, upper troposphere (Animation B in the online
supplement), and a Hovmoller diagram of total column water vapor anomaly from ERA to provide
evidence of source of moisture over the eastern 10 (Fig. S2 in the online supplement).

Two responses in the offshore propagation of the cloud population are found for the Northwest
and South of Sumatra: Over the Northwest of Sumatra, the westward propagation of the cloud
system shows a lifetime of ~1.5-days and an offshore propagation distance of approximately 1000
km from Sumatra. The first stage of the squall line propagation, which is associated with the
regular diurnal activity of rainfall and cloudiness in Sumatra, has two propagation speeds: 5 m s’
within 0-300 km and 12 m s™' over the open sea. In the second part, the cloud population between
800-1000 km offshore is associated with the convection over the 10 and the Western part of the
Indio-Pacific MC, coinciding with the Kelvin wave activity in January 2016. Besides, the CTT of
the deep convective cells was recorded to be ~220 K. However, at 800 km, new convective cells
emerged, likely due to the instability associated with a cyclonic circulation located over the eastern
IO with an eastward propagation. In contrast, over southern Sumatra, the deepest convection is
located onshore. Two different speeds characterize the westward propagation originating from the
East and West coasts: 7 m s” and 5 m s respectively. The propagation offshore was limited to
within the first 200 km, most likely by the dry phase of the Kelvin wave activity over the 1O (Fig.
3b); after that, the cloud population deflected to the Northwest due to convective activity associated
with a cyclonic circulation over the eastern 1O. This modified the wind flow over the 10 near the

WCS, changing the trajectory and lifetime of the squall line.
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The westward propagation of the squall line between 5°N and 5°S and the ~1.5-day lifetime of
the cloud system corresponding to IGWs with westward propagation under the MJO break period
partially agrees with previous studies where information from older geostationary satellites was
used, although the exact mechanisms involved in driving the prolonged life cycle are still under
debate. From TOGA COARE and MISMO, Takayabu et al. (1996), Chen and Houze (1997), and
Yamada et al. (2010) suggested that the 2-days periodicity results from the nonlinear interaction
between stratiform clouds, radiation, and surface processes, and the importance of the lower- and-
upper-levels coupling among convection to the 2—3 days occurrence of convection. Recent studies
demonstrate that the mesoscale process and the role of stratiform are critical to the quasi-2-day
lifetime, which closely corresponds to the convectively active regions under large-scale forcings
(Yu et al. 2018, 2021). In our case study, a westward propagation of cloudiness is observed
between central and northwestern Sumatra during the afternoon (Fig. 5a). While both local and
external factors might generate convective initiation, there is likely a two-way feedback between
the background convection over the IO, the local circulations, and flow direction. The convective
initiation and direction of propagation of the squall line along the northern coast of Sumatra were
influenced by of the convective activity over the 10 during the dissipating stage of the squall line.
First, the propagation follows the mountain range orientation, after which, the cloud population
modified the direction moving towards the open sea (see red dots over Sumatra Fig. 8). Despite
that, the ~2-day frequency of convection is usually found in convectively favorable larger-scale
conditions. In this case study, the mesoscale process and the local condition may be more significant
to the development of the squall line, and the prolonged lifetime of the convective event could be
linked to the arriving Kelvin wave during the dissipation stage of the squall line over the IO.

The high-resolution Himawari-8 AHI satellite data allows us to identify the position of the deep

convective cells associated with strong topographic influence in the North of Sumatra (Fig. 12).
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The deep convection was located over the coastline close to the mountain ridge. Meanwhile, in
the section located a few kilometers south (see the blue line in Fig. 1), the cloud system was
identified inland within the first 100 km from the WCS (Fig. 12b). The Hovmoller diagrams
of BT 10.4 um show that the convection occurred in the afternoon, which was likely forced by
radiative heating, sea- and mountain-breeze systems, and associated with moisture convergence.
Indeed, previous studies have proposed that convective initiation during the afternoon is associated
with convergence occurring over the mountains and diabatic heating anomalies (e.g., Qian 2008;
Peatman et al. 2014; Hassim et al. 2016; Vincent and Lane 2016). This agrees with the evolution
of the diurnally driven convection and the role of the mountains over Colombia in destabilizing
parcels close to the surface to trigger convection during the late afternoon (Mapes et al. 2003). The
retrieved CTT showed a cold and deep region of clouds of ~206 K in the vicinity of the mountains,
propagating westward off Sumatra, which corresponds with the main direction of displacement
of the cloud system. Over the mountains with lower cloud tops, the CTT was ~222 K, and the
propagation of the cloud population shifted eastward onshore. Cloudiness from Himawari-8 AHI
propagation of deep convective cells in opposite directions starting from the top of the mountains
(Fig. 12), which is consistent with the linear theory of the tropical land- sea-breeze (Rotunno 1983;
Weisman and Rotunno 2004; Qian et al. 2012, 2009). Our results show some similarities with the
case of two waves propagating in opposite directions and asymmetric response offshore/onshore
due to the influence of the background wind flow. Secondary structures with eastward propagation
associated with the main cloud system are observed when the squall line is positioned over the 10
(Fig. 5a). These small structures emerge, indicating unsettled conditions in the outflow region
behind the leading line.

The internal structure of the squall line propagation was analyzed by the temporal development

of the multiple cold cloud cores (Fig. 7). Employing M (late peak) and M_DC (early peak)
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categories of the convective mask (Fig. 10). The number of pixels initially increases in both
categories and the CTT decreases as a function of time (not shown). The maximum number of
pixels of M_DC was reached at 07:00 LST 11 January 2016. After that, the proportion of the
number of pixels of the two categories was inverted, and the M class area increased rapidly in the
late stage of the squall line at 16:00 LST 11 January 2016. The infrared radiation-based analysis
identifies the large areas of the anvil cloud, which is useful in studying MCS areal coverage, but
not necessarily helpful in discriminating the internal vertical structure of cloud system such as
updrafts, and there is insufficient information in infrared radiation imagery to infer the dynamical
and in-cloud microphysical processes associated with the convective and stratiform contributions
of rainfall. However, we have divided between deep convection regions that include the anvil
region and the intense region with overshooting cloud tops, allowing us to identify the convective
trends within the cloud system during the propagation.

The propagation may be explained as the modulation of the diurnally driven convection by IGW's
initiated by diurnally oscillating heating and cooling over the land with a propagation speed of
~12 m s” with an enhancement in mature clouds approximately at 13:00 LST 11 January 2016
(Fig. 10a), as a result of the transition from density current dominated to IGW dominated at 240
km. However, the southern section maintained a slower propagation speed more consistent with
density currents ~5 m s, The tropical disturbances located over the 10 controlled the convection
at a local scale near the southwestern coast. First, the DC processes are driven by wave-induced
convergence, the influence of the vertical distribution of moisture, and the static stability in the
atmosphere column, particularly in the middle- and upper-troposphere (Mapes et al. 2003; Lane
and Reeder 2001; Tulich and Mapes 2008; Vincent and Lane 2016). Secondly, the large-scale
environment controls the distance of the cloud population over the open sea under the westward

propagation regime. Takayabu (1994); Roundy (2008); Rauniyar and Walsh (2011); Vincent
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and Lane (2016); Ruppert and Zhang (2019); Sakaeda et al. (2020); Seiki et al. (2021b) have
explored the effects of large-scale forcing on the diurnal cycle of rainfall and cloudiness in the
Tropics, during enhanced, suppressed convection of the MJO or the activity of equatorial waves.
Thirdly, the influence ahead of the convective envelope of the approaching Kelvin wave initiates
an apparent extension of the squall line. Here our case study is an example of how the diurnally
driven convection develops despite the suppressed MJO phase and the Kelvin wave propagating
over the eastern 10. The meridional response is associated with the interplay of various weather
regimes over the WCS and the 10, as well as of the geometry and topography of Sumatra. Among
other things the differences between the North and South squall line propagation speeds suggest

complexity in the role of the IGWs, which would have been lost without this detailed analysis.

5. Conclusions

Using a range of satellite-based and reanalysis datasets including the unprecedented high-
resolution Himawari-8 AHI products, this study presents a detailed investigation of the evolution

of a Sumatra squall line event in space and time. Key aspects of the investigation include:

* characterizing the squall line system by linking the retrieved cloud properties, surface precip-
itation and dynamical processes across a range of spatiotemporal scales;

* detailing the continuous propagation of the squall line by tracking the convection cells during
the lifetime of the diurnally driven convection over Sumatra;

* presenting evidence of two distinct responses of the diurnally forced convection over Sumatra
and how they evolve under different local and large-scale forcings (including the influence of
the approaching Kelvin wave during the dissipation stage of the event);

* identifying multiple types of convection cells within the squall line cloud system, whose

propagation are not uniform;
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» demonstrating the capability to continuously track deep convective activities over the Sumatra
with high-resolution Himawari-8 observations, which adds a new dimension to studying the

MCSs in this region.

Our analysis demonstrates that offshore propagation of tropical squall lines is by no means a single
or simple physical phenomenon. A number of inter-related mechanisms are involved in the overall
sea-ward propagation of the diurnally initiated convection over Sumatra. In the North of Sumatra,
these include: Near-shore propagation related to density currents, far-offshore propagation related
to internal gravity waves, and the lifetime extension of the squall line when the diurnally driven
convection approaches the edge of the convective envelope of the Kelvin wave over the eastern 10.
In the South of Sumatra, these include: Distinct westward propagating squall lines from the east and
west coasts of Sumatra modulated by the flow pattern around the southern Sumatra mountain range,
offshore propagation related to density currents, background winds changes, and short lifetime of
the squall line due to local weather context including the weak signature of the prior Kelvin wave
ahead of the squall line event.

The state-of-the-art datasets allowed a detailed view of the evolution of a mesoscale convective
system and its variation along Sumatra and the Indian Ocean The derived satellite products tracked
the development of the westward propagation of the cloud system off the northwest coast of Sumatra
with a distance of ~1000 km offshore and a lifetime ~30 h. In contrast, analysis of the propagation
over the southwest coast of Sumatra indicated that convection over the Indian Ocean modified the
squall line structure. The convective initiation associated with the land-, sea-breeze systems had a
time lag of approximately 5 hours between North and South of Sumatra. However, the observed
diurnal cycle and the latitudinal responses are modified by Kelvin wave activity at the regional

scale. This showed that there is 2-way feedback between mesoscale processes over Sumatra and

29



655

657

660

662

663

664

665

666

668

671

674

675

676

677

678

the convection over the IO, which adds complexity to the evolution of the offshore propagating
squall line.

Retrieved cloud properties and tracking of the offshore propagation indicated the cloud structure
consists of multiple types of convection cells, whose propagation is not uniform. Thus the mean
propagation signatures that have been previously reported to be perpendicular to the coastline
are better defined as envelopes of convection rather than squall lines themselves. The internal
variability of the cloud population was identified in two regions at 100 km and 400 km off Sumatra
with cloud top height in the 90" percentile, reaching cloud top temperatures of ~204 K. A cross-
section of cloud radar reflectivity from the CloudSat satellite revealed the cloud vertical structure
of the squall line at its mature stage consistent with a canonical leading-line / trailing-stratiform
system, generally in agreement with the inferred characteristics from Himawari-8 AHI data. The
maximum area of the convective mask was associated with the transition between convective
regimes during the propagation of the squall line. The internal structure and lifetime of the squall
line were analyzed by using the convective mask and cell-tracking algorithm to identify the early
peak of deep convective cells (the coldest clouds) and late peak associated with cloud classified as
mature, showing the signature of the tropical MCS.

In studying a single case of offshore propagation at high-resolution, the offshore MCSs propa-
gation in the tropics is shown to be a composite process, including density currents, gravity waves,
background wind flow regimes, and moisture. The propagation of the squall line indicated two
different speeds: (1) The first component was located at 0-300 km off Sumatra with a speed of ~5
m s™ similar to typical density current speeds, and (2) the far-offshore cloudiness moved at a mean
propagation speed of 12 m s over the eastern Indian Ocean. Indicating the afternoon convection
has been suggested to be forced by radiative heating, sea- and mountain-breeze systems, moisture

transport, and topographically forced flows, and inertia—gravity wave propagation initiated by di-
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urnally oscillating heating and cooling over the land, as proposed in a number of previous studies
(e.g., Vincent and Lane 2016; Mapes et al. 2003; Lane and Reeder 2001; Tulich and Mapes 2008;
Ruppert and Zhang 2019). However, the coupling to an IGW was only clear for the northern line,
and the southern line only showed a the slower speed of propagation of the diurnally driven con-
vection. This highlighted the complexity of the gravity wave convection coupling for the offshore
propagating convection, which warrants further investigation in future studies. At the dissipating
stage of the squall line, the contribution of the 10 promotes the initialization of new convective
cells, which interact with the Kelvin wave activity and the warm pool of ocean water at the Western
of the Indio-Pacific MC in January 2016.

This study has explored the development of a single squall line event over the western seas of
Sumatra with the analysis of the effects between the diurnally driven convection over Sumatra
and the source of tropical variability at the local scale using the high spatiotemporal and spectral
resolution data from Himawari-8 AHI and CSPP-Geo Geocat. The unprecedented level of detail
that can be uncovered by this high-resolution satellite dataset has proven valuable in understanding
the development of MCSs over the MC, and potentially other regions within the field of view of
the satellite. This work has implications for understanding future weather and climate extremes in
the region and set the stage for statistical analysis of longer datasets. Further work is necessary
to expand the results into the austral summer DJF for multiple years, using the historical data
of Himawari-8 AHI, and to study the dynamics of land-sea- valley-mountain-breeze systems and

gravity wave propagation with the incorporation of convective permitting simulations.
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TaBLE 1. CSPP-Geo Geocat dynamic ancillary data.

Dynamic ancillary data

Data source

Daily sea surface temperature data

Numerical Weather Prediction profiles

Snow

Optimal Interpolated Sea Surface Temperature

(Reynolds et al. 2007; Banzon et al. 2016)

Global Forecast System

(NCEP 2007)

NOAA Daily 4km Snow and Ice

(National Ice Center 2008; Fetterer et al. 2015)
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TaBLE 2. Threshold used to filter the Level-1 and Level-2 products derived of Himawari-8§ AHI.

Cloud property Threshold
Cloud mask probability <1.0
Cloud optical depth <0.5
Cloud top temperature >300 K
Cloud top height <200 m
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Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Himawari-8 AHI brightness temperature (K) of band 13 (10.4 um spectral band) during
the squall line propagation offshore Sumatra at 07:00 LST 11 January 2016. Perpendicular
sections to the west coast of Sumatra are indicated; North in the green and blue lines, and
South in the red line.

Wind vectors and wind speed (shaded, m s'l) over the Indian Ocean and the Maritime
Continent from ERAS; (a) Mean 925-850 hPa, and (b) 700 hPa. (c¢) Mean 925-850 hPa
streamlines and relative vorticity (shaded, x10™ s™') during the squall line event (10 January
2016-12 January 2016). (d) MJO indices from Wheeler-Hendon method during the austral
summer 2015/16. December in the red line, January in the green line, and February in the
blue line. Lines indicate the transit of the MJO through the Maritime Continent (Wheeler
and Hendon 2004).

Hovmoller diagram from Himawari-8 AHI brightness temperature (K) of band 13 (10.4
um spectral band) and the Kelvin wave wavenumber-frequency filtered OLR (W m?), (a)
austral summer DJF 2015/16, MJO is in its active phase over the MC in December 2015 and
February 2016 (shaded contours). Kelvin wave propagated in January 2016 (red contour
line), and (b) BT (K) during the squall line propagation offshore Sumatra over the Indian
Ocean, staring. Deep convective regions are identified by 233(K) of BT of band 13 (green
contour line). Red contours indicate the phase propagation of the Kelvin wave mode using
global OLR (W m?) (Contour -5) along the equator from 74°E to 150°E. The yellow dotted
line shows the position of the West Coast of Sumatra. 10 January 2016. ..

Eastward-propagating disturbances over the Indian Ocean. (a,d,g,i)Vertically integrated
moisture flux convergence (VIMFC, (m s'l)(g kg 1) from ERAS, (b,e,h,k) Kelvin wave
wavenumber-frequency filtered OLR (KW-OLR, W m'z), and (c,f,i,]) accumulated daily
rainfall from IMERG (ADR-IMERG, mm hr™") for 10-13 J anuary 2016 ..

Hovmoller diagram of cloud top temperature (K) from Himawari-8 AHI between 07:00 LST
10 January 2016 to 06:00 LST 14 January 2016 (shaded contours). (a) section North of
Sumatra (green line in Figure 1), and (b)section South of Sumatra (red line in Figure 1). The
red dotted line indicates the position of the West Coast of Sumatra.

Cloud properties from Himawari-8 AHI along to the section North in Sumatra (green line in
Figure 1), from 17:00 LST 10 January 2016 to 07:00 LST 12 January 2016. (a) Cloud top
height (CTH), the solid grey line indicates the 90" percentile and (b) Cloud top temperature
(CTT), the solid grey line indicates the 10™ percentile. Note that the solid cyan and blue
lines indicate the S0 percentile, and the light and shaded areas show the interquartile range,
and the red dotted lines show the position of the West Coast of Sumatra.

Cold convective cores are presented every 3 hours during the development of the tropical
squall line based on the 10.4 um spectral band from Himawari-8 AHI. Thresholds: 240 K in
green, 213 K in yellow, 207 K in orange, and 195 K in red). Panel (m) shows the number of
cells (10 min temporal-resolution) of cold cloud cores from 07:00 LST 10 January 2016 to
03:00 LST 12 January 2016.

The map shows an example of a convective mask derived from Himawari-8 AHI at 14:20 LST
11 January 2016. IM: Immature (blue shading), M: Mature (green shading), and M_DC:
Mature and deep convection (yellow shading). The trajectories of the convective cells from
the cell-tracking algorithm when the squall line propagates offshore Sumatra are indicated;
North in the red dots, and South in the purple dots, and the ground path for the near-polar
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Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

orbiting of the CloudSat satellite at 14:25 LST 11 January 2016 is showed in the grey dotted
line, the section analyzed is indicated by the black dotted line. . e

Vertical cross-section of the reflectivity (shaded, dBZ) from a CloudSat overpass through
the squall line at 14:25 LST 11 January 2016 (black dotted line in Figure 8), and isotherms
CO). . oL

Convective mask derived from Himawari-8 AHI, the x-axis represents the time during the
propagation of the squall line off Sumatra, and the y-axis indicates the number of pixels in
each position during the cell-tracking. IM: Immature (blue line), M: Mature (green line),
and M_DC: Mature and deep convection (yellow line). (a) along the path of the storm in
North of Sumatra, and (b) along the path of the storm in South of Sumatra. Note that x-axis
in (a) and (b) are different. .o

The Time-distance diagram shows the relative positions of the convective cells to the West
Coast of Sumatra. The x-axis represents the distance in kilometers, and the y-axis indicates
time. The dots are derived from the brightness temperature channel 13 and convective mask.
(a) The dots indicate the relative position in the northwest of Sumatra. Speeds: 0-300: 5
m s™, 300-650: ~12 m s, and (b) region South of Sumatra. Speeds: Inland: ~7 m 57!
(yellow dots) associated with the diurnal cycle from the East Coast, Ocean: ~5m s (red
dots) indicates the diurnal cycle from the East Coast. The signature of the diurnal cycles is
superimposed off Sumatra, and grey dots indicate the first component in North of Sumatra.
The dotted lines indicate the trend line in all cases.

Hovmoller diagrams filtered brightness temperature (K) of band 13 (10.4 um spectral band)
from Himawari-8 AHI between 07:00 LST 10 January 2016 to 19:00 LST 12 January 2016.
(a) the proximity of the mountain ridge to the coastline in section North modulates the deep
convective cell location over the northwestern of Sumatra(green line in Figure 1). The solid
black line indicates topography height, and (b) mountains are located at 50 (km) from the
West Coast of Sumatra (blue line in Figure 1). The red dotted line shows the position of the
West coast of Sumatra. e e
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Fic. 1. Himawari-8 AHI brightness temperature (K) of band 13 (10.4 um spectral band) during the squall
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1034 Fic. 2. Wind vectors and wind speed (shaded, m s'l) over the Indian Ocean and the Maritime Continent from
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10 January 2016.
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1051 FiG. 5. Hovmoller diagram of cloud top temperature (K) from Himawari-8 AHI between 07:00 LST 10 January
w2 2016 to 06:00 LST 14 January 2016 (shaded contours). (a) section North of Sumatra (green line in Figure 1),
s and (b)section South of Sumatra (red line in Figure 1). The red dotted line indicates the position of the West

wse  Coast of Sumatra.
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Fic. 6. Cloud properties from Himawari-8 AHI along to the section North in Sumatra (green line in Figure
1), from 17:00 LST 10 January 2016 to 07:00 LST 12 January 2016. (a) Cloud top height (CTH), the solid
grey line indicates the 90™ percentile and (b) Cloud top temperature (CTT), the solid grey line indicates the 10
percentile. Note that the solid cyan and blue lines indicate the 50" percentile, and the light and shaded areas

show the interquartile range, and the red dotted lines show the position of the West Coast of Sumatra.
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Fic. 7. Cold convective cores are presented every 3 hours during the development of the tropical squall line
based on the 10.4 um spectral band from Himawari-8 AHI. Thresholds: 240 K in green, 213 K in yellow, 207 K
in orange, and 195 K in red). Panel (m) shows the number of cells (10 min temporal-resolution) of cold cloud

cores from 07:00 LST 10 January 2016 to 03:00 LST 12 January 2016.
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Fic. 8. The map shows an example of a convective mask derived from Himawari-8 AHI at 14:20 LST
11 January 2016. IM: Immature (blue shading), M: Mature (green shading), and M_DC: Mature and deep
convection (yellow shading). The trajectories of the convective cells from the cell-tracking algorithm when the
squall line propagates offshore Sumatra are indicated; North in the red dots, and South in the purple dots, and
the ground path for the near-polar orbiting of the CloudSat satellite at 14:25 LST 11 January 2016 is showed in

the grey dotted line, the section analyzed is indicated by the black dotted line.
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1070 Fic. 9. Vertical cross-section of the reflectivity (shaded, dBZ) from a CloudSat overpass through the squall

won line at 14:25 LST 11 January 2016 (black dotted line in Figure 8), and isotherms (°C).
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1072 FiG. 10. Convective mask derived from Himawari-8 AHI, the x-axis represents the time during the propagation
ws  of the squall line off Sumatra, and the y-axis indicates the number of pixels in each position during the cell-
w7« tracking. IM: Immature (blue line), M: Mature (green line), and M_DC: Mature and deep convection (yellow
w5 line). (a) along the path of the storm in North of Sumatra, and (b) along the path of the storm in South of Sumatra.

s Note that x-axis in (a) and (b) are different.
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Fic. 11. The Time-distance diagram shows the relative positions of the convective cells to the West Coast of
Sumatra. The x-axis represents the distance in kilometers, and the y-axis indicates time. The dots are derived
from the brightness temperature channel 13 and convective mask. (a) The dots indicate the relative position in
the northwest of Sumatra. Speeds: 0-300: 5 m s, 300-650: ~12ms™, and (b) region South of Sumatra. Speeds:
Inland: ~7 m s™ (yellow dots) associated with the diurnal cycle from the East Coast, Ocean: ~5m st (red dots)
indicates the diurnal cycle from the East Coast. The signature of the diurnal cycles is superimposed off Sumatra,
and grey dots indicate the first component in North of Sumatra. The dotted lines indicate the trend line in all

cases.
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1085 Fic. 12. Hovmoller diagrams filtered brightness temperature (K) of band 13 (10.4 um spectral band) from
wes  Himawari-8 AHI between 07:00 LST 10 January 2016 to 19:00 LST 12 January 2016. (a) the proximity of the
ez mountain ridge to the coastline in section North modulates the deep convective cell location over the northwestern
wes  Of Sumatra(green line in Figure 1). The solid black line indicates topography height, and (b) mountains are
e located at 50 (km) from the West Coast of Sumatra (blue line in Figure 1). The red dotted line shows the position

o Of the West coast of Sumatra.
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