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Convectively coupled Kelvin waves (CCKWs) are eastward
propagating weather systems that locally organise convec-
tion and are linked to precipitation extremes across the Mar-
itime Continent (MC). They are often embedded in active
Madden-Julian Oscillation (MJO) phases. The MJO also prop-
agates eastwards but influences convection in the MC over
longer timescales and larger areas. This paper examines a
case study during July 2021 of multiple CCKWs and west-
ward propagating inertio-gravity waves (WIGs) embedded
within an active MJO. The final CCKW traversed the west-
ern MC causing precipitation extremes across equatorial
Indonesia and East Malaysia that led to numerous reports
of flooding and landslides, with western Borneo the worst
affected region. The MJO event was abruptly terminated
following the passage of this CCKW. Analysis of the total
column water budget reveals that the precipitation rate ex-
ceeded the vertically integrated moisture flux convergence
provided by the CCKW, drying out the atmosphere and sup-
pressing further convection. The performance of the UK

Met Office prediction model was evaluated for this case
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study; parameterised convection configurations generally
performed as well as or better than explicit convection mod-
els. This is possibly because they better represented the lo-
cation and timing of the convective systems that developed
because of interactions between the CCKWs and WIGs. This
research highlights how CCKWs should not simply be viewed
as convective systems that locally affect weather, but as
having the potential to deliver larger-scale impacts over the
entire equatorial Maritime Continent, when part of a com-
plex multiscale interaction with—the-didrnal-eyele-and-the
MJO~whereby . Such interactions can involve the MJO
inflaenees influencing CCKWs downscale by providing en-
hanced convection and-CEKWsinteract-with-the MJO-upseale

terminating-conveetion . Conversely, the suppressed phase
of CCKWs can dampen the MJO convective signal and ter-

minate MJO propagation. Whilst weather prediction mod-
els may accurately forecast rainfall associated with individ-
ual equatorial modes, capturing their combined effect re-

mains a challenge.

KEYWORDS
convectively coupled equatorial wave, Kelvin wave, extreme

precipitation, high impact weather, Borneo, tropical waves,

Indonesia

1 | INTRODUCTION

Indonesia’s many islands and shallow seas are archetypal of those of the Maritime Continent (MC) (Ramage}|1968), the
most convectively active region on Earth that fuels global circulation. Floods and landslides caused by precipitation
extremes are major hazards experienced by the country leading to loss of life and damage to infrastructure (Hai et al.}
2017;|Latos et al.};[2021; | Hermawan et al.}|2022} |Purwaningsih et al.;)2022} |Lubis et al.,|2022). Hence, understanding
key predictors of rainfall extremes is crucial for improving forecasts and disaster preparedness. Recent studies (Ferrett:
et al.;|2020; |Lubis and Respati, [2021) have shown that equatorial waves are a key mode of daily rainfall variability.
These waves often closely resemble the dry theoretical solutions to the shallow water equations (Wheeler and Kiladis}
1999} [Kiladis et al.} [2009), modified by the effect of convection and the background state (Matthews, |2021) and
provide a source of predictability of high impact weather (Ferrett et al.}[2023;|Wolf et al.}|2023).

The islands of Sumatra, Borneo and Sulawesi are located along the equator (Figure, where convectively coupled
Kelvin waves (CCKWs) are active due to their equatorially symmetric structures with maximum convergence and pre-
cipitation on the equator. Consequently, there is an increase in precipitation amplitudes and a factor of 2-4 increase

in the likelihood of observing extreme rainfall on days when the convergent phase of a CCKW is present (Ferrett et al.}
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Senior et al. 3

2020). Indeed, 90% of all floods in Sumatra have been linked to CCKWs (Baranowski et al)} [2020). CCKWs travel
eastward along the equatorial waveguide and influence precipitation extremes in a particular region over the course
of 1-2 days. [Baranowski et al (2018) found that CCKWs with their convective phase arriving in time with that of
the diurnal cycle of precipitation at the west coast of Sumatra, had larger precipitation amplitudes than CCKWs that

arrived out of phase with the local diurnal cycle. The distance between the west coasts of Borneo and Sumatra is

approximately the same distance that a CCKW travels in one day (10° longitude). [Baranowski et al|(2016) proposed

that CCKWs arriving in phase with the diurnal cycle at the west coast of Sumatra would then also arrive in phase
with the diurnal cycle of at the west coast of Borneo and through these “boosts” were more likely to traverse the MC.
found that CCKWs linked to precipitation extremes on the west coast of Sumatra modulate the
diurnal cycle by increasing its precipitation amplitude and displacing their combined convergence zone closer to the

coast causing an increase in rainfall that persists for around 36 hours, including during the night and the early morning.

. Convection is also modulated on intraseasonal timescales by the Madden-Julian Oscillation (MJO)
. This manifests as an eastward propagating equatorial disturbance with phases of enhanced and sup-
pressed convection over the MC with a period of around 30-90 days. Precipitation extremes increase by a factor
of 2 in the presence of an active MJO (Da Silva and Matthews) [2021). CCKWs and the diurnal cycle itself are also
influenced by the MJO (Peatman et al.}[2021) and exist in a complex multiscale environment also when involved in
precipitation extremes. For example, CCKWs were found to the primary factor in all MJO-related flooding events
(Baranowski et al)} [2020). [Peatman et al|(2014) found that diurnal precipitation over the MC is enhanced ahead of
the arrival of the main convective envelope of the MJO (phases 2 and 3) and that 80% of the MJO precipitation
anomaly over the MC manifests as variability of the diurnal precipitation [Peatman et al.| (2014). These scale inter-

actions between different modes of equatorial rainfall variability have the potential for devastating impacts. On 22

January 2019 the city of Makassar in Sulawesi experienced its most severe flood on record; the main drivers of the
event were a CCKW and a convectively coupled equatorial Rossby wave (CCERW), both embedded within an active
MJO (Latos et al}[2027). Also in January 2020 there were record-breaking floods in Jakarta linked to the confluence
of several equatorial waves modes, the MJO as well as a cross equatorial northerly surge (Lubis et al.}[2022).

Often observed during active MJO phases are westward propagating inertio-gravity waves (WIGs) which are

strongly coupled to the diurnal cycle (Nakazawal 1988} Takayabu)|[1994;[Kiladis et al}[2009). Ruppert and Zhang|(2019)

found that these WIGs tend to be triggered during the convective phase of the local diurnal cycle and propagate at

speeds of around (17 m s~1) arriving in time with the convective phases of local diurnal cycles across multiple islands.
This is similar to the diurnal phase-locking mechanism observed in[Baranowski et al(2018) through which CCKWs
are able to traverse the MC and it is possible that some WIGs may be generated by CCKWs themselves
[1997). Furthermore, WIGs may also be important for local diurnal processes. The west coast of the island

of Sumatra possesses a diurnal cycle pattern comprised of slowly propagating density currents (3-5 m s~') and fast
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propagating gravity waves that extend far offshore (16 m s~') (Bai et al.,[2021} |Peatman et al.|[2023). |Bai et al. (2021)
found that this offshore propagation occurs most frequently during MJO phases 1-3, in which WIGs are embedded,

and is fastest during boreal summer.

Forecast models, in which convection is parameterised, poorly represent deep convection and the diurnal cycle
(Love et al][2011} [Birch et al}[2015) and precipitation intensities associated with key modes of subseasonal rainfall
variability (Dias et al}}[2018}[Menary et al}[2018} |[Williams et al} [2018} |Roberts et al}[2019). In general, models with
explicit convection show significant improvements in representing the diurnal cycle and precipitation extremes
; however, specifically over the MC where the diurnal cycle is extremely complex across its many islands,
mountains and shallow seas, convection-permitting models overestimate the intensity of diurnal precipitation over
land compared with gridded (area average) satellite derived observations(Argiieso et al| [2020), but not necessarily
when compared with point rain gauge observations (Rowell et al}[2019}[Halladay et al}[2023). Convection-permitting
models also tend to overestimate the intensity of rainfall associated with mesoscale convective systems (MCSs) and
underestimate stratiform rainfall associated with them (Prein et al][2015}[Vincent and Lane|[2018). These MCSs often
form and are modulated in the presence of active MJO phases and equatorial waves (Feng et al}[2023}[Crook et al.
. Though it is difficult to view MCSs as distinct from other equatorial modes in individual case studies. Many

convection-permitting forecasts operate within limited area domains and are forced at the boundaries by parame-

terised convection models. This may act to reduce the lead time for which the forecast is skillful for rainfall events

associated with CCKWs that originate outside the convection-permitting domain (Senior et al.}[2023). Fhis-case-study

High impact weather events related to CCKWs are often thought of as isolated events. However, scale interac-
tions between the MJO, the diurnal cycle and the WIGs they trigger and, increased convective activity may provide
conditions that are conducive for CCKWs to traverse the Maritime Continent and produce extreme weather over a
large area, analogous to the propagation of extratropical cyclones in a storm track. While the combined effects of

the MJO and the diurnal cycle have been well studied, their separate and combined interactions with CCKWs are
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less well understood. To address this key knowledge gap in how CCKWSs may mediate interactions between smaller
and larger scale modes of rainfall variability, we study a case in which a system of CCKWs and diurnally phase-locked
WIGs embedded within an active MJO brought extreme precipitation to Sumatra, Borneo and Sulawesi during July
2021 with widespread reports of rainfall-related disasters across these islands. This case study also serves as an in-
teresting testbed for evaluating the ability of forecast models to predict extreme rainfall events associated with these

multiscale interactions.

The results presented in this paper begin with a description of the convective systems associated with these
equatorial modes and their link to high impact weather events across the MC in section[3] We find that during July
2021, the MJO was abruptly terminated over the MC by a CCKW after which the MC experienced a pronounced dry
period. This is investigated by analysing the total column water and the source terms that influence its changes in
section[d] We then examine the role of the diurnal cycle in section[5} Observations of key dynamical fields over west
Borneo, one of the worst affected regions during the extreme rainfall events of July 2021, are analysed in section [§]
Then the representation of these rainfall events in convection parameterised and convection-permitting determinis-
tic Met Office Unified Model (MetUM) configurations are assessed and compared in Section We then provide a
discussion on the multiscale scale interactions that occurred between these different modes of rainfall variability and
how contributed to the extreme rainfall events of July 2021 (section[8) and highlight the challenges these present for
forecast models.

2 | DATA AND METHODOLOGY

This study uses observations of precipitation rate from the Integrated Multi-satellitE Retrievals for the Global precip-
itation measurement mission dataset (IMERG; |Huffman et al.| (2020)). Daily accumulated rainfall station data, radar
(inaRAISE; |Permana et al.[(2019)) and, zonal wind, temperature and relative humidity data from daily radiosonde as-
cents were supplied by the Indonesian Agency for Meteorology, Climatology and Geophysics (BMKG). Reports of high
impact weather events related to extreme precipitation were obtained from the ADInet database (ASEAN disaster in-
formation network). Wind, total column water, vertically integrated moisture flux and precipitation data are taken
from the ERA5 reanalysis dataset (Hersbach et al.}|2020). The CCKW trajectory database of Matthews| (2021) was
used to identify the individual CCKW events during this case study.

We examine the performance of four deterministic MetUM simulations for the July 2021 case study. Two dif-
ferent global simulations that parameterise convection are run on an N1280 ( 12 km) resolution grid. One of these
utilises version 9 of the Met Office Global Atmosphere and Land model (GAL9). This is the contemporary version of
the model based on GA7|Walters et al.[(2019) and GA8 (Lock et al.;|2024) with updates to the convection scheme. The
second global simulation uses an alternative version of the convection scheme, CoMorph-A |Lock et al.|(2024). We
nest two limited area models inside the GAL? global simulation, both have a 4.4 km grid spacing and 90 vertical levels.
We test two different science configurations in the LAM, both explicitly represent deep convection. The first is the
operational RAL2T configuration|Bush et al.[(2023) and the other is the recently released RAL3 science configuration
which unifies tropical and mid-latitude science settings in the MetUM. RAL3 differs from RAL2T as it introduces the
Cloud AeroSol Interacting Microphysics(CASIM) double-moment cloud microphysics scheme (Field et al.,[2023) and
uses the bimodal large-scale cloud scheme (Van Weverberg et al.;2021). The LAM models are bounded between 90°E
and 154°E and 18°S to 30°N and are forced at the boundaries by GAL9. These were run for 10-days and initialised
daily between 6-13 July 2021 at 00:00 UTC.
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3 | TIMELINE OF HIGH IMPACT WEATHER EVENTS ACROSS THE MC

During July 2021 several regions across equatorial Indonesia experienced hazardous rainfall extremes. Locations and
dates of reports of high impact weather events across Indonesia between 9-17 July related to this weather system
are shown in Figure[I} We analyse the spatial and temporal distribution of reports of these weather events across the
country, linking them to larger scale weather systems identified in IMERG precipitation and ERA5 850 hPa winds in
Figure[2] Between 5-6 July, there were numerous reports of flooding caused by heavy rainfall and rivers overflowing
in several northern and western regencies of Aceh, in Northern Sumatra. There was a lull in the rainfall intensity

between 7-8 July until a new weather system moved into the MC. The events unfolded as follows:

9 July 2021 The northern Sumatra regencies of Aceh Besar and Aceh Jaya were again inundated with heavy rainfall
and floods leading to damage to infrastructure. On this day there was a band of precipitation over the region
associated with strong southwesterlies at around 5°N, coinciding with an anticyclonic flow. (Figure ).

10 July 2021 These southwesterlies turned westerly and the weather system passed over northern Sumatra (Fig-
ure ), and further high impact weather events were reported in the north eastern Sumatra regency of Aceh
Tamiang.

11 July 2021 A large convective system developed ahead of near-equatorial westerlies between 90-100°E. Sepa-
rately, the first of a series of high impact weather events related to extreme rainfall in the island of Sulawesi was
reported (Figure[2k), due to a separate convective system causing floods and landslides.

12 July 2021 The equatorial westerlies intensified, with a development of cyclonic flow around 7°N and 7°S with
northwesterly flow parallel to the west coast of Sumatra and a convective system developing in the Karimata Strait.
There were reports of high impact weather in each of the islands of Sumatra, Borneo and Sulawesi (Figure ).
In the northeastern Sumatra regency of Batu Bara several villages and areas of agricultural land were submerged
and there were also floods in central Sulawesi. Later on in the day rainfall intensities increased over the Karimata
Strait and a convective system began encroaching on the West Kalimantan province (West Borneo) with the
North Kayong regency reporting severe weather, floods and damage to infrastructure. One fatality was recorded
in relation to a landslide in this region and around 25,000 people were internally displaced.

13 July 2021 Theregion of strong westerlies and intense precipitation extended across the Karimata Strait to western
Borneo (Figure [2k), and there were reports of floods and landslides related to a high sea state, strong onshore
winds and heavy rainfall in the Mempawah regency (north of Pontianak) and widespread flooding in the city of
Pontianak itself due to the Kapuas river breaking its banks. Floods of 2 m depth were reported in central Borneo
in the regency of Kapuas Hulu. There were also reports of high impact weather in the regency of Bengkulu in
south Sumatra, as a component of the convective system traversed Sumatra.

14 July 2021 The convective system led to a strong southwesterly flow, appearing to be deflected by the mountains
in central Borneo into the South China Sea (Figure). There were further reports of high impact weather events
in Borneo.

15 July 2021 There was an increase of convective activity over the Makassar Strait and the Celebes Sea (Figure ).
Floods and landslides were reported in the northeastern regions of Sulawesi including the city of Manado. There
were also further reports of high impact weather events in Borneo due to several days of continuous rainfall.

16 July 2021 As the convective system, coinciding with westerlies turning to northwesterlies, moved over Sulawesi
(Figure ), there were widespread reports of high impact weather events across the whole island, with some
areas reporting 2 m floods and a 150 m long landslide in Bolaang Mongondow, North Sulawesi.

17 July 2021 As the convective system travelled further eastwards (Figure), there were more reports of floods and
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landslides in central Borneo and South Sulawesi. After this point the whole of the western MC experienced dry
conditions.

The convective systems linked to the high impact weather events may be understood by examining the large-scale
conditions. Convection over the MC and the eastern Indian Ocean during July 2021 was organised into eastward
propagating CCKWs (with trajectories shown in Figure Eb), westward propagating gravity wave-like features related
to the diurnal cycle and an active MJO. Several CCKW trajectories have been identified over this period with three
notable trajectories that can be related to the high impact weather events identified previously. CCKW-A, the first of
these, crossed into Sumatra on 5-6 July. Floods and landslides reported in the Aceh region may be attributed to this
CCKW. A convective system can also be seen propagating westwards offshore from the west coast of Sumatra on 4
July and coinciding with CCKW-A. Convection off the west coast of Sumatra increases as this combined MCS draws
closer to the coast. This interaction and modulation of the diurnal cycle is a key mechanism through which CCKWs
may produce rainfall extremes along the west coast of Sumatra (Senior et al.;|2023). After CCKW-A passed, there was
a period of relatively low precipitation in Sumatra (on 7-8 July) and in west Borneo (on 8-9 July), possibly due to the
divergent phase of the CCKW inhibiting convection locally.

On 9 July, CCKW-B approached the west coast of Sumatra-and-eressedinte-thelongitudesof-the Karimata-Strait

en-these-dates: . The trajectory line of CCKW-B, as calculated using wavenumber-frequency filtering, shows CCKW-
B terminating shortly before arriving at Sumatra. However, its convective signal appears to extend much further,
crossing into the longitudes of the Karimata Strait and terminating there at approximately 00:00 UTC, 11 July. Upon
examining Figure[Zh and b, an anticyclonic flow over Sumatra can be identified. This flow may have been induced by
the westerlies associated with CCKW-A interacting with the background easterlies of the MJO (phase 2). This flow
likely acted to deflect CCKW-B northwards and through the strait of Malacca, coinciding with reports of high impact
weather events in the Aceh region between 9-10 July. Hence the trajectory calculated using wavenumber-frequency
filtering (see section , which assumes convective signals associated with CCKWs are located close to the equator
(between 2.5°S5-2.5°N), did not capture its full passage.

CCKW-C was the final of these three CCKWs, which initiated in the Indian Ocean (at 75°E) on 9 July. The convec-
tion associated with this CCKW coincided with the convergence of easterly and strong westerly 850 hPa zonal winds.
Almost exactly two days after CCKW-B, the trajectory of CCKW-C crossed over Sumatra on 12 July and interacted
with a westward propagating disturbance, crossed over the west coast of Borneo on 13 July 2021 and approached the
west coast of Sulawesi around 15 July. Intense precipitation along the CCKW trajectory and strong westerly winds
(15 m s~') over Borneo can be seen during this time, coinciding with the reports of severe weather over the West
Kalimantan province and East Malaysia over that period. As CCKW-C crossed over Sulawesi between 15-17 July, it
appears to have interacted with several packets of strong westward propagating convective systems, which together
account for the high impact weather events across the island over this period. CCKW-C then continued eastward to
cross the rest of the MC. The passage of this CCKW coincided with an abrupt termination of the convective activity
and the MJO over the MC.

Between 1-12 July 2021, the MJO phase, as calculated using the RMM1 and RMM2 indicesWheeler and Hendon
(2004), was between 2 and 3 (Figure). i i i i i i ivi
theindian-Oceanbetween-60—95%E: Though the main convective envelope of the MJO was over the Indian Ocean, it

is known that diurnal activity is enhanced over the MC during these phases, ahead of the MJO’s arrival (Peatman et al.}

2014). The numerous westward propagating convective systems evident in Figure appear strongly linked to the

diurnal cycle. Fhese-have-been Similar features have been identified in previous research as westward propagating
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inertio-gravity waves and are commonly embedded within the MJO (Nakazawa, |1988; |Kiladis et al.}|2009} |Ruppert
and Zhang,|2019). This can be seen particularly in the average precipitation rate over north-west Sulwesi (lilac line in
Figure ) as these waves correspond to pulses of increased precipitation rate which occur at roughly the same time
each day, around 21:00 UTC (e.g., peaks on 8, 10, 11, and 15). The role of WIGs and their link to the diurnal cycle
will be examined later in this paper. Between 13-19 July, the MJO phase rapidly shifted through phases 3 and 4 into
phase 5 (Figure ), characterised by suppressed convective activity sweeping eastward over the MC, immediately
following the passage of CCKW-C.

4 | ABRUPT TERMINATION OF MJO

There was a clear suppression of convective activity after CCKW-C crossed the MC, coinciding with a rapid shift of
the MJO phase from active phase 2, when CCKW-C arrived at Sumatra, to suppressed phase 5, when the CCKW
exited the MC. This is also evident when examining the total column water (M; Figure)‘

The numerous WIGs are also evident in M as bands of westward propagating regions of increased moisture.
Pulses in the precipitation rate along the trajectory of CCKW-C (Figure ) correspond also to regions of increased
M (Figure ). These pulses arise when WIGs interact with CCKW-C. On 8 July, there was a significant increase in
M over the city of Pontianak on the west coast of Borneo (Figure ). There were peaks of M over Pontianak at
approximately 21:00 UTC on 8, 9, 10, 12 and 15 July. These peaks are likely associated with the diurnally coupled
WIGs (Figure[3h). On 11 July there was a peak at approximately 03:00 UTC associated with an interaction between
the WIG and CCKW-B. On 12-13 July M reached a local maximum following interactions between CCKW-C and
WIGs on 12 and 13 July and there was a pronounced decrease in M on 14 July. ©a-153uly-there-was-a-smalHeeal
inerease Following a small local increase in M due to another WIG and, there was a continual decrease in M between
16-19 July as the MJO shifted into suppressed phase 5. ERA5 well-representsM represents M well when compared
to daily radiosonde ascents at Pontianak (Figure E})).

We investigate the process through which the CCKW-C triggered the widespread drying across the MC that
coincided with an abrupt shift in MJO phase, by examining the moisture budget given by
am
— =-V.F-P+E. 1
Fra * @)
Here we see that the rate of change of the vertically integrated total column water M dM/dt, is governed by the

divergence of the vertically integrated moisture flux (F'), the precipitation rate (P) and the evaporation rate (E).

The convergence of F shows several peaks associated with CCKWs and WIGs crossing the west coast of Borneo
(Figure[Bh). There is convergence associated with the passage of CCKW-B between 06:00 UTC 10 July and 06:00 UTC
11 July as well as sustained convergence on 12 July with peaks where two WIGs cross the west coast of Borneo
at 06:00 UTC and 21:00 UTC. Between 03:00 UTC, 13 July to 09:00 UTC, 14 July there is an intense period of
convergence associated with the combined MCS that resulted from interactions between CCKW-C and the WIGs.
This is then followed by a period of comparatively weaker divergence between 09:00 UTC-21:00 UTC 14 July.

P as given by ERA5 (Figure ) shows a peak precipitation rate of 0.0006 kg m~2 (= 2.16 mm hr~') at 06:00 UTC
13 July that tapers down to near-zero by 00:00 UTC 15 July. This is lower than the amplitude of convergence of F
and the peak rainfall occurs earlier than the peak convergence. However, there are earlier localised peaks of rainfall,
such as on 10 July, that closely match the amplitude and timing of convergence of F. P as given by IMERG (Figure)
shows a peak precipitation rate of 0.0014 kg m s~' (= 5.06 mm hr~') at approximately 18:00 UTC on 13 July that
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reduces significantly by 06:00 UTC on 14 July. The timing of the peak IMERG precipitation rate is different from
that given by ERA5 (Figure , occurring instead at a similar time to when there is peak convergence of F, and the
amplitude of the peak precipitation rate exceeds that moisture convergence and is more than double that given by
ERAS.

E is small compared to the other terms in m with regular peaks between 00:00 UTC-12:00 UTC corresponding
to evaporation through insolation. There is a slight increase in £ on 13-14 July due to increased precipitation and
high windspeeds during this period.

The moisture budget calculated with all source terms in (1) from ERA5 (Figure ) does not balance dM/dt. It
shows instead a significant moistening of the water column through the convergence of F that is not removed by
P. Only when F becomes divergent between 09:00 UTC-21:00 UTC 14 July does the total source match the trend
in dM/dt. The moisture budget calculated using divergence of F' and E from ERA5, and P from IMERG (Figure)
closely resembles the trend in dM /dt, showing sustained drying of the water column during 13 July as well as on 14

July.

09:00-UFCand21:00-JFC High-intensity pulses at 09:00 UTC and 21:00 UTC punctuate dM /d't in the vicinity of Pon-
tianak (thick black lines in Flgure A and Flgure . These are the times of the 12 hourly ERA5 data assimilation steps

(Hersbach et al} 2020b

steps appear to compensate for discrepancies in the moisture budget. For example, between the two data assimila-

tion steps at 21:00 UTC, 13 July and 09:00 UTC, 14 July, P given by IMERG (Figure 5| ) shows greater rainfall rate
than P given by ERA5 ( Flgure) Z

shows that the rainfall over this period was greatly underestimated in ERA5 such that the sum of source terms in the

moisture budget gives a positive trend in M (thick gray line; Figure ). However, the real atmosphere would have
shown a decrease in M between 21:00 UTC, 13 July and 09:00 UTC, 14 July due to the significant volume of rainfall
that occurred over this period (IMERG precipitation rate, blue line; Figure ). This discrepancy is compensated for
by decreasing M at the data assimilation step which appears as a spike of negative dM/dt in Figure|§|at 09:00 UTC,

14 July. This allows for M in ERA5 to closely align with observations despite the erroneous representation of rainfall

We now examine the Hovméller diagrams of terms in the moisture budget given by (I) over the region. The
divergence of F (Figure Eb) shows strong convergence along the trajectories of CCKW-B and CCKW-C, along with
notable westward propagating regions of convergence corresponding to WIGs. Following the passage of the CCKW-C
and as it enters its westerly phase, there is a period divergence of F' that is weaker than the convergence and there is
no divergence associated with the CCKW beyond about 120°E. Though there is a background larger-scale divergence
in F' associated with the shift in MJO phase activity.

Consistent with the budget analysis at Pontianak, the Hovmaller diagram of the sum of the source terms using P as
given by ERA5 (Figure@:) does not match dM/dt, especially along the trajectory of CCKW-C where the precipitation
rate (Figure@i) is consistently lower than observed by IMERG (Figure@‘). Instead, the weak+ainfalHrERAS rainfall in
ERAS is much weaker (Figure@i) doesnotexceed compared to the convergence of F (Figure@o) themoisture-budget
as—caleulated-using-ERAS-along-CCKW-C—closely-mateh hence the moisture budget as calculated using ERA5 over
CCKW-C is dominated by the convergence of F'. Notably, the westward propagating convective systems associated
with the WIGs are not identifiable in P from ERAS5 (Figure EH).
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In contrast, the sum of the source terms obtained using P from IMERG instead of ERA5,(Figure @e) better resem-
bles the pattern in dM/dt, with a period of sustained drying following the passage of CCKW-C. The intensity of P
given by IMERG (Figure[6f) is often considerably stronger than that given by ERAS5 (Figure [6H). Thus, the moisture
removed by P in IMERG is greater than that supplied by the convergence of F' over the CCKW trajectory, which leads
to a drying of the water column. The duration of the most intense rainfall in IMERG precipitation is longer compared
to that of ERA5 over the CCKW trajectory. This suggests that the intensity of rainfall over the CCKW trajectory was
the primary driver of the abrupt-shift-inthe-M3O-phase rapid shift in MJO phase from phase 2 to phase 5.

The magnitude of the drying trend obtained using P from IMERG is actually greater than that calculated from
dM/dt (Figure[5b and Figure @3) over the transit of CCKW-C. IMERG represented well the precipitation rate over
west Borneo compared to observations (this is discussed in section @ this suggests that the convergence of F' was
also underestimated in ERAS5, in addition to the precipitation rate.

tadenesia Before CCKW-C passes over western Indonesia, dM/dt as given by ERA5 (Figure Eh) is mostly positive,
suggesting a sustained moistening possibly due to the MJO convergence. After CCKW-C passes, there is a period of
rapid drying particularly over Sumatra and Borneo. There is also large-scale drying over the entire MC as the MJO
shifts to the suppressed phase. The data assimilation steps that were observed as short pulses at 09:00 UTC and
21:00 UTC in line plots of dM/dt (Figure are also seen in the Hovméller diagram (Figure Ela). We have seen that
the sum of source terms as calculated using ERA5 P closely resembles the patterns in the divergence of F'. Since the
divergence of F following the passage of the CCKW, is much weaker than the convergence, this would not have led
to the pronounced drying that is seen in dM/d't (Figure @a). This confirms what was understood from analysing the
moisture budget at Pontinanak, that the strong negative pulses seen in dM/dt after CCKW-C passes, are where data
assimilation steps are compensating for the reanalysis erroneously representing rainfall, which would have otherwise
led to an excess of moisture in the water column compared to observations.

5 | ROLE OF DIURNAL CYCLE

We have seen that there are WIGs present in the precipitation rate, total column water and vertically integrated
moisture flux divergence, and that these waves tend to occur at approximately the same time of day, exhibiting strong
coupling with the diurnal cycle. Interestingly, each of the three main CCKWs linked to the reported HIW events also
demonstrate overlap with the diurnal cycle, crossing 100°E, i.e. the west coast of Sumatra, around the same time of
day, with pulses of precipitation occurring between 12:00 UTC to 21:00 UTC (black line, Figure). This is consistent
with findings in|Senior et al.[{(2023) (see their Figure 3b and Figure 3c), where the lagged composite precipitation rate
of CCKWs linked to extreme precipitation days in Padang, Sumatra show enhanced precipitation and convergence at
100°E coinciding with the coastal diurnal cycle peak. As CCKW-B crossed Sumatra into the Karimata Strait, it triggered
multiple WIGs. It arrived there (around 105-110°E) at 2100 UTC on 11 July and terminated here, triggering a final
WIG. Each of these WIGs appear to have traveled back westwards over Sumatra and coincided with CCKW-C almost
a day later. For example the final of these WIGs triggered by CCKW-B coincided with CCKW-C around 1800 UTC on
13 July, offshore from the west coast of Sumatra at around 95-100°E. This shows striking similarity to Figure 3b of
(Senior et al.;|2023) where a westward propagating convective system is present in the composite analysis of extreme
precipitation CCKWs at these times: at lag 7 = 24 — 30, corresponding to the day after CCKW cross the west coast of
Sumatra, there is an increase in precipitation rate at 105-110°E in these composites.

Given that these WIGs appear at similar times of day, we examine the mean diurnal cycle of convection along the
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equatorial belt (1.5°S-1.5°N) over the region (Figure[7). The arrangement of land masses and water bodies is such that
there is a patchwork of interacting diurnal cycle patterns which in general appear to favour westward propagation.
Note that at these latitudes, the island of Sulawesi is comprised of both land and sea components so it is difficult to
comment on the diurnal cycle to the east of the Makassar strait.

Conditions over the central islands of Sumatra and Borneo are dry when insolation peaks at local midday (~
05:00 UTC, green-yellow lines in Fig. . However, in the surrounding seas there is precipitation at this time of day,
peaking in the Karimata Strait and the eastern Indian ocean, and just after the peak in the Makassar Strait. As the
afternoon progresses, between 05:00-10:00 UTC, convection increases over the Barisan mountains on the west coast
of Sumatra and over the coastal mountains in west Borneo. Convection also propagates onshore from the Karimata
Strait, on the east coast of Sumatra and inland over Sumatra. Similarly, convection also propagates westwards in the
Makassar Strait and onshore in equatorial Borneo. Precipitation on the west coast of Borneo increases at this time.

In the local early evening (~ 11:00 UTC) conditions on the east coasts of Sumatra and Borneo are relatively dry
whilst precipitation increases on the west coast of Sumatra and peaks on the west coast of Borneo. As the evening
progresses (between ~ 12:00-15:00 UTC) the offshore land breezes are evident as: a weakening of westerlies on the
west coasts of Sumatra and Borneo and strengthening westerlies on the east coast of Sumatra. Precipitation on the
west coast of Sumatra peaks and propagates offshore, whilst a lower amplitude component propagates inland from
the Barisan mountains on the west coast of Sumatra (see Figure[D] On the west and east coast of Borneo there is
also propagation of a convective system towards the centre of the island. At local midnight (~ 17:00 UTC; purple
lines in Figure[7), the convergence of sea breezes over the mountainous region in central Borneo leads to a nocturnal
rainfall peak there. Overnight between 17:00-23:00 UTC, the main precipitation envelope over Sumatra and Borneo
propagates into the Indian Ocean and Karimata Strait respectively at speeds of ~ 13 m's ~'; this speed is too fast for a
land breeze (i.e., density currents with speeds of ~ 3-6 m s ~) but consistent with the phase speeds of gravity waves.

Gravity waves and density currents are both mechanisms that contribute to the diurnal cycle of precipitation in
Sumatra, Borneo and Sulawesi (Bai et al.; 2021} Peatman et al.,|2023). Where as density currents are more localised,
gravity waves travel much further and are longer lived. The arrangement of land-masses in the equatorial MC may be
conducive to gravity wave propagation. The diurnal peaks of convection in the Makassar Strait and Karimata Strait
are close enough to the coastlines to experience the late morning sea breeze. Though the gravity waves travel con-
siderably faster than the mean winds, the sea breezes may provide favourable conditions for the waves to propagate
onshore towards the central island and mountainous regions. In the afternoon, these gravity waves then contribute
to the development of convection over the Barisan mountains on the west coast of Sumatra and then experience
the coastal land breezes during the late evening. In theory, triggered gravity waves may travel in any direction. How-
ever, between the islands of Borneo and Sumatra and to some extent between Sulawesi and Borneo, the westward
propagating component appears to be favoured over the eastward. The presence of WIGs is a common occurrence
during active MJOs (Kiladis et al.} 1 2009; |Ruppert and Zhang, 12019). Though all MJO phases have been included in
this composite, active MJO events are likely to account for a significant portion of these events since they enhance
diurnal activity, therefore leading to enhanced WIG activity. Furthermore, CCKW activity also increases during MJO
events, though they are less frequent, they may account for some of the eastward propagation seen in the composite

diurnal cycle in addition to eastward propagating inertio-gravity waves.
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6 | OBSERVATIONS OF EXTREME RAINFALL IN PONTIANAK AND WEST
KALIMANTAN

was particularly intense over the city of Pontianak and the West Kalimantan province (Borneo) between 13-14 July
2021. We will now examine the rainfall properties and CCKW structure using in situ data from the region. This allows
us to validate the representation of the processes in IMERG and ERAS5, as well as examine the shift in atmospheric
conditions following the passage of CCKW-C.

Many stations in the West Kalimantan region recorded heavy (>50 mm) to extreme (>150 mm) rainfall accumula-
tion on 13 July (Figure, with a maximum recorded accumulated rainfall of 370 mm in the Mempawah region (not
shown). The daily accumulated rainfall pattern, as estimated by C-band Doppler radar, revealed the intense convective
system that traveled from the east and passed over the West Kalimantan province, with particularly high amplitudes
(80-140 mm) over the western coastal regions on 13 July (FigureE’. The peak rainfall given by IMERG on 13 July,

2021 in the vicinity of Pontianak was 5.1 mm hr=" (121 mm day~") which agrees well with the station and radar data.

To understand how the vertical structure of CCKW-C developed as it crossed over the western MC, we examine

daily radiosonde ascents of zonal wind at Pontianak (Figure) and at Padang (Figure@)), a city on the equatorial
west coast of Sumatra that lies about 10° west of Pontianak. This is approximately the distance a CCKW travels in a
day. Note that radiosonde observations are taken at 00:00 UTC

The radiosonde measurements at Padang show a weak low-level westerly wind signal on 12 July (Figure @)).
By 13 July the winds at around 800-850 hPa have become stronger and the westerly signal is increasing with height.
This is consistent with the presence of CCKW-C, since its trajectory (associated with its convergent phase) crossed
Padang at approximately 12:00 UTC on 12 July. CCKWs are known to have structures that tilt westward with height
(Kiladis et al.}[2009), so as the CCKW progressed eastwards, this manifested as an increase in height with time.

AP 10b v W v \/ v AP

At Pontianak (Figure) weak surface-level westerlies are observed on 11 July. The intensity of these westerlies

increases rapidly between 13 July ( 6 ms~') to 14 July ( 15 ms~'). This is consistent with the convergent phase of
CCKW-C arriving at Pontianak on 13 July. By 15 July, the westerlies have increased with height. In general, the

strong westerly wind pattern measured by radiosonde ascents at Pontianak (Figure ) is similar to that at Padang
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(Figure[ZOp), but appear to be shifted by a day.

For comparison, we examine the longitude-height section of ERA5 zonal wind anomaly at Pontianak on 13 July
in Figure[TT] The convergent region of CCKW-C, which crossed Pontianak on 13 July, can be seen as a switch from
low-level anomalous easterlies to westerlies at approximately 110°E. These westerly winds tilt westward with height,
as inferred from the radiosonde data (Figure[10).

We now investigate the potential temperature and relative humidity associated with the CCKW envelopes as
measured by radiosonde ascents at Pontianak. These are characterised by distinct regions of moistening and drying
as each CCKW passes. On 8 July there was an increase in low-level humidity associated with CCKW-A (Figure ).
There was a period of relative heating and drying as the divergent phase of the CCKW passed, which corresponded
to a period of suppressed precipitation over this time. After this there was a build up of low level moisture on 10 July.
On 11 July, the entire tropospheric column at Pontianak exhibited high relative humidity, associated with the deep
convection of CCKW-B. This was followed by a short period of relative drying on 12-13 July before the troposphere
was once again moistened throughout the column on 14 July, associated with the deep convection within CCKW-
C. On 14 July, there was pronounced drying of the lower troposphere, presumably due to descent of dry air in the
suppressed phase of the CCKW after its active region had passed through Pontianak. Fhis-is-asseciated-with-the
shiftia-the-MJO-inte-thesuppressed-phase: This is associated with the shift in the MJO conditions, from active into
suppressed.

The potential temperature field also demonstrates these CCKW signals (Figure[12p). On 8 July there is a remnant
cooling over the tropospheric column as CCKW-A passed Pontianak. On 11 July, the entire lower troposphere cools
diabatically relative to 10 July due to evaporation following intense rainfall. On 12 and 13 July, the potential tempera-
ture of the lower troposphere recovers, before once again cooling on 14 July after the peak in convection associated
with CCKW-C. There is a demonstrable shift in atmospheric conditions after the CCKW-C passes. The very dry region
below 750 hPa on 15 July is coincident with significantly higher potential temperatures, whereby dry, descending air

leads to a positive temperature perturbation.

7 | REPRESENTATION IN FORECAST MODELS

We have examined how different convective processes brought extreme precipitation to equatorial Indonesia during
July 2021. We now assess different deterministic MetUM model configurations and evaluate the representation of
the extreme precipitation event in the West Kalimantan region and the pest-event-drying shift to suppressed MJO
conditions following the passage of CCKW-C.

7.1 | Parameterised convection (CoMorph A and GAL9)

First we examine Hovmoller diagrams of two deterministic global models with parameterised convection, one us-
ing GAL9 and the other using the CoMorph A convection scheme built on top of GAL9. In observations (IMERG,
Figure ), CCKW-C initiates around 9 July 2021 in the Indian Ocean so this CCKW is present within the initial con-
ditions of these model simulations. Both models simulate an organised region of eastward propagating convection
associated with westerly 850 hPa zonal winds, consistent with the presence of CCKW-C. When initialised on 9 July
2021 (Figure), CoMorph A shows a strengthening of the westerly winds near the west coast of Borneo and an in-
crease of precipitation here on 13 July. In CoMorph A this results in a peak precipitation rate on 13 July over Pontianak

at around 18:00 UTC, in line with observations, though the amplitude of precipitation is much lower (Figure ). In
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GAL9 (Figure ) there are weaker winds and precipitation compared to CoMorph A and the peak precipitation at
Pontianak occurs on 12 July 2021, a day earlier than observed (Figure ). On 9 July 2021 CCKW-B traversed
across Sumatra into the Karimata Strait and coincided with a WIG. When these models are initialised on 9 July 2021
at 00:00 UTC (Figure and b respectively), they should contain CCKW-B within their initial conditions. However,
in both CoMorph-A and GAL9, the presence of CCKW-B is not distinguishable and the WIG is largely absent. The
CoMorph A scheme has been found previously to show a poorer representation of gravity waves in idealised island
experiments compared to GAL8 |Lavender et al.|(2024). This is also evident for this case study where the diurnally
phase-locked WIGs in general are poorly represented in CoMorph A at all initialisation times (Figure, f and k), ap-
pearing more as patchy regions of convection. In contrast, GAL? configurations are better able to represent WIG-like
propagation (Figure[13p, g and I).

The representation of the precipitation rate at Pontianak on 13 July 2021 CoMorph A and GAL9 generally im-
proves with later initialisation times. When CoMorph A and GAL9 are initialised on 11 July 2021 at 00:00 UTC
(Figure and g respectively). Both models simulate a peak of intense precipitation between 12-13 July (Figure ).
When the models are initialised on 13 July 2021 at 00:00 UTC (CoMorph A and GAL9, Figure and | respectively)
the precipitation rate at Pontianak (Figure ) is well represented, as expected given the short lead time.

7.2 | Convection-permitting (RAL2T and RAL3)

We now assess the representation of the convective processes identified in 4.4km resolution simulations using two
regional configurations, RAL2T and RAL3, of the MetUM. Both regional models are forced at the lateral boundaries
by GAL9. Note that the full longitudinal domain for these models are shown, with the eastern boundary at 90°E and
the western boundary at 154°E.

When the regional models are initialised on 9 July 2021 at 00:00 UTC (Figure and d respectively), CCKW-
B is not present in the initial conditions though it is present at this time in observations. This is due to its weak
representation in the global forcing GAL9 model (Figure ).

In both models, precipitation associated with CCKW-C is weak west of 120°E compared to observations, ap-
pearing more as a strengthening of the precipitation rate when WIGs cross its trajectory and the point at which the
propagation of the WIGs terminates. Though the convection associated with CCKW-C is weak in the models, the
westerly winds associated with CCKW-C are present, so it is possible that the low-level divergent phase of the CCKW
is better represented than the convergent phase, resulting in the inhibition of convective activity at this point. How-
ever, east of 120°E the convection associated with CCKW-C is more coherent, represented as a sustained eastward
propagating convective system along the trajectory of CCKW-C in both models. This appears to be tightly coupled to
the gradient in 850 hPa zonal wind. The post-event drying is evident in both models, with precipitation rates across
the MC strongly decreasing as the westerly winds associated with CCKW-C strengthen.

The RAL2T and RAL3 models (Figure and d) simulate several WIG-like systems but they are more numerous
and weaker than in observations. The WIGs do not all appear to be phase-locked with the diurnal cycle. Strong WIGs
were observed emanating from the eastern MC on 15 July and 17 July (IMERG, Figure ). In RAL2T and RAL3,
these appear initially as strong daily convective systems but the westward propagation is increasingly stunted as time
progresses and is eventually confined to the eastern boundaries by 17 July.

The RAL2T and RAL3 models (Figure and d) differ in how the interactions between WIGs and the CCKWs are
represented. In observations, there was a local peak of precipitation associated with the interaction between CCKW-B
and a WIG initiating on the west coast of Borneo and the Karimata Strait on 10 July at 21:00 UTC (IMERG, Figure).

In both models, there is a peak present at this time due to the presence of the WIG, despite the poor representation
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of CCKW-B. However, since precipitation rates in RAL2T are known to be stronger than in RAL3; this results in a
stronger precipitation peak. Furthermore, in RAL2T, this local diurnal peak forms part of a WIG that propagates over
the Karimata Strait towards Sumatra, as seen in observations, but this feature is absent in RAL3.

Similarly to the parameterised convection models, both RAL2T and RAL3 show an increased precipitation rate
in the vicinity of Pontianak on 12 July at 21:00 UTC, 24 hours earlier than in observations (Figure ). This rainfall
peak is associated with a WIG. A WIG is also present on this day in observations; however, it crosses the west coast
of Borneo at 12:00 UTC. What is also missing from both RAL2T and RAL3 is the MCS in the Karimata Strait that
developed at around 00:00 UTC on 13 July. The MCS formed as a result of an interaction between the WIG and
CCKW-C (Figure ). This interaction does not seem to be present in these models. This could be due to CCKW-C
being simulated to arrive at West Borneo too early.

When the RAL2T and RAL3 models are initialised on 11 July 2021 at 00:00 UTC, CCKW-C is in the vicinity of the
western boundary of both models (Figure and i). There is an improvement in how the CCKW and its interactions
with the WIGs is represented west of 120°E compared with models initialised on 9 July 2021. This appears as a
combined MCS-like system in both models with sustained precipitation as the CCKW approaches Borneo. However
these interactions occur in the models a day earlier than observed so both RAL2T and RALS still forecast a maximum
precipitation rate a day early on 12 July at around 21:00 UTC in the vicinity of Pontianak. This appears tightly coupled
to the onset of westerly 850 hPa zonal winds.

Curiously, when compared to those initialised 2 days prior (Figure and d), both RAL2T and RAL3 initialised
on 11 July (Figure and i) show a worse representation of the post-event drying with no significant decrease in
rainfall over the eastern MC. In both models, convection associated with CCKW-C, to the east of 120°E does not
appear distinct from the background convective activity. From analysing the moisture budget we have seen that the
intense precipitation that occurred over the entire trajectory of CCKW-C as it crossed the MC was responsible for the
large-scale post-event drying. However, in both models, but particularly RAL3, CCKW-C does not appear to traverse
the MC past the west coast of Borneo. The strength of the westerly winds associated with the CCKW are weak
in RAL2T and absent in RAL3 compared to GAL9 east of 120°E. We have seen that the strengthening of westerly
850 hPa zonal wind and precipitation in these models appear to be tightly coupled, so in the absence of such winds
this also may have contributed to the erroneous termination of the CCKW which would have otherwise triggered the
post-event drying.

When RAL2T and RAL3 are initialised on 13 July 2021 at 00:00 UTC, precipitation in the vicinity of Pontianak is
well represented (Figure). Beyond 120°E, the westerly winds are stronger in both models (Figure and n), the
precipitation rate over the CCKW trajectory is sustained and the post-event drying is well captured. However, though
CCKW-C appears to traverse the MC, the precipitation rate is not as strong as in observations over its trajectory. This
may be because the strong WIG that interacts with the CCKWs are poorly represented in the models. This will be
explored in the discussion.

8 | DISCUSSION

8.1 | Multiscale interactions

During MJO phase 2 and 3, diurnal activity is known to be enhanced ahead of the arrival of the main convective enve-
lope associated with the MJO and the probability of extreme precipitation is known to increase (Peatman et al.}|2014;
Da Silva and Matthews,|2021). We have seen that this was the case during the July 2021 extreme precipitation case

study presented here. However, missing from previous works is the role of CCKWs and other equatorial waves, which
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may act to mediate the interactions between the MJO and the local diurnal cycle. Here we will discuss how these
convective systems interacted with each other and how these interactions contributed to the high impact weather
events reported during July 2021.

CCKWs are common subscale features of the active MJO envelope, which organise convective activity. This is
evident here from Figure[3h in which several CCKWs with distinctive eastward propagating bands of convection were
identified. All instances of extreme precipitation and high impact weather reported during July 2021 in Sumatra, and
the majority of those in the rest of the equatorial MC, could be linked to the increased precipitation in the presence
of these CCKWs. This corroborates findings in|Baranowski et al. (2020) where it was found that CCKWs were present
in all MJO-attributed floods in Sumatra and thus CCKWs, rather than the MJO events, were found to be the primary
dynamical predictor of precipitation extremes in Sumatra. So whilst the MJO provides favourable atmospheric con-
ditions for convective activity, it seems that CCKWs and other equatorial waves could be pivotal for organising this
convective activity and producing the precipitation extremes that are observed during active MJO events.

Precipitation extremes associated with the MJO are known to manifest as intensified diurnal activity over the
MC (Da Silva and Matthews}|2021). During July 2021, the high impact weather events that did not involve CCKWs, in
Borneo and Sulawesi, instead involved WIGs linked to the diurnal cycle. These WIGs are often present during active
MJO events (Nakazawa, |[1988; |Takayabu, [1994; [Kiladis et al., 2009). They are also found to be strongly diurnally
phase-locked in that their convective phase overlaps with that of the diurnal cycles of convection between Borneo and
Sumatra (Ruppert and Zhang}|2019), though they travel considerably faster than the diurnal density currents (Peatman
et al.;|12023). Numerous such diurnally phase-locked WIGs were observed in this case study, with particularly strong
WIG convective activity also originating from the Pacific.

CCKWs may also demonstrate diurnal phase-locking that increases the precipitation amplitudes associated with
them (Baranowski et al.;[2016; |Senior et al.|[2023). The trajectories of all three CCKWs during the July 2021 case
study coincided with reports of high impact weather and all arrived at Sumatra in phase with the diurnal cycle. The
CCKWs and WIGs travelled at similar phase-speeds but in opposite directions. The interactions between CCKW-C
and the WIGs during July 2021 appeared as pulses of moisture flux convergence and increased precipitation rates.
The presence of WIGs may have allowed for the CCKWs themselves to become coupled since some WIGS may
have been generated by the CCKWs themselves (e.g. through the mechanism described in |Liebmann et al.|(1997)).
From examining the Hovmoller diagrams of precipitation rate (Figure ) and convergence of F (Figure@), it appears
that CCKW-B interacted with the local diurnal cycle of convection on 9 July, and triggered several WIG packets
along its trajectory: the first on the east coast of Sumatra, the second on the west coast of Sumatra and the third
most prominent one just offshore from the west coast of Borneo. All three of these WIGs interacted with CCKW-C
the following day. Several other WIGs originating from Sulawesi, also in phase with the diurnal cycle over Borneo,
interacted with CCKW-C producing the intense rainfall over the west coast of Borneo. CCKW-C continued to interact
with strong WIGs originating from the Pacific as it traversed the rest of the MC. Thus the WIGs were pivotal in
sustaining CCKW-C and causing the observed precipitation extremes associated with its trajectory as it traversed the
MC.

We find then that the-aetive-M3O an active MJO in phases 2-4 provided favourable atmospheric conditions
for convection through increased moisture which can be seen as an increase in M (Figure and a general positive
rate of change of M over the region (Figure @a). The diurnal cycle of rainfall was enhanced, which in turn led to
the excitement of gravity-waves. Possibly due to the large-scale easterly phase of the MJO, westward propagating
waves were favoured. CCKW-A and CCKW-B arrived in phase with the diurnal cycle triggering local precipitation
extremes in Sumatra but did not traverse the MC. CCKW-B triggered several WIGs, which in turn interacted with
CCKW-C. CCKW-C encountered several other WIGs over Borneo and Sulawesi. It appears then that CCKW-C was
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fueled by these WIGs, through additional moisture flux convergence leading to intense rainfall observed over the
CCKW trajectory. This intense heavy rainfall over the CCKW trajectory significantly reduced the total column water,
shifting the atmospheric conditions are . This resulted in an abrupt local termination of the active MJO event- with
MJO phase shifting rapidly from active phase 2 to suppressed phase 5 as CCKW-C progressed over the western MC.

Results from four MetUM deterministic model configurations also demonstrate a link between CCKW-C and
the abrupt shift in convective activity following its passage. All forecasts with parameterised convection showed
sustained rainfall over the trajectory of CCKW-C and a suppression of rainfall activity following the passage of CCKW-
C (Figure. However, in some convection-permitting forecasts, specifically those initialised on 11 July (Figure
and ), CCKW-C appeared to terminate in the middle of the MC and rainfall over the region remained significant.
In contrast, all convection-permitting forecasts initialised on 9 July (Figure and ) and 13 July (Figure and
) demonstrated sustained rainfall over the path of CCKW-C and the CCKW did not terminate over the MC. In
these latter forecasts there was a more significant reduction in rainfall activity over the western MC compared with
the forecasts with the earlier CCKW termination. These results are further examined in section[8.2]

Other mechanisms that may contribute to shifts in MJO conditions include land-surface feedbacks. In this par-
ticular case the evaporation rate was consistently low compared to the rainfall rate over CCKW-C (Figure and the
rainfall rate was sustained both over land and sea. This indicates that land-surface feedbacks were not a primary driver.
Differences in sea surface temperatures (SST) between the MC and the relatively cooler surrounding oceans may have
also contributed to the termination of the active MJO event. The models presented in this paper are atmosphere-land
only configurations in which SSTs are held constant. These generally demonstrated a marked decrease in convective
activity following the passage of CCKW-C. So, though the real-world SST difference may have contributed to the
observed shift in MJO conditions, these results from the forecast models suggest that this mechanism was unlikely
to have been important.

There has been much speculation and debate in the literature about the nature of MJO termination events over
the MC|Inness and Slingo| (2006); [Kim et al. (2016); [Zhang and Ling|(2017); /Abhik et al.|(2023). This case study high-

lights a mechanism through which such events may occur, in which sub-MJO-scale CCKW and WIG modes organise

the low-level moisture and interactions between them result in an increase of rainfall that removes moisture from
the water column and terminates the MJO propagation. Since WIGs and CCKWs are both common subscale features
of the MJQ, it is possible that this is not an isolated case. Future works will examine the frequency of MJO events
terminated over the MC in this way. The thermodynamic mechanisms of the post-event drying could also be explored

further by evaluating changes to the moist static energy budget.

8.2 | Challenges in modelling

In section|Z]the representation of the extreme precipitation event in West Kalimanatan, associated with CCKW-C, was
examined in four MetUM deterministic model configurations, namely CoMorph A and GAL9 (parameterised convec-
tion, global) and, RAL2T and RAL3 (convection-permitting, LAM). Interestingly, models with parameterised convection
were able to forecast the extreme precipitation as well as or better than the explicit convection models. The post-
event drying was also better captured in the parameterised convection models. Here, we will suggest a number of
factors that may have influenced this result.

Interactions between the CCKW-C, the diurnal cycle and, diurnally phase-locked WIGs, produced significant
amounts of rainfall over West Kalimantan, between 13-14 July. Theseinteractionsmanifested-aspuisesofprecipitation
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, CCKWs interaet-with modulate the diurnal cycle to produce rainfall extremes in two ways: first
by enhancmg the diurnal cycle of convection through providing additional moisture and convergence, and second by
displacing the combined convergence line closer to the coast as the CCKW propagates eastward. Fhese-interactions

this case study, the CCKW-diurnal cycle interaction led to the development of a combined MCS system as CCKW-C
traversed over the Karimata Strait and west Borneo on 13 July 2021 (Figure). Furthermore, interactions between
CCKW-C and several WIGs resulted in local increases in rainfall intensity over West Kalimantan, appearing as pulses
of precipitation in FigureE}a. Model performance was dependent on how the pulses of precipitation and the develop-
ment of the MCS associated with the interactions between the WIGs and CCKW-C were represented.

The CoMorph A configuration was the only forecast initialised on 9 July, that captured the rainfall peak in the
vicinity of Pontianak on 14 July, as observed (Flgure. and e). This may-be because it represented the timing of
individaal-pulsesand-their-combined-interactionsrelatively-welk: This forecast showed sustained precipitation in the
vicinity of Pontianak associated with the development of the MCS as well as pulses of precipitation rate associated
with interactions between CCKW-C and the WIGs. Notably, this forecast demonstrated a strengthening of westerly
winds associated with CCKW-C over the Karimata Strait on 14 July. This was weaker in the other forecast models. In
GALS9 (Figure ), convection associated with CCKW-C and the WIGS were present, but the pulses of precipitation
associated with their combined interaction were absent, resulting in a forecast showing low but sustained precipitation
from around 12 July. The representation of these interactions improved in GAL? when the forecast was initialised on
11 July. The RAL2T and RALS3 forecasts initialised on 9 July, showed a peak of precipitation on 12 July (Figure).
This peak could be attributed to the interaction between CCKW-C and the WIGs, appearing as a pulse of precipitation
in the vicinity of Pontianak on 12 July. However, the precipitation over the region was not sustained, suggesting
that the MCS was not as well represented in these models possibly due to the weak representation of CCKW-C.
When these models were initialised 2 days later on 11 July (Figure and i), there was more sustained MCS-like

precipitation and a stronger peak precipitation amplitude, as the representation of the convection associated with

CCKW-C was stronger. Though the peak precipitation was still forecast to occur a day earlier than observed. Hewever;

These results show that the CoMorph A scheme and GAL9 configuration better represented the development of
the MCS and timing of the peak precipitation associated with the extreme precipitation event between 13-14 July
2021, compared to the convection permitting, RAL2T and RAL3 forecasts. During the spin-up for these forecasts,
which is around 6-18 hrs for the SEA domain (Short and Petchl[2022), the models had to resolve a number of interac-
tions between the CCKW and the WIGs: There were strong interactions observed between the WIG and the CCKW

offshore from Sumatra at 90°E and a WIG was triggered off the west coast of Borneo that traveled over Sumatra to

interact with the CCKW the following day (Figure). It is possible then that the convection permitting models were
less able to resolve these distinct systems during their spin-up, since they occurred close to the model boundaries.
Convection-permitting models are known to have a propensity to favour isolated cells of deep convection over

larger areas of stratiform rainfall. Whereas, models with parameterised convection favour more widespread shallow
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convection or stratiform rainfall. It is also possible that this is a factor in determining why the models with parame-
terised convection better represented the interactions, since the convection associated with each mode was repre-
sented to occur over a wider area, which increased the chance that these models captured interactions between the
CCKWs and WIGs. Furthermore, intense cells of deep convection in the models with explicit convection may have
triggered WIGS in addition to those triggered by the diurnal cycle, resulting in more numerous westward trajectories
seen in the forecasts compared to what was observed and what was represented in the forecasts with parameterised
convection. This would affect the timing and amplitude of their interactions with the CCKW.

i iAitiah - The representation in the shift in the MJO conditions, from active

to suppressed following the passage of CCKW-C, was well represented in all model configurations initialised on 9
July. This can be seen as a period of suppressed precipitation from 15 July onwards in the vicinity of Pontianak
(Figure@) as well as a general decrease in convective activity following the trajectory of CCKW-C (Figure |1:§|a, b, c
and d). However, the representation of this post-event drying deteriorated when the RAL2T and RAL3 forecasts were
initialised two days later on 11 July, with convective activity still evident after 15 July (Figure ). Fhe-conveetion

o

ociated-with W-C—did-not-traversepa 0 n-theforeea Ritialised-on tly- The reason for this

could be that these models showed CCKW-C weakening as it traversed across the MC, compared to observations
where CCKW-C was associated with heavy rainfall through out its passage.. This is particularly evident in RAL3
(Figure [13]) where there is no distinctive westerly wind signal beyond 120°E. Gﬂ—ié—}uw%Fw@—%he—ebsewed

Furthermorerthere There were errors in the representation of the WIGs that originate in the Pacific at the eastern
boundary of the regional models. The absence of the interaction between the CCKW and these strong WIGs may have

then-alse contributed to this poor representation of the rainfall over the CCKW trajectory. Hence, the post-event dry-

ing and the shift in atmospheric conditions following the passage of CCKW-C were poorly represented in these models.

and-globalconvection-permittingmodels: (2023) found that extending the convection-permitting domain

over the Indian Ocean improved the representation of CCKW forecasts over the MC, it would be useful in the future to

assess the representation of these processes in contemporary pan-tropical and global convection-permitting models.

The resolution of the of the RAL3 and RAL2T convection permitting forecasts (4.4 km) is not necessarily the

scale at which convective processes such as turbulence and cloud formation, are fully numerically resolved. This may

necessitate the inclusion of some convection parameterisation at these scales (Honnert et al.}[2020}; [Tomassini et al.
2023). Work is underway to further enhance the capability of the CoMorph scheme such that it is 'scale aware’, where
convection is selectively parameterised between 1-5 km resolution (Lavender et al.}[2024). This may result in forecasts

possessing more realistic convective structures and organisation which in turn would lead to better representation of

the propagation of tropical waves.
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9 | CONCLUSION

A case study has been presented of a series of high impact weather events reported over equatorial Indonesia during
July 2021. There were several interacting modes of rainfall variability that were linked to these events: a system of
CCKWs, WIGs, and an active MJO event. Their combined multiscale interactions lead to flooding events that could
traced through Sumatra, Borneo and Sulawesi. i i

the final CCKW in the system, delivered a large volume of rainfall over its trajectory—Fhis-CCKW-alene-aceounted ,
alone accounting for over half of the high impact weather events reported across the region. As CCKW-C travelled

across the western MC, the MJO phase rapidly shifted from active phase 2 to suppressed phase 5, characterised by
suppressed convection and a drying of the water column in this region.

WIGs were found to be strongly phase-locked with the diurnal cycle. The interaction of WIGs and CCKW-C
appeared as pulses of precipitation rate (Figure and total column water (Figure Several such pulses were observed
over the west Borneo region including the city of Pontianak during an extreme rainfall event on 13 July associated
with CCKW-C. It is proposed then that WIGs and CCKWs organised the MJO convection downscale and the WIGs
acted to fuel the traversal of CCKW over the MC and contributed to the high rainfall rates recorded over its trajectory.
Through examining the terms that contribute to the rate of change of total column water, it was found that the rainfall
rate over the CCKW trajectory exceeded the moisture flux convergence provided by the interaction between CCKW-
C and the WIGs. This significant rainfall over the CCKW trajectory led to a pronounced drying of the water column
that triggered the subsequent termination of the MJO convection.

The total column water in ERAS5 itself agreed well with that obtained from radiosonde observations at Pontianak,
however the amplitude of ERA5 precipitation rate was weak compared to IMERG and hence would not have produced
the observed drying of the water column between 13-14 July in Pontianak. This resulted in the rate of change of
total column water calculated from ERA5 being dominated by sharp intense spikes at the ERA5 data assimilation
steps, where the reanalysis compensated for this discrepancy. Furthermore, it was found that the moisture budget
was better closed using the IMERG precipitation rate instead of ERAS.

During events like this, in which the equatorial MC has been experiencing extreme rainfall events throughout the
active MJO period, disaster relief efforts may be exhausted by the succession of related high impact weather events. It
is vital then for forecasts to accurately represent such events with longer lead times to allow time to prepare. The high
impact weather events during July 2021 presented a particular challenge for forecast models since it required for there
to be not only an accurate forecast of each individual component, but their combined interactions. The representation
of interactions between the CCKWs and WIGs was variable across model configurations, with parameterised models
performing as well as convection-permitting models in simulating their precipitation rates over west Borneo and the
trajectory of CCKW-C. A number of factors could have influenced this: first that the parameterised convection models
were better able to capture the timing of the interactions between WIGs and CCKWs since they simulate rainfall
associated with these processes over a wider area. Secondly the presence of the model boundaries in convection-
permitting models caused boundary errors particularly associated with the WIGs so their resultant interactions may
not have been faithfully represented.

When interactions between WIGs and CCKWs were faithfully represented, CCKW-C demonstrated sustained
precipitation across its trajectory and over the western MC. In these model configurations, precipitation over the
western MC reduced significantly following the passage of CCKW-C compared to when the rainfall over the trajectory
of CCKW-C was forecasted to be weak. This demonstrates that the rainfall associated with this CCKW played a pivotal

role, producing this marked shift in atmospheric conditions associated with the termination of the MJO event over
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FIGURE 1 Topography of the western Maritime Continent, and locations of high impact weather events
reported between 9-17 July 2021 (colour coded by date).
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FIGURE 2 Daily average IMERG precipitation rate and ERA5 850 hPa wind vectors from 9-17 July 2021. The
red markers show the locations of the HIW events identified in Figurem



Senior et al. 23

19/07{ =p R T = ()

15/07 4+ ¢ . | S N P 1

12/07 1 { Y, < " : 1 - %
A % N ;

N W W W N N N N N w w & & b 0 un

04/07

o | CasaSatill .
E 130°E 140°E 150°E 160°E 0 5
g Precip. Rate
05 1.0 15 20 25 3.0 35 40 45 (mm hour~?)
Precipitation rate (mm hour™1)

FIGURE 3 (a) Hovmoller diagram of equatorial mean (5°S-5°N) IMERG precipitation (blue colour shading) and
ERAS5 850 hPa zonal wind (line contours) during 4-20 July 2021. The major tick marks on the time axis correspond
to 00:00 UTC. The zonal wind contour interval is 3 m s™1; the zero contour is the black dashed line, positive contours
are shades of red, and negative contours are shades of green. The magenta lines mark the observed CCKW
trajectories. The vertical lines mark the approximate positions of the main islands (black for Sumatra, orange for
Borneo, and lilac for Sulawesi). (b) Average IMERG precipitation rates (2°x2° box) centered on the west coasts of
Sumatra (black), Borneo (orange) and Sulawesi (lilac). The MJO phase is given in the coloured panels in (b); the
colours indicate if the MJO is active (blue, green) or suppressed (yellow) over the western MC. Normal font
represents MJO amplitudes between 0.8 to 1, and bold font represents MJO amplitudes > 1
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FIGURE 4 (a) Hovméller diagram of equatorial mean (5°S-5°N) ERAS5 total column water (M; colour shading)
and and ERA5 850 hPa zonal wind (line contours) during 4-20 July 2021. The major tick marks on the time axis
correspond to 00:00 UTC. The zonal wind contour interval is 3 m s™1; the zero contour is the black dashed line,
positive contours are shades of red, and negative contours are shades of green. The magenta lines mark the
observed CCKW trajectories. The vertical lines mark the approximate positions of the main islands (black for
Sumatra, orange for Borneo, and lilac for Sulawesi). (b) Average ERA5 M (2°x2° box) centered on west coast of
Borneo (black line), + the standard deviation of grid points in the 2°x2° box (gray shading) and M as measured by a
daily radiosonde ascent at 00:00 UTC (blue crosses). The MJO phase is given in the coloured panels in (b)
(conventions are as in Figure@.
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26 | Senior et al.

19/07 ry—= e s e D AETIRA P LTI =
@ a; total column water [1=— - moisture budget s - (e) moisture budget |].”
18/07 ¢ T= = 3 1 (using ERAS5 precip) | | | (using IMERG precip) | 4
= = LT 7 3 - ~ kT 97
17/07 4= |od "o b =2 Sl 9 < 0 S
| - er ’,,_5 = 2 r;r/.. ‘ia;?"f"
- e\ = “C= T af \
16/07 §— = f—|= S Al !
— §1‘5 L >—“~—§, e o AL
- T 5 ¢ : >
X Q
EEONY LN
47 2 3l
— SRS
- - X
S~ ’1' -
SOy 5 55
- . = . o S|
e s S ‘ &N =3 3 2
08/07 S N 8 {5 Y, - = | I~ - o . —> NS .
90°E 100°E 110°E 120°E 130°E 90°E 10°E 120°E 130°E 90°E 100°E 110°E 120°E 130°E
ER Y 1.3 S N / 7] kN L_j ] : N
precipitation rate | ()] [precipitation rat —~'3
(ERAS5) N 1 (IMERG)

. [~

= o o~

=8

Y
i

—_— S e

b

-,

el

i3

s <N T 17,
i \H' A v oag) VN
y p: . =

i< all e

130°E 90°E 100°E 110°E 120°E 130°E

-l T
—0.0007 —0.0005 —0.0003 —0.0001 0.0001 0.0003 0.0005 0.0007
kg m2s71
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the observed CCKW trajectories. The vertical lines mark the approximate positions of the main islands (black for
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FIGURE 8 Accumulated rainfall over 13 July 2021 (beginning 00:00 UTC) as recorded by rain gauge stations in
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1Permana et al.‘ 2019'.
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FIGURE 13 Hovmoller diagrams of deterministic MetUM forecast models averaged between 5°S-5°N. These
are organised by forecast initialisation times at 00:00 UTC: 9 July 2021 (a, b, ¢, d), 11 July 2021 (f, g, h, i) and 13 July
2021 (k, I, m, n) and, model configuration CoMorph A (first column), GAL9 (second column), RAL2T (third column)
and RAL3 (fourth column). The average precipitation rates for each model configuration and forecast initiation time
over a 6°Sx6°N box centred on the longitude of Pontianak (west Borneo) are also given along with that of the
observed IMERG precipitation rate (fifth column; e, j, 0). The major tick marks on the time axis correspond to 00:00
UTC. The zonal wind contour interval is 3 m s'1; the zero contour is the black dashed line, positive contours are
shades of red, and negative contours are shades of green. The magenta line marks the observed CCKW trajectories.
The vertical lines mark the approximate positions of the main islands (black for Sumatra, orange for Borneo, and lilac
for Sulawesi). All model results are presented on their native grids; however, Hovméller diagrams are averaged over
a wide latitude band (5°S-5°N) and the line plots over a wide area (6°Sx6°N) to allow for faithful comparison
between model configurations.
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