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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 theMar-
itime Continent (MC). They are often embedded in active
Madden-JulianOscillation (MJO) phases. TheMJOalso prop-
agates eastwards but influences convection in theMC 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 aswell as or better than explicit convectionmod-
els. This is possibly because they better represented the lo-
cation and timing of the convective systems that developed
because of interactions between theCCKWs andWIGs. This
research highlights howCCKWs 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 diurnal cycle and the
MJO, whereby . Such interactions can involve the MJO
influences influencing CCKWs downscale by providing en-
hanced convection andCCKWs interactwith theMJOupscale
terminating convection . 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.
K E YWORD S
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 theMaritime Continent (MC) (Ramage, 1968), the1

most convectively active region on Earth that fuels global circulation. Floods and landslides caused by precipitation2

extremes are major hazards experienced by the country leading to loss of life and damage to infrastructure (Hai et al.,3

2017; Latos et al., 2021; Hermawan et al., 2022; Purwaningsih et al., 2022; Lubis et al., 2022). Hence, understanding4

key predictors of rainfall extremes is crucial for improving forecasts and disaster preparedness. Recent studies (Ferrett5

et al., 2020; Lubis and Respati, 2021) have shown that equatorial waves are a key mode of daily rainfall variability.6

These waves often closely resemble the dry theoretical solutions to the shallowwater equations (Wheeler and Kiladis,7

1999; Kiladis et al., 2009), modified by the effect of convection and the background state (Matthews, 2021) and8

provide a source of predictability of high impact weather (Ferrett et al., 2023; Wolf et al., 2023).9

The islands of Sumatra, Borneo and Sulawesi are located along the equator (Figure 1), where convectively coupled10

Kelvin waves (CCKWs) are active due to their equatorially symmetric structures with maximum convergence and pre-11

cipitation on the equator. Consequently, there is an increase in precipitation amplitudes and a factor of 2–4 increase12

in the likelihood of observing extreme rainfall on days when the convergent phase of a CCKW is present (Ferrett et al.,13
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2020). Indeed, 90% of all floods in Sumatra have been linked to CCKWs (Baranowski et al., 2020). CCKWs travel14

eastward along the equatorial waveguide and influence precipitation extremes in a particular region over the course15

of 1–2 days. Baranowski et al. (2016) found that CCKWs with their convective phase arriving in time with that of16

the diurnal cycle of precipitation at the west coast of Sumatra, had larger precipitation amplitudes than CCKWs that17

arrived out of phase with the local diurnal cycle. The distance between the west coasts of Borneo and Sumatra is18

approximately the same distance that a CCKW travels in one day (10◦ longitude). Baranowski et al. (2016) proposed19

that CCKWs arriving in phase with the diurnal cycle at the west coast of Sumatra would then also arrive in phase20

with the diurnal cycle of at the west coast of Borneo and through these “boosts” were more likely to traverse the MC.21

Senior et al. (2023) found that CCKWs linked to precipitation extremes on the west coast of Sumatra modulate the22

diurnal cycle by increasing its precipitation amplitude and displacing their combined convergence zone closer to the23

coast causing an increase in rainfall that persists for around 36 hours, including during the night and the early morning.24

Convection is also modulated on intraseasonal timescales by the Madden–Julian Oscillation (MJO) (Madden and25

Julian, 1972). This manifests as an eastward propagating equatorial disturbance with phases of enhanced and sup-26

pressed convection over the MC with a period of around 30–90 days. Precipitation extremes increase by a factor27

of 2 in the presence of an active MJO (Da Silva and Matthews, 2021). CCKWs and the diurnal cycle itself are also28

influenced by the MJO (Peatman et al., 2021) and exist in a complex multiscale environment also when involved in29

precipitation extremes. For example, CCKWs were found to the primary factor in all MJO-related flooding events30

(Baranowski et al., 2020). Peatman et al. (2014) found that diurnal precipitation over the MC is enhanced ahead of31

the arrival of the main convective envelope of the MJO (phases 2 and 3) and that 80% of the MJO precipitation32

anomaly over the MC manifests as variability of the diurnal precipitation Peatman et al. (2014). These scale inter-33

actions between different modes of equatorial rainfall variability have the potential for devastating impacts. On 2234

January 2019 the city of Makassar in Sulawesi experienced its most severe flood on record; the main drivers of the35

event were a CCKW and a convectively coupled equatorial Rossby wave (CCERW), both embedded within an active36

MJO (Latos et al., 2021). Also in January 2020 there were record-breaking floods in Jakarta linked to the confluence37

of several equatorial waves modes, the MJO as well as a cross equatorial northerly surge (Lubis et al., 2022).38

In general the diurnal cycle of rainfall over the MC is such that it tends to peak over the central islands and39

mountainous regions in the local afternoon, approaching the coastal regions in the local evening and propagating40

offshore overnight (Yang and Slingo, 2001; Yang and Slingo, 2008; Yang and Slingo, 2014). However there is significant41

variability between different islands due to their shape. orientation and topography (Wei et al., 2020). The diurnal42

cycle over the island of Borneo and surrounding seas involves peak nocturnal rainfall over the central mountains due to43

the convergence of the sea breezes and simultaneously offshore propagation due to the evening land breeze. Thewest44

coast of the island of Sumatra possess a unique diurnal cycle pattern comprised of slowly propagating density currents45

(3–5 m s−1) and fast propagating gravity waves that extend far offshore (16 m s−1) (Bai et al., 2021; Bai et al., 2023).46

Bai et al. (2021) found that this offshore propagation occurs most frequently during MJO phases 1–3 and is fastest47

during boreal summer.48

Often observed during active MJO phases are westward propagating inertio-gravity waves (WIGs) which are49

strongly coupled to the diurnal cycle (Nakazawa, 1988; Takayabu, 1994; Kiladis et al., 2009). Ruppert and Zhang (2019)50

found that these WIGs tend to be triggered during the convective phase of the local diurnal cycle and propagate at51

speeds of around (17 m s−1) arriving in time with the convective phases of local diurnal cycles across multiple islands.52

This is similar to the diurnal phase-locking mechanism observed in Baranowski et al. (2016) through which CCKWs53

are able to traverse the MC and it is possible that some WIGs may be generated by CCKWs themselves (Liebmann54

et al., 1997). Furthermore, WIGs may also be important for local diurnal processes. The west coast of the island55

of Sumatra possesses a diurnal cycle pattern comprised of slowly propagating density currents (3–5 m s−1) and fast56
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propagating gravity waves that extend far offshore (16 m s−1) (Bai et al., 2021; Peatman et al., 2023). Bai et al. (2021)57

found that this offshore propagation occurs most frequently during MJO phases 1–3, in which WIGs are embedded,58

and is fastest during boreal summer.59

It is understood that scale interactions between the diurnal cycle, CCKWs and theMJO, alongside other modes of60

rainfall variability play a key role in determining local rainfall variability (Wei et al., 2020; Wei et al., 2021; Wei et al., 2021).61

Despite this, high impact weather events related to CCKWs are often thought of as isolated events. However, scale62

interactions between the MJO, the diurnal cycle and the WIGs they trigger and, increased convective activity may63

provide conditions that are conducive for CCKWs to traverse the Maritime Continent and produce extreme weather64

over a large area, analogous to the propagation of extratropical cyclones in a storm track. While the combined effects65

of the MJO and the diurnal cycle have been well studied, their separate and combined interactions with CCKWs are66

less well understood. Furthermore, many prior studies of extreme precipitation linked to the diurnal cycle, equatorial67

waves and the MJO and their interactions have focused on the boreal winter, since the amplitude and variability of68

precipitation is greater during this time. However, during the boreal summer, though typically considered the “dry”69

season and the season in which MJO activity is at its lowest, the MC still experiences precipitation extremes. Since70

the regional climatology during this period is very different, with southeasterly winds south of the equator turning71

southwesterly north of the equator, results from analyses of the boreal winter period may not be relevant. Thus a key72

knowledge gap is not only to understand the processes through which scale interactions of various modes of rainfall73

variability produce precipitation extremes but those that do in the boreal summer. Here we present such a case study74

in which a system of CCKWs and diurnally phase-locked WIGs embedded within an active MJO brought extreme75

precipitation to Sumatra, Borneo and Sulawesi during July 2021 with widespread reports of rainfall-related disasters76

across these islands.77

Forecast models, in which convection is parameterised, poorly represent deep convection and the diurnal cycle78

(Love et al., 2011; Birch et al., 2015) and precipitation intensities associated with key modes of subseasonal rainfall79

variability (Dias et al., 2018; Menary et al., 2018; Williams et al., 2018; Roberts et al., 2019). In general, models with80

explicit convection show significant improvements in representing the diurnal cycle and precipitation extremes (Love81

et al., 2011); however, specifically over the MC where the diurnal cycle is extremely complex across its many islands,82

mountains and shallow seas, convection-permitting models overestimate the intensity of diurnal precipitation over83

land compared with gridded (area average) satellite derived observations(Argüeso et al., 2020), but not necessarily84

when compared with point rain gauge observations (Rowell et al., 2019; Halladay et al., 2023). Convection-permitting85

models also tend to overestimate the intensity of rainfall associated with mesoscale convective systems (MCSs) and86

underestimate stratiform rainfall associated with them (Prein et al., 2015; Vincent and Lane, 2018). TheseMCSs often87

form and are modulated in the presence of active MJO phases and equatorial waves (Feng et al., 2023; Crook et al.,88

2024). Though it is difficult to view MCSs as distinct from other equatorial modes in individual case studies. Many89

convection-permitting forecasts operate within limited area domains and are forced at the boundaries by parame-90

terised convection models. This may act to reduce the lead time for which the forecast is skillful for rainfall events91

associated with CCKWs that originate outside the convection-permitting domain (Senior et al., 2023). This case study92

therefore presents an interesting testbed for assessing the capability of forecast models to predict extreme rainfall93

events associated with these multiscale interactions.94

High impact weather events related to CCKWs are often thought of as isolated events. However, scale interac-95

tions between the MJO, the diurnal cycle and the WIGs they trigger and, increased convective activity may provide96

conditions that are conducive for CCKWs to traverse the Maritime Continent and produce extreme weather over a97

large area, analogous to the propagation of extratropical cyclones in a storm track. While the combined effects of98

the MJO and the diurnal cycle have been well studied, their separate and combined interactions with CCKWs are99
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less well understood. To address this key knowledge gap in how CCKWs may mediate interactions between smaller100

and larger scale modes of rainfall variability, we study a case in which a system of CCKWs and diurnally phase-locked101

WIGs embedded within an active MJO brought extreme precipitation to Sumatra, Borneo and Sulawesi during July102

2021 with widespread reports of rainfall-related disasters across these islands. This case study also serves as an in-103

teresting testbed for evaluating the ability of forecast models to predict extreme rainfall events associated with these104

multiscale interactions.105

The results presented in this paper begin with a description of the convective systems associated with these106

equatorial modes and their link to high impact weather events across the MC in section 3. We find that during July107

2021, the MJO was abruptly terminated over the MC by a CCKW after which the MC experienced a pronounced dry108

period. This is investigated by analysing the total column water and the source terms that influence its changes in109

section 4. We then examine the role of the diurnal cycle in section 5. Observations of key dynamical fields over west110

Borneo, one of the worst affected regions during the extreme rainfall events of July 2021, are analysed in section 6.111

Then the representation of these rainfall events in convection parameterised and convection-permitting determinis-112

tic Met Office Unified Model (MetUM) configurations are assessed and compared in Section 7. We then provide a113

discussion on the multiscale scale interactions that occurred between these different modes of rainfall variability and114

how contributed to the extreme rainfall events of July 2021 (section 8) and highlight the challenges these present for115

forecast models.116

2 | DATA AND METHODOLOGY117

This study uses observations of precipitation rate from the Integrated Multi-satellitE Retrievals for the Global precip-118

itation measurement mission dataset (IMERG; Huffman et al. (2020)). Daily accumulated rainfall station data, radar119

(inaRAISE; Permana et al. (2019)) and, zonal wind, temperature and relative humidity data from daily radiosonde as-120

cents were supplied by the Indonesian Agency for Meteorology, Climatology and Geophysics (BMKG). Reports of high121

impact weather events related to extreme precipitation were obtained from the ADInet database (ASEAN disaster in-122

formation network). Wind, total column water, vertically integrated moisture flux and precipitation data are taken123

from the ERA5 reanalysis dataset (Hersbach et al., 2020). The CCKW trajectory database of Matthews (2021) was124

used to identify the individual CCKW events during this case study.125

We examine the performance of four deterministic MetUM simulations for the July 2021 case study. Two dif-126

ferent global simulations that parameterise convection are run on an N1280 ( 12 km) resolution grid. One of these127

utilises version 9 of the Met Office Global Atmosphere and Land model (GAL9). This is the contemporary version of128

the model based on GA7Walters et al. (2019) and GA8 (Lock et al., 2024) with updates to the convection scheme. The129

second global simulation uses an alternative version of the convection scheme, CoMorph-A Lock et al. (2024). We130

nest two limited area models inside the GAL9 global simulation, both have a 4.4 km grid spacing and 90 vertical levels.131

We test two different science configurations in the LAM, both explicitly represent deep convection. The first is the132

operational RAL2T configuration Bush et al. (2023) and the other is the recently released RAL3 science configuration133

which unifies tropical and mid-latitude science settings in the MetUM. RAL3 differs from RAL2T as it introduces the134

Cloud AeroSol Interacting Microphysics(CASIM) double-moment cloud microphysics scheme (Field et al., 2023) and135

uses the bimodal large-scale cloud scheme (VanWeverberg et al., 2021). The LAMmodels are bounded between 90◦E136

and 154◦E and 18◦S to 30◦N and are forced at the boundaries by GAL9. These were run for 10-days and initialised137

daily between 6–13 July 2021 at 00:00 UTC.138
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3 | TIMELINE OF HIGH IMPACT WEATHER EVENTS ACROSS THE MC139

During July 2021 several regions across equatorial Indonesia experienced hazardous rainfall extremes. Locations and140

dates of reports of high impact weather events across Indonesia between 9–17 July related to this weather system141

are shown in Figure 1. We analyse the spatial and temporal distribution of reports of these weather events across the142

country, linking them to larger scale weather systems identified in IMERG precipitation and ERA5 850 hPa winds in143

Figure 2. Between 5–6 July, there were numerous reports of flooding caused by heavy rainfall and rivers overflowing144

in several northern and western regencies of Aceh, in Northern Sumatra. There was a lull in the rainfall intensity145

between 7–8 July until a new weather system moved into the MC. The events unfolded as follows:146

9 July 2021 The northern Sumatra regencies of Aceh Besar and Aceh Jaya were again inundated with heavy rainfall147

and floods leading to damage to infrastructure. On this day there was a band of precipitation over the region148

associated with strong southwesterlies at around 5◦N, coinciding with an anticyclonic flow. (Figure 2a).149

10 July 2021 These southwesterlies turned westerly and the weather system passed over northern Sumatra (Fig-150

ure 2b), and further high impact weather events were reported in the north eastern Sumatra regency of Aceh151

Tamiang.152

11 July 2021 A large convective system developed ahead of near-equatorial westerlies between 90–100◦E. Sepa-153

rately, the first of a series of high impact weather events related to extreme rainfall in the island of Sulawesi was154

reported (Figure 2c), due to a separate convective system causing floods and landslides.155

12 July 2021 The equatorial westerlies intensified, with a development of cyclonic flow around 7◦N and 7◦S with156

northwesterly flowparallel to thewest coast of Sumatra and a convective systemdeveloping in theKarimata Strait.157

There were reports of high impact weather in each of the islands of Sumatra, Borneo and Sulawesi (Figure 2d).158

In the northeastern Sumatra regency of Batu Bara several villages and areas of agricultural land were submerged159

and there were also floods in central Sulawesi. Later on in the day rainfall intensities increased over the Karimata160

Strait and a convective system began encroaching on the West Kalimantan province (West Borneo) with the161

North Kayong regency reporting severe weather, floods and damage to infrastructure. One fatality was recorded162

in relation to a landslide in this region and around 25,000 people were internally displaced.163

13 July 2021 The region of strongwesterlies and intense precipitation extended across theKarimata Strait towestern164

Borneo (Figure 2e), and there were reports of floods and landslides related to a high sea state, strong onshore165

winds and heavy rainfall in the Mempawah regency (north of Pontianak) and widespread flooding in the city of166

Pontianak itself due to the Kapuas river breaking its banks. Floods of 2 m depth were reported in central Borneo167

in the regency of Kapuas Hulu. There were also reports of high impact weather in the regency of Bengkulu in168

south Sumatra, as a component of the convective system traversed Sumatra.169

14 July 2021 The convective system led to a strong southwesterly flow, appearing to be deflected by the mountains170

in central Borneo into the South China Sea (Figure 2f). There were further reports of high impact weather events171

in Borneo.172

15 July 2021 There was an increase of convective activity over the Makassar Strait and the Celebes Sea (Figure 2g).173

Floods and landslides were reported in the northeastern regions of Sulawesi including the city of Manado. There174

were also further reports of high impact weather events in Borneo due to several days of continuous rainfall.175

16 July 2021 As the convective system, coinciding with westerlies turning to northwesterlies, moved over Sulawesi176

(Figure 2h), there were widespread reports of high impact weather events across the whole island, with some177

areas reporting 2 m floods and a 150 m long landslide in Bolaang Mongondow, North Sulawesi.178

17 July 2021 As the convective system travelled further eastwards (Figure 2i), there were more reports of floods and179
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landslides in central Borneo and South Sulawesi. After this point the whole of the western MC experienced dry180

conditions.181

The convective systems linked to the high impact weather eventsmay be understood by examining the large-scale182

conditions. Convection over the MC and the eastern Indian Ocean during July 2021 was organised into eastward183

propagating CCKWs (with trajectories shown in Figure 3a), westward propagating gravity wave-like features related184

to the diurnal cycle and an active MJO. Several CCKW trajectories have been identified over this period with three185

notable trajectories that can be related to the high impact weather events identified previously. CCKW-A, the first of186

these, crossed into Sumatra on 5–6 July. Floods and landslides reported in the Aceh region may be attributed to this187

CCKW. A convective system can also be seen propagating westwards offshore from the west coast of Sumatra on 4188

July and coinciding with CCKW-A. Convection off the west coast of Sumatra increases as this combined MCS draws189

closer to the coast. This interaction and modulation of the diurnal cycle is a key mechanism through which CCKWs190

may produce rainfall extremes along the west coast of Sumatra (Senior et al., 2023). After CCKW-A passed, there was191

a period of relatively low precipitation in Sumatra (on 7–8 July) and in west Borneo (on 8–9 July), possibly due to the192

divergent phase of the CCKW inhibiting convection locally.193

On 9 July, CCKW-B approached the west coast of Sumatra and crossed into the longitudes of the Karimata Strait194

and terminated there on 10 July. Its trajectory coincided with the reports of high impact weather in the Aceh region195

on these dates. . The trajectory line of CCKW-B, as calculated using wavenumber-frequency filtering, shows CCKW-196

B terminating shortly before arriving at Sumatra. However, its convective signal appears to extend much further,197

crossing into the longitudes of the Karimata Strait and terminating there at approximately 00:00 UTC, 11 July. Upon198

examining Figure 2a and b, an anticyclonic flow over Sumatra can be identified. This flow may have been induced by199

the westerlies associated with CCKW-A interacting with the background easterlies of the MJO (phase 2). This flow200

likely acted to deflect CCKW-B northwards and through the strait of Malacca, coinciding with reports of high impact201

weather events in the Aceh region between 9–10 July. Hence the trajectory calculated using wavenumber-frequency202

filtering (see section 2), which assumes convective signals associated with CCKWs are located close to the equator203

(between 2.5◦S-2.5◦N), did not capture its full passage.204

CCKW-C was the final of these three CCKWs, which initiated in the Indian Ocean (at 75◦E) on 9 July. The convec-205

tion associated with this CCKW coincided with the convergence of easterly and strong westerly 850 hPa zonal winds.206

Almost exactly two days after CCKW-B, the trajectory of CCKW-C crossed over Sumatra on 12 July and interacted207

with a westward propagating disturbance, crossed over the west coast of Borneo on 13 July 2021 and approached the208

west coast of Sulawesi around 15 July. Intense precipitation along the CCKW trajectory and strong westerly winds209

( 15 m s−1) over Borneo can be seen during this time, coinciding with the reports of severe weather over the West210

Kalimantan province and East Malaysia over that period. As CCKW-C crossed over Sulawesi between 15–17 July, it211

appears to have interacted with several packets of strong westward propagating convective systems, which together212

account for the high impact weather events across the island over this period. CCKW-C then continued eastward to213

cross the rest of the MC. The passage of this CCKW coincided with an abrupt termination of the convective activity214

and the MJO over the MC.215

Between 1–12 July 2021, theMJOphase, as calculated using the RMM1and RMM2 indicesWheeler andHendon216

(2004), was between 2 and 3 (Figure 3b). In Figure 3a, this can be inferred by the intensified convective activity over217

the Indian Ocean between 60–95◦E. Though the main convective envelope of the MJO was over the Indian Ocean, it218

is known that diurnal activity is enhanced over theMC during these phases, ahead of theMJO’s arrival (Peatman et al.,219

2014). The numerous westward propagating convective systems evident in Figure 3a appear strongly linked to the220

diurnal cycle. These have been Similar features have been identified in previous research as westward propagating221
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inertio-gravity waves and are commonly embedded within the MJO (Nakazawa, 1988; Kiladis et al., 2009; Ruppert222

and Zhang, 2019). This can be seen particularly in the average precipitation rate over north-west Sulwesi (lilac line in223

Figure 3b) as these waves correspond to pulses of increased precipitation rate which occur at roughly the same time224

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 cycle225

will be examined later in this paper. Between 13–19 July, the MJO phase rapidly shifted through phases 3 and 4 into226

phase 5 (Figure 3b), characterised by suppressed convective activity sweeping eastward over the MC, immediately227

following the passage of CCKW-C.228

4 | ABRUPT TERMINATION OF MJO229

There was a clear suppression of convective activity after CCKW-C crossed the MC, coinciding with a rapid shift of230

the MJO phase from active phase 2, when CCKW-C arrived at Sumatra, to suppressed phase 5, when the CCKW231

exited the MC. This is also evident when examining the total column water (M ; Figure 4a).232

The numerous WIGs are also evident in M as bands of westward propagating regions of increased moisture.233

Pulses in the precipitation rate along the trajectory of CCKW-C (Figure 3a) correspond also to regions of increased234

M (Figure 4a). These pulses arise when WIGs interact with CCKW-C. On 8 July, there was a significant increase in235

M over the city of Pontianak on the west coast of Borneo (Figure 4b). There were peaks of M over Pontianak at236

approximately 21:00 UTC on 8, 9, 10, 12 and 15 July. These peaks are likely associated with the diurnally coupled237

WIGs (Figure 3a). On 11 July there was a peak at approximately 03:00 UTC associated with an interaction between238

the WIG and CCKW-B. On 12–13 July M reached a local maximum following interactions between CCKW-C and239

WIGs on 12 and 13 July and there was a pronounced decrease in M on 14 July. On 15 July there was a small local240

increase Following a small local increase inM due to another WIG and , there was a continual decrease inM between241

16–19 July as the MJO shifted into suppressed phase 5. ERA5 well-representsM representsM well when compared242

to daily radiosonde ascents at Pontianak (Figure 4b).243

We investigate the process through which the CCKW-C triggered the widespread drying across the MC that244

coincided with an abrupt shift in MJO phase, by examining the moisture budget given by245

dM

dt
= −+ · F − P + E . (1)

Here we see that the rate of change of the vertically integrated total column water M dM /d t , is governed by the246

divergence of the vertically integrated moisture flux (F ), the precipitation rate (P ) and the evaporation rate (E ).247

The convergence of F shows several peaks associated with CCKWs andWIGs crossing the west coast of Borneo248

(Figure 5a). There is convergence associatedwith the passage of CCKW-B between 06:00 UTC 10 July and 06:00 UTC249

11 July as well as sustained convergence on 12 July with peaks where two WIGs cross the west coast of Borneo250

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 of251

convergence associated with the combined MCS that resulted from interactions between CCKW-C and the WIGs.252

This is then followed by a period of comparatively weaker divergence between 09:00 UTC–21:00 UTC 14 July.253

P as given by ERA5 (Figure 5a) shows a peak precipitation rate of 0.0006 kg m−2 (≡ 2.16 mm hr−1) at 06:00 UTC254

13 July that tapers down to near-zero by 00:00 UTC 15 July. This is lower than the amplitude of convergence of F255

and the peak rainfall occurs earlier than the peak convergence. However, there are earlier localised peaks of rainfall,256

such as on 10 July, that closely match the amplitude and timing of convergence of F . P as given by IMERG (Figure 5b)257

shows a peak precipitation rate of 0.0014 kg m s−1 (≡ 5.06 mm hr−1) at approximately 18:00 UTC on 13 July that258
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reduces significantly by 06:00 UTC on 14 July. The timing of the peak IMERG precipitation rate is different from259

that given by ERA5 (Figure 5a, occurring instead at a similar time to when there is peak convergence of F , and the260

amplitude of the peak precipitation rate exceeds that moisture convergence and is more than double that given by261

ERA5.262

E is small compared to the other terms in (1) with regular peaks between 00:00 UTC-12:00 UTC corresponding263

to evaporation through insolation. There is a slight increase in E on 13–14 July due to increased precipitation and264

high windspeeds during this period.265

The moisture budget calculated with all source terms in (1) from ERA5 (Figure 5a) does not balance dM /d t . It266

shows instead a significant moistening of the water column through the convergence of F that is not removed by267

P . Only when F becomes divergent between 09:00 UTC–21:00 UTC 14 July does the total source match the trend268

in dM /d t . The moisture budget calculated using divergence of F and E from ERA5, and P from IMERG (Figure 5b)269

closely resembles the trend in dM /d t , showing sustained drying of the water column during 13 July as well as on 14270

July.271

The rate of change M given by ERA5 in the vicinity of Pontianak, is punctuated by high-intensity pulses at272

09:00 UTC and 21:00 UTCHigh-intensity pulses at 09:00 UTC and 21:00 UTC punctuate dM /d t in the vicinity of Pon-273

tianak (thick black lines in Figure 5a and Figure 5b. These are the times of the 12 hourly ERA5 data assimilation steps274

(Hersbach et al., 2020). Around the time CCKW-C crosses, between 18:00 UTC, 13 July to 21:00 UTC, 14 July, there275

is a pronounced drying of the water column indicated by the negative rate of change of M . These data assimilation276

steps appear to compensate for discrepancies in the moisture budget. For example, between the two data assimila-277

tion steps at 21:00 UTC, 13 July and 09:00 UTC, 14 July, P given by IMERG (Figure 5b) shows greater rainfall rate278

than P given by ERA5 (Figure 5a). Therefore, M as measured by radiosondes would have demonstrated an increased279

drying compared to that calculated in the ERA5 reanalysis resulting in an adjustment in the data assimilation step. This280

shows that the rainfall over this period was greatly underestimated in ERA5 such that the sum of source terms in the281

moisture budget gives a positive trend in M (thick gray line; Figure 5a). However, the real atmosphere would have282

shown a decrease in M between 21:00 UTC, 13 July and 09:00 UTC, 14 July due to the significant volume of rainfall283

that occurred over this period (IMERG precipitation rate, blue line; Figure 5b). This discrepancy is compensated for284

by decreasing M at the data assimilation step which appears as a spike of negative dM /d t in Figure 5 at 09:00 UTC,285

14 July. This allows for M in ERA5 to closely align with observations despite the erroneous representation of rainfall286

rate. This is why the moisture budget is not self-consistent in ERA5 at a given timestep and is better closed using P287

given by IMERG rather than that given by ERA5.288

We now examine the Hovmöller diagrams of terms in the moisture budget given by (1) over the region. The289

divergence of F (Figure 6b) shows strong convergence along the trajectories of CCKW-B and CCKW-C, along with290

notable westward propagating regions of convergence corresponding toWIGs. Following the passage of the CCKW-C291

and as it enters its westerly phase, there is a period divergence of F that is weaker than the convergence and there is292

no divergence associated with the CCKW beyond about 120◦E. Though there is a background larger-scale divergence293

in F associated with the shift in MJO phase activity.294

Consistentwith the budget analysis at Pontianak, theHovmöller diagramof the sumof the source terms using P as295

given by ERA5 (Figure 6c) does not match dM /d t , especially along the trajectory of CCKW-C where the precipitation296

rate (Figure 6d) is consistently lower than observed by IMERG (Figure 6f). Instead, the weak rainfall in ERA5 rainfall in297

ERA5 is muchweaker (Figure 6d) does not exceed compared to the convergence ofF (Figure 6b) , themoisture budget298

as calculated using ERA5 along CCKW-C closely match hence the moisture budget as calculated using ERA5 over299

CCKW-C is dominated by the convergence of F . Notably, the westward propagating convective systems associated300

with the WIGs are not identifiable in P from ERA5 (Figure 6d).301
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In contrast, the sum of the source terms obtained using P from IMERG instead of ERA5,(Figure 6e) better resem-302

bles the pattern in dM /d t , with a period of sustained drying following the passage of CCKW-C. The intensity of P303

given by IMERG (Figure 6f) is often considerably stronger than that given by ERA5 (Figure 6d). Thus, the moisture304

removed by P in IMERG is greater than that supplied by the convergence ofF over the CCKW trajectory, which leads305

to a drying of the water column. The duration of the most intense rainfall in IMERG precipitation is longer compared306

to that of ERA5 over the CCKW trajectory. This suggests that the intensity of rainfall over the CCKW trajectory was307

the primary driver of the abrupt shift in the MJO phase rapid shift in MJO phase from phase 2 to phase 5.308

The magnitude of the drying trend obtained using P from IMERG is actually greater than that calculated from309

dM /d t (Figure 5b and Figure 6e) over the transit of CCKW-C. IMERG represented well the precipitation rate over310

west Borneo compared to observations (this is discussed in section 6), this suggests that the convergence of F was311

also underestimated in ERA5, in addition to the precipitation rate.312

The rate of change of M as given by ERA5 (Figure 6a) is mostly positive before CCKW-C passes over western313

Indonesia Before CCKW-C passes over western Indonesia, dM /d t as given by ERA5 (Figure 6a) is mostly positive,314

suggesting a sustained moistening possibly due to the MJO convergence. After CCKW-C passes, there is a period of315

rapid drying particularly over Sumatra and Borneo. There is also large-scale drying over the entire MC as the MJO316

shifts to the suppressed phase. The data assimilation steps that were observed as short pulses at 09:00 UTC and317

21:00 UTC in line plots of dM /d t (Figure 5) are also seen in the Hovmöller diagram (Figure 6a). We have seen that318

the sum of source terms as calculated using ERA5 P closely resembles the patterns in the divergence of F . Since the319

divergence of F following the passage of the CCKW, is much weaker than the convergence, this would not have led320

to the pronounced drying that is seen in dM /d t (Figure 6a). This confirms what was understood from analysing the321

moisture budget at Pontinanak, that the strong negative pulses seen in dM /d t after CCKW-C passes, are where data322

assimilation steps are compensating for the reanalysis erroneously representing rainfall, which would have otherwise323

led to an excess of moisture in the water column compared to observations.324

5 | ROLE OF DIURNAL CYCLE325

We have seen that there are WIGs present in the precipitation rate, total column water and vertically integrated326

moisture flux divergence, and that these waves tend to occur at approximately the same time of day, exhibiting strong327

coupling with the diurnal cycle. Interestingly, each of the three main CCKWs linked to the reported HIW events also328

demonstrate overlap with the diurnal cycle, crossing 100◦E, i.e. the west coast of Sumatra, around the same time of329

day, with pulses of precipitation occurring between 12:00 UTC to 21:00 UTC (black line, Figure 3b). This is consistent330

with findings in Senior et al. (2023) (see their Figure 3b and Figure 3c), where the lagged composite precipitation rate331

of CCKWs linked to extreme precipitation days in Padang, Sumatra show enhanced precipitation and convergence at332

100◦E coincidingwith the coastal diurnal cycle peak. As CCKW-B crossed Sumatra into the Karimata Strait, it triggered333

multiple WIGs. It arrived there (around 105-110◦E) at 2100 UTC on 11 July and terminated here, triggering a final334

WIG. Each of these WIGs appear to have traveled back westwards over Sumatra and coincided with CCKW-C almost335

a day later. For example the final of these WIGs triggered by CCKW-B coincided with CCKW-C around 1800 UTC on336

13 July, offshore from the west coast of Sumatra at around 95-100◦E. This shows striking similarity to Figure 3b of337

(Senior et al., 2023) where a westward propagating convective system is present in the composite analysis of extreme338

precipitation CCKWs at these times: at lag τ = 24 − 30, corresponding to the day after CCKW cross the west coast of339

Sumatra, there is an increase in precipitation rate at 105-110◦E in these composites.340

Given that theseWIGs appear at similar times of day, we examine the mean diurnal cycle of convection along the341
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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 that342

there is a patchwork of interacting diurnal cycle patterns which in general appear to favour westward propagation.343

Note that at these latitudes, the island of Sulawesi is comprised of both land and sea components so it is difficult to344

comment on the diurnal cycle to the east of the Makassar strait.345

Conditions over the central islands of Sumatra and Borneo are dry when insolation peaks at local midday (≈346

05:00 UTC, green-yellow lines in Fig. 7). However, in the surrounding seas there is precipitation at this time of day,347

peaking in the Karimata Strait and the eastern Indian ocean, and just after the peak in the Makassar Strait. As the348

afternoon progresses, between 05:00-10:00 UTC, convection increases over the Barisan mountains on the west coast349

of Sumatra and over the coastal mountains in west Borneo. Convection also propagates onshore from the Karimata350

Strait, on the east coast of Sumatra and inland over Sumatra. Similarly, convection also propagates westwards in the351

Makassar Strait and onshore in equatorial Borneo. Precipitation on the west coast of Borneo increases at this time.352

In the local early evening (≈ 11:00 UTC) conditions on the east coasts of Sumatra and Borneo are relatively dry353

whilst precipitation increases on the west coast of Sumatra and peaks on the west coast of Borneo. As the evening354

progresses (between ≈ 12:00-15:00 UTC) the offshore land breezes are evident as: a weakening of westerlies on the355

west coasts of Sumatra and Borneo and strengthening westerlies on the east coast of Sumatra. Precipitation on the356

west coast of Sumatra peaks and propagates offshore, whilst a lower amplitude component propagates inland from357

the Barisan mountains on the west coast of Sumatra (see Figure 1. On the west and east coast of Borneo there is358

also propagation of a convective system towards the centre of the island. At local midnight (≈ 17:00 UTC; purple359

lines in Figure 7), the convergence of sea breezes over the mountainous region in central Borneo leads to a nocturnal360

rainfall peak there. Overnight between 17:00–23:00 UTC, the main precipitation envelope over Sumatra and Borneo361

propagates into the Indian Ocean and Karimata Strait respectively at speeds of ≈ 13 m s −1; this speed is too fast for a362

land breeze (i.e., density currents with speeds of ≈ 3-6 m s −1) but consistent with the phase speeds of gravity waves.363

Gravity waves and density currents are both mechanisms that contribute to the diurnal cycle of precipitation in364

Sumatra, Borneo and Sulawesi (Bai et al., 2021; Peatman et al., 2023). Where as density currents are more localised,365

gravity waves travel much further and are longer lived. The arrangement of land-masses in the equatorial MC may be366

conducive to gravity wave propagation. The diurnal peaks of convection in the Makassar Strait and Karimata Strait367

are close enough to the coastlines to experience the late morning sea breeze. Though the gravity waves travel con-368

siderably faster than the mean winds, the sea breezes may provide favourable conditions for the waves to propagate369

onshore towards the central island and mountainous regions. In the afternoon, these gravity waves then contribute370

to the development of convection over the Barisan mountains on the west coast of Sumatra and then experience371

the coastal land breezes during the late evening. In theory, triggered gravity waves may travel in any direction. How-372

ever, between the islands of Borneo and Sumatra and to some extent between Sulawesi and Borneo, the westward373

propagating component appears to be favoured over the eastward. The presence of WIGs is a common occurrence374

during active MJOs (Kiladis et al., 2009; Ruppert and Zhang, 2019). Though all MJO phases have been included in375

this composite, active MJO events are likely to account for a significant portion of these events since they enhance376

diurnal activity, therefore leading to enhanced WIG activity. Furthermore, CCKW activity also increases during MJO377

events, though they are less frequent, they may account for some of the eastward propagation seen in the composite378

diurnal cycle in addition to eastward propagating inertio-gravity waves.379
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6 | OBSERVATIONS OF EXTREME RAINFALL IN PONTIANAK AND WEST380 KALIMANTAN381

A convective system driven by CCKW-C traveled across the MC with a particularly strong intensity over the city of382

Pontianak and the West Kalimantan province (Borneo) on 13–14 July 2021. The rainfall associated with CCKW-C383

was particularly intense over the city of Pontianak and the West Kalimantan province (Borneo) between 13–14 July384

2021. We will now examine the rainfall properties and CCKW structure using in situ data from the region. This allows385

us to validate the representation of the processes in IMERG and ERA5, as well as examine the shift in atmospheric386

conditions following the passage of CCKW-C.387

Many stations in the West Kalimantan region recorded heavy (>50 mm) to extreme (>150 mm) rainfall accumula-388

tion on 13 July (Figure 8), with a maximum recorded accumulated rainfall of 370 mm in the Mempawah region (not389

shown). The daily accumulated rainfall pattern, as estimated by C-bandDoppler radar, revealed the intense convective390

system that traveled from the east and passed over the West Kalimantan province, with particularly high amplitudes391

(80–140 mm) over the western coastal regions on 13 July (Figure 9). The peak rainfall given by IMERG on 13 July,392

2021 in the vicinity of Pontianak was 5.1 mm hr−1 (121 mm day−1) which agrees well with the station and radar data.393

We examine radiosonde ascents at two locations to understand how the vertical structure of CCKW-C developed394

as it crossed the western MC. The first radiosonde ascent is at Padang (Figure 10a), a city on the equatorial west coast395

of Sumatra, and the second is at Pontianak (Figure 10b). These cities are approximately 10◦ longitude apart, which396

is approximately the distance a CCKW travels in a day. CCKW-B crossed Padang at approximately 18:00 UTC on397

9 July. Following this on 10 July, a low-level westerly wind signal can be seen as the westerly phase of this CCKW398

follows. CCKW-C, which brought extreme rainfall to Pontianak, crossed Padang at approximately 12:00 UTC on 12399

July. Following this, on 13 July, the winds at around 800-850 hPa became stronger and the westerly signal increased400

in height as time progressed. CCKWs are known to have structures that tilt westward with height (Kiladis et al., 2009),401

so as this structure moves towards the east, this should manifest as an increase in height with time.402

To understand how the vertical structure of CCKW-C developed as it crossed over the western MC, we examine403

daily radiosonde ascents of zonal wind at Pontianak (Figure 10a) and at Padang (Figure 10b), a city on the equatorial404

west coast of Sumatra that lies about 10◦ west of Pontianak. This is approximately the distance a CCKW travels in a405

day. Note that radiosonde observations are taken at 00:00 UTC406

The radiosonde measurements at Padang show a weak low-level westerly wind signal on 12 July (Figure 10b).407

By 13 July the winds at around 800-850 hPa have become stronger and the westerly signal is increasing with height.408

This is consistent with the presence of CCKW-C, since its trajectory (associated with its convergent phase) crossed409

Padang at approximately 12:00 UTC on 12 July. CCKWs are known to have structures that tilt westward with height410

(Kiladis et al., 2009), so as the CCKW progressed eastwards, this manifested as an increase in height with time.411

At Pontianak (Figure 10b) surface-level westerlies are observed on 11 July, shortly after CCKW-B arrives. There412

is a rapid increase in intensity of these westerlies from 6 ms−1 up to 15 ms−1 on 14 July. This is consistent with the413

low-level convergent phase of the CCKW arriving at Pontianak on 13 July. After this point, the westerlies increase414

with height similarly to what was observed at Padang a day earlier. Indeed, the patterns of the zonal wind measured415

by radiosonde ascents at Padang (Figure 10a) and Pontianak (Figure 10b) are similar, except shifted a day later at416

Pontianak.417

At Pontianak (Figure 10a) weak surface-level westerlies are observed on 11 July. The intensity of these westerlies418

increases rapidly between 13 July ( 6 ms−1) to 14 July ( 15 ms−1). This is consistent with the convergent phase of419

CCKW-C arriving at Pontianak on 13 July. By 15 July, the westerlies have increased with height. In general, the420

strong westerly wind pattern measured by radiosonde ascents at Pontianak (Figure 10a) is similar to that at Padang421



Senior et al. 13

(Figure 10b), but appear to be shifted by a day.422

For comparison, we examine the longitude-height section of ERA5 zonal wind anomaly at Pontianak on 13 July423

in Figure 11. The convergent region of CCKW-C, which crossed Pontianak on 13 July, can be seen as a switch from424

low-level anomalous easterlies to westerlies at approximately 110◦E. These westerly winds tilt westward with height,425

as inferred from the radiosonde data (Figure 10).426

We now investigate the potential temperature and relative humidity associated with the CCKW envelopes as427

measured by radiosonde ascents at Pontianak. These are characterised by distinct regions of moistening and drying428

as each CCKW passes. On 8 July there was an increase in low-level humidity associated with CCKW-A (Figure 12a).429

There was a period of relative heating and drying as the divergent phase of the CCKW passed, which corresponded430

to a period of suppressed precipitation over this time. After this there was a build up of low level moisture on 10 July.431

On 11 July, the entire tropospheric column at Pontianak exhibited high relative humidity, associated with the deep432

convection of CCKW-B. This was followed by a short period of relative drying on 12-13 July before the troposphere433

was once again moistened throughout the column on 14 July, associated with the deep convection within CCKW-434

C. On 14 July, there was pronounced drying of the lower troposphere, presumably due to descent of dry air in the435

suppressed phase of the CCKW after its active region had passed through Pontianak. This is associated with the436

shift in the MJO into the suppressed phase. This is associated with the shift in the MJO conditions, from active into437

suppressed.438

The potential temperature field also demonstrates these CCKW signals (Figure 12b). On 8 July there is a remnant439

cooling over the tropospheric column as CCKW-A passed Pontianak. On 11 July, the entire lower troposphere cools440

diabatically relative to 10 July due to evaporation following intense rainfall. On 12 and 13 July, the potential tempera-441

ture of the lower troposphere recovers, before once again cooling on 14 July after the peak in convection associated442

with CCKW-C. There is a demonstrable shift in atmospheric conditions after the CCKW-C passes. The very dry region443

below 750 hPa on 15 July is coincident with significantly higher potential temperatures, whereby dry, descending air444

leads to a positive temperature perturbation.445

7 | REPRESENTATION IN FORECAST MODELS446

We have examined how different convective processes brought extreme precipitation to equatorial Indonesia during447

July 2021. We now assess different deterministic MetUM model configurations and evaluate the representation of448

the extreme precipitation event in the West Kalimantan region and the post-event drying shift to suppressed MJO449

conditions following the passage of CCKW-C.450

7.1 | Parameterised convection (CoMorph A and GAL9)451

First we examine Hovmöller diagrams of two deterministic global models with parameterised convection, one us-452

ing GAL9 and the other using the CoMorph A convection scheme built on top of GAL9. In observations (IMERG,453

Figure 3a), CCKW-C initiates around 9 July 2021 in the Indian Ocean so this CCKW is present within the initial con-454

ditions of these model simulations. Both models simulate an organised region of eastward propagating convection455

associated with westerly 850 hPa zonal winds, consistent with the presence of CCKW-C. When initialised on 9 July456

2021 (Figure 13a), CoMorph A shows a strengthening of the westerly winds near the west coast of Borneo and an in-457

crease of precipitation here on 13 July. In CoMorph A this results in a peak precipitation rate on 13 July over Pontianak458

at around 18:00 UTC, in line with observations, though the amplitude of precipitation is much lower (Figure 13e). In459



14 Senior et al.

GAL9 (Figure 13b) there are weaker winds and precipitation compared to CoMorph A and the peak precipitation at460

Pontianak occurs on 12 July 2021, a day earlier than observed (Figure 13e). On 9 July 2021 CCKW-B traversed461

across Sumatra into the Karimata Strait and coincided with a WIG. When these models are initialised on 9 July 2021462

at 00:00 UTC (Figure 13a and b respectively), they should contain CCKW-B within their initial conditions. However,463

in both CoMorph-A and GAL9, the presence of CCKW-B is not distinguishable and the WIG is largely absent. The464

CoMorph A scheme has been found previously to show a poorer representation of gravity waves in idealised island465

experiments compared to GAL8 Lavender et al. (2024). This is also evident for this case study where the diurnally466

phase-locked WIGs in general are poorly represented in CoMorph A at all initialisation times (Figure 13a, f and k), ap-467

pearing more as patchy regions of convection. In contrast, GAL9 configurations are better able to represent WIG-like468

propagation (Figure 13b, g and l).469

The representation of the precipitation rate at Pontianak on 13 July 2021 CoMorph A and GAL9 generally im-470

proves with later initialisation times. When CoMorph A and GAL9 are initialised on 11 July 2021 at 00:00 UTC471

(Figure 13f and g respectively). Both models simulate a peak of intense precipitation between 12–13 July (Figure 13j).472

When the models are initialised on 13 July 2021 at 00:00 UTC (CoMorph A and GAL9, Figure 13k and l respectively)473

the precipitation rate at Pontianak (Figure 13o) is well represented, as expected given the short lead time.474

7.2 | Convection-permitting (RAL2T and RAL3)475

We now assess the representation of the convective processes identified in 4.4km resolution simulations using two476

regional configurations, RAL2T and RAL3, of the MetUM. Both regional models are forced at the lateral boundaries477

by GAL9. Note that the full longitudinal domain for these models are shown, with the eastern boundary at 90◦E and478

the western boundary at 154◦E.479

When the regional models are initialised on 9 July 2021 at 00:00 UTC (Figure 13c and d respectively), CCKW-480

B is not present in the initial conditions though it is present at this time in observations. This is due to its weak481

representation in the global forcing GAL9 model (Figure 13b).482

In both models, precipitation associated with CCKW-C is weak west of 120◦E compared to observations, ap-483

pearing more as a strengthening of the precipitation rate when WIGs cross its trajectory and the point at which the484

propagation of the WIGs terminates. Though the convection associated with CCKW-C is weak in the models, the485

westerly winds associated with CCKW-C are present, so it is possible that the low-level divergent phase of the CCKW486

is better represented than the convergent phase, resulting in the inhibition of convective activity at this point. How-487

ever, east of 120◦E the convection associated with CCKW-C is more coherent, represented as a sustained eastward488

propagating convective system along the trajectory of CCKW-C in both models. This appears to be tightly coupled to489

the gradient in 850 hPa zonal wind. The post-event drying is evident in both models, with precipitation rates across490

the MC strongly decreasing as the westerly winds associated with CCKW-C strengthen.491

The RAL2T and RAL3 models (Figure 13c and d) simulate several WIG-like systems but they are more numerous492

and weaker than in observations. TheWIGs do not all appear to be phase-locked with the diurnal cycle. StrongWIGs493

were observed emanating from the eastern MC on 15 July and 17 July (IMERG, Figure 3a). In RAL2T and RAL3,494

these appear initially as strong daily convective systems but the westward propagation is increasingly stunted as time495

progresses and is eventually confined to the eastern boundaries by 17 July.496

The RAL2T and RAL3 models (Figure 13c and d) differ in how the interactions betweenWIGs and the CCKWs are497

represented. In observations, therewas a local peak of precipitation associatedwith the interaction between CCKW-B498

and aWIG initiating on the west coast of Borneo and the Karimata Strait on 10 July at 21:00 UTC (IMERG, Figure 3a).499

In both models, there is a peak present at this time due to the presence of the WIG, despite the poor representation500
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of CCKW-B. However, since precipitation rates in RAL2T are known to be stronger than in RAL3; this results in a501

stronger precipitation peak. Furthermore, in RAL2T, this local diurnal peak forms part of a WIG that propagates over502

the Karimata Strait towards Sumatra, as seen in observations, but this feature is absent in RAL3.503

Similarly to the parameterised convection models, both RAL2T and RAL3 show an increased precipitation rate504

in the vicinity of Pontianak on 12 July at 21:00 UTC, 24 hours earlier than in observations (Figure 13e). This rainfall505

peak is associated with a WIG. A WIG is also present on this day in observations; however, it crosses the west coast506

of Borneo at 12:00 UTC. What is also missing from both RAL2T and RAL3 is the MCS in the Karimata Strait that507

developed at around 00:00 UTC on 13 July. The MCS formed as a result of an interaction between the WIG and508

CCKW-C (Figure 3a). This interaction does not seem to be present in these models. This could be due to CCKW-C509

being simulated to arrive at West Borneo too early.510

When the RAL2T and RAL3 models are initialised on 11 July 2021 at 00:00 UTC, CCKW-C is in the vicinity of the511

western boundary of both models (Figure 13h and i). There is an improvement in how the CCKW and its interactions512

with the WIGs is represented west of 120◦E compared with models initialised on 9 July 2021. This appears as a513

combined MCS-like system in both models with sustained precipitation as the CCKW approaches Borneo. However514

these interactions occur in the models a day earlier than observed so both RAL2T and RAL3 still forecast a maximum515

precipitation rate a day early on 12 July at around 21:00 UTC in the vicinity of Pontianak. This appears tightly coupled516

to the onset of westerly 850 hPa zonal winds.517

Curiously, when compared to those initialised 2 days prior (Figure 13c and d), both RAL2T and RAL3 initialised518

on 11 July (Figure 13h and i) show a worse representation of the post-event drying with no significant decrease in519

rainfall over the eastern MC. In both models, convection associated with CCKW-C, to the east of 120◦E does not520

appear distinct from the background convective activity. From analysing the moisture budget we have seen that the521

intense precipitation that occurred over the entire trajectory of CCKW-C as it crossed theMCwas responsible for the522

large-scale post-event drying. However, in both models, but particularly RAL3, CCKW-C does not appear to traverse523

the MC past the west coast of Borneo. The strength of the westerly winds associated with the CCKW are weak524

in RAL2T and absent in RAL3 compared to GAL9 east of 120◦E. We have seen that the strengthening of westerly525

850 hPa zonal wind and precipitation in these models appear to be tightly coupled, so in the absence of such winds526

this also may have contributed to the erroneous termination of the CCKWwhich would have otherwise triggered the527

post-event drying.528

When RAL2T and RAL3 are initialised on 13 July 2021 at 00:00 UTC, precipitation in the vicinity of Pontianak is529

well represented (Figure 13o). Beyond 120◦E, the westerly winds are stronger in both models (Figure 13m and n), the530

precipitation rate over the CCKW trajectory is sustained and the post-event drying is well captured. However, though531

CCKW-C appears to traverse the MC, the precipitation rate is not as strong as in observations over its trajectory. This532

may be because the strong WIG that interacts with the CCKWs are poorly represented in the models. This will be533

explored in the discussion.534

8 | DISCUSSION535

8.1 | Multiscale interactions536

During MJO phase 2 and 3, diurnal activity is known to be enhanced ahead of the arrival of the main convective enve-537

lope associated with the MJO and the probability of extreme precipitation is known to increase (Peatman et al., 2014;538

Da Silva and Matthews, 2021). We have seen that this was the case during the July 2021 extreme precipitation case539

study presented here. However, missing from previous works is the role of CCKWs and other equatorial waves, which540
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may act to mediate the interactions between the MJO and the local diurnal cycle. Here we will discuss how these541

convective systems interacted with each other and how these interactions contributed to the high impact weather542

events reported during July 2021.543

CCKWs are common subscale features of the active MJO envelope, which organise convective activity. This is544

evident here from Figure 3a in which several CCKWs with distinctive eastward propagating bands of convection were545

identified. All instances of extreme precipitation and high impact weather reported during July 2021 in Sumatra, and546

the majority of those in the rest of the equatorial MC, could be linked to the increased precipitation in the presence547

of these CCKWs. This corroborates findings in Baranowski et al. (2020) where it was found that CCKWs were present548

in all MJO-attributed floods in Sumatra and thus CCKWs, rather than the MJO events, were found to be the primary549

dynamical predictor of precipitation extremes in Sumatra. So whilst the MJO provides favourable atmospheric con-550

ditions for convective activity, it seems that CCKWs and other equatorial waves could be pivotal for organising this551

convective activity and producing the precipitation extremes that are observed during active MJO events.552

Precipitation extremes associated with the MJO are known to manifest as intensified diurnal activity over the553

MC (Da Silva andMatthews, 2021). During July 2021, the high impact weather events that did not involve CCKWs, in554

Borneo and Sulawesi, instead involved WIGs linked to the diurnal cycle. These WIGs are often present during active555

MJO events (Nakazawa, 1988; Takayabu, 1994; Kiladis et al., 2009). They are also found to be strongly diurnally556

phase-locked in that their convective phase overlapswith that of the diurnal cycles of convection between Borneo and557

Sumatra (Ruppert and Zhang, 2019), though they travel considerably faster than the diurnal density currents (Peatman558

et al., 2023). Numerous such diurnally phase-locked WIGs were observed in this case study, with particularly strong559

WIG convective activity also originating from the Pacific.560

CCKWs may also demonstrate diurnal phase-locking that increases the precipitation amplitudes associated with561

them (Baranowski et al., 2016; Senior et al., 2023). The trajectories of all three CCKWs during the July 2021 case562

study coincided with reports of high impact weather and all arrived at Sumatra in phase with the diurnal cycle. The563

CCKWs and WIGs travelled at similar phase-speeds but in opposite directions. The interactions between CCKW-C564

and the WIGs during July 2021 appeared as pulses of moisture flux convergence and increased precipitation rates.565

The presence of WIGs may have allowed for the CCKWs themselves to become coupled since some WIGS may566

have been generated by the CCKWs themselves (e.g. through the mechanism described in Liebmann et al. (1997)).567

From examining the Hovmöller diagrams of precipitation rate (Figure 3a) and convergence of F (Figure 6d), it appears568

that CCKW-B interacted with the local diurnal cycle of convection on 9 July, and triggered several WIG packets569

along its trajectory: the first on the east coast of Sumatra, the second on the west coast of Sumatra and the third570

most prominent one just offshore from the west coast of Borneo. All three of these WIGs interacted with CCKW-C571

the following day. Several other WIGs originating from Sulawesi, also in phase with the diurnal cycle over Borneo,572

interacted with CCKW-C producing the intense rainfall over the west coast of Borneo. CCKW-C continued to interact573

with strong WIGs originating from the Pacific as it traversed the rest of the MC. Thus the WIGs were pivotal in574

sustaining CCKW-C and causing the observed precipitation extremes associated with its trajectory as it traversed the575

MC.576

We find then that the active MJO an active MJO in phases 2–4 provided favourable atmospheric conditions577

for convection through increased moisture which can be seen as an increase in M (Figure 4) and a general positive578

rate of change of M over the region (Figure 6a). The diurnal cycle of rainfall was enhanced, which in turn led to579

the excitement of gravity-waves. Possibly due to the large-scale easterly phase of the MJO, westward propagating580

waves were favoured. CCKW-A and CCKW-B arrived in phase with the diurnal cycle triggering local precipitation581

extremes in Sumatra but did not traverse the MC. CCKW-B triggered several WIGs, which in turn interacted with582

CCKW-C. CCKW-C encountered several other WIGs over Borneo and Sulawesi. It appears then that CCKW-C was583
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fueled by these WIGs, through additional moisture flux convergence leading to intense rainfall observed over the584

CCKW trajectory. This intense heavy rainfall over the CCKW trajectory significantly reduced the total column water,585

shifting the atmospheric conditions and . This resulted in an abrupt local termination of the active MJO event. with586

MJO phase shifting rapidly from active phase 2 to suppressed phase 5 as CCKW-C progressed over the western MC.587

Results from four MetUM deterministic model configurations also demonstrate a link between CCKW-C and588

the abrupt shift in convective activity following its passage. All forecasts with parameterised convection showed589

sustained rainfall over the trajectory of CCKW-C and a suppression of rainfall activity following the passage of CCKW-590

C (Figure 13). However, in some convection-permitting forecasts, specifically those initialised on 11 July (Figure 13h591

and 13i), CCKW-C appeared to terminate in the middle of the MC and rainfall over the region remained significant.592

In contrast, all convection-permitting forecasts initialised on 9 July (Figure 13c and 13d) and 13 July (Figure 13m and593

13n) demonstrated sustained rainfall over the path of CCKW-C and the CCKW did not terminate over the MC. In594

these latter forecasts there was a more significant reduction in rainfall activity over the western MC compared with595

the forecasts with the earlier CCKW termination. These results are further examined in section 8.2.596

Other mechanisms that may contribute to shifts in MJO conditions include land-surface feedbacks. In this par-597

ticular case the evaporation rate was consistently low compared to the rainfall rate over CCKW-C (Figure 5) and the598

rainfall rate was sustained both over land and sea. This indicates that land-surface feedbacks were not a primary driver.599

Differences in sea surface temperatures (SST) between theMC and the relatively cooler surrounding oceans may have600

also contributed to the termination of the active MJO event. The models presented in this paper are atmosphere-land601

only configurations in which SSTs are held constant. These generally demonstrated a marked decrease in convective602

activity following the passage of CCKW-C. So, though the real-world SST difference may have contributed to the603

observed shift in MJO conditions, these results from the forecast models suggest that this mechanism was unlikely604

to have been important.605

There has been much speculation and debate in the literature about the nature of MJO termination events over606

the MC Inness and Slingo (2006); Kim et al. (2016); Zhang and Ling (2017); Abhik et al. (2023). This case study high-607

lights a mechanism through which such events may occur, in which sub-MJO-scale CCKW and WIG modes organise608

the low-level moisture and interactions between them result in an increase of rainfall that removes moisture from609

the water column and terminates the MJO propagation. Since WIGs and CCKWs are both common subscale features610

of the MJO, it is possible that this is not an isolated case. Future works will examine the frequency of MJO events611

terminated over theMC in this way. The thermodynamic mechanisms of the post-event drying could also be explored612

further by evaluating changes to the moist static energy budget.613

8.2 | Challenges in modelling614

In section 7 the representation of the extreme precipitation event inWest Kalimanatan, associatedwith CCKW-C, was615

examined in four MetUM deterministic model configurations, namely CoMorph A and GAL9 (parameterised convec-616

tion, global) and, RAL2T and RAL3 (convection-permitting, LAM). Interestingly, models with parameterised convection617

were able to forecast the extreme precipitation as well as or better than the explicit convection models. The post-618

event drying was also better captured in the parameterised convection models. Here, we will suggest a number of619

factors that may have influenced this result.620

Interactions between the CCKW-C, the diurnal cycle and, diurnally phase-locked WIGs, produced significant621

amounts of rainfall overWest Kalimantan, between 13–14 July. These interactionsmanifested as pulses of precipitation622

along the trajectory of CCKW-C. In observations, the convection associated with both systems was distinct relative623

to the background precipitation. These were pivotal interactions between the CCKW, diurnal cycle and diurnally624
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phase-locked WIGs, which caused significant amounts of rainfall over the region. However, these interactions were625

not represented in many of the models several model runs failed to represent these interactions. As discussed in626

Senior et al. (2023), CCKWs interact with modulate the diurnal cycle to produce rainfall extremes in two ways: first627

by enhancing the diurnal cycle of convection through providing additional moisture and convergence, and second by628

displacing the combined convergence line closer to the coast as the CCKW propagates eastward. These interactions629

in this case study led to the development of several MCSs over the trajectory of CCKW-C, particularly evident In630

this case study, the CCKW-diurnal cycle interaction led to the development of a combined MCS system as CCKW-C631

traversed over the Karimata Strait and west Borneo on 13 July 2021 (Figure 2e). Furthermore, interactions between632

CCKW-C and several WIGs resulted in local increases in rainfall intensity over West Kalimantan, appearing as pulses633

of precipitation in Figure 3a. Model performance was dependent on how the pulses of precipitation and the develop-634

ment of the MCS associated with the interactions between the WIGs and CCKW-C were represented.635

The CoMorph A configuration was the only forecast initialised on 9 July, that captured the rainfall peak in the636

vicinity of Pontianak on 14 July, as observed (Figure 13a and e). This may be because it represented the timing of637

individual pulses and their combined interactions relatively well. This forecast showed sustained precipitation in the638

vicinity of Pontianak associated with the development of the MCS as well as pulses of precipitation rate associated639

with interactions between CCKW-C and the WIGs. Notably, this forecast demonstrated a strengthening of westerly640

winds associated with CCKW-C over the Karimata Strait on 14 July. This was weaker in the other forecast models. In641

GAL9 (Figure 13b), convection associated with CCKW-C and the WIGS were present, but the pulses of precipitation642

associatedwith their combined interactionwere absent, resulting in a forecast showing low but sustained precipitation643

from around 12 July. The representation of these interactions improved in GAL9 when the forecast was initialised on644

11 July. The RAL2T and RAL3 forecasts initialised on 9 July, showed a peak of precipitation on 12 July (Figure 13e).645

This peak could be attributed to the interaction between CCKW-C and theWIGs, appearing as a pulse of precipitation646

in the vicinity of Pontianak on 12 July. However, the precipitation over the region was not sustained, suggesting647

that the MCS was not as well represented in these models possibly due to the weak representation of CCKW-C.648

When these models were initialised 2 days later on 11 July (Figure 13h and i), there was more sustained MCS-like649

precipitation and a stronger peak precipitation amplitude, as the representation of the convection associated with650

CCKW-Cwas stronger. Though the peak precipitationwas still forecast to occur a day earlier than observed. However,651

the combined interactions were not well represented and the RAL2T and RAL3 models did not forecast significant652

rainfall in the vicinity of Pontianak(Figure 13e).653

When models were initialised on 11 July, the CoMorph A and GAL9 schemes represented the timing of the654

interactions between the CCKW-C and WIGs, with rainfall peaking on 13 July as observed (Figure 13f and g). All655

other model configurations (Figure 13h and i) represented the interaction of the WIGs and CCKW-C on 12 July that656

produced an extreme rainfall peak on this day (Figure 13j).657

These results show that the CoMorph A scheme and GAL9 configuration better represented the development of658

the MCS and timing of the peak precipitation associated with the extreme precipitation event between 13–14 July659

2021, compared to the convection permitting, RAL2T and RAL3 forecasts. During the spin-up for these forecasts,660

which is around 6-18 hrs for the SEA domain (Short and Petch, 2022), the models had to resolve a number of interac-661

tions between the CCKW and the WIGs: There were strong interactions observed between the WIG and the CCKW662

offshore from Sumatra at 90◦E and a WIG was triggered off the west coast of Borneo that traveled over Sumatra to663

interact with the CCKW the following day (Figure 3a). It is possible then that the convection permitting models were664

less able to resolve these distinct systems during their spin-up, since they occurred close to the model boundaries.665

Convection-permitting models are known to have a propensity to favour isolated cells of deep convection over666

larger areas of stratiform rainfall. Whereas, models with parameterised convection favour more widespread shallow667
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convection or stratiform rainfall. It is also possible that this is a factor in determining why the models with parame-668

terised convection better represented the interactions, since the convection associated with each mode was repre-669

sented to occur over a wider area, which increased the chance that these models captured interactions between the670

CCKWs and WIGs. Furthermore, intense cells of deep convection in the models with explicit convection may have671

triggered WIGS in addition to those triggered by the diurnal cycle, resulting in more numerous westward trajectories672

seen in the forecasts compared to what was observed and what was represented in the forecasts with parameterised673

convection. This would affect the timing and amplitude of their interactions with the CCKW.674

The representation of the post-event drying was poorer for the convection-permitting models initialised on 11675

July compared with those initialised on 9 July. The representation in the shift in the MJO conditions, from active676

to suppressed following the passage of CCKW-C, was well represented in all model configurations initialised on 9677

July. This can be seen as a period of suppressed precipitation from 15 July onwards in the vicinity of Pontianak678

(Figure 13e) as well as a general decrease in convective activity following the trajectory of CCKW-C (Figure 13a, b, c679

and d). However, the representation of this post-event drying deteriorated when the RAL2T and RAL3 forecasts were680

initialised two days later on 11 July, with convective activity still evident after 15 July (Figure 13j). The convection681

associated with CCKW-C did not traverse past 120◦E in the forecasts initialised on 11 July. The reason for this682

could be that these models showed CCKW-C weakening as it traversed across the MC, compared to observations683

where CCKW-C was associated with heavy rainfall through out its passage.. This is particularly evident in RAL3684

(Figure 13i) where there is no distinctive westerly wind signal beyond 120◦E. On 15 July (Figure 2g), the observed685

CCKWtravelled northwards into the SouthChina Sea and appeared to decrease in strength, withwesterlies decreasing686

in amplitude and the convection was weaker. It then increased in amplitude again after coinciding with several WIGs687

and strong convection in the Strait of Makassar and north of Sulawesi. However, this diurnal activity over Sulawesi688

and surrounding seas appearedmore suppressed in RAL2T and RAL3 over 13–14 July, whichmay resulted in CCKW-C689

halting over this region.690

Furthermore, there There were errors in the representation of theWIGs that originate in the Pacific at the eastern691

boundary of the regional models. The absence of the interaction between the CCKWand these strongWIGsmay have692

then also contributed to this poor representation of the rainfall over the CCKW trajectory. Hence, the post-event dry-693

ing and the shift in atmospheric conditions following the passage of CCKW-Cwere poorly represented in thesemodels.694

It will be useful therefore in the future to assess the representation of these processes in contemporary pan-tropical695

and global convection-permitting models. Senior et al. (2023) found that extending the convection-permitting domain696

over the IndianOcean improved the representation of CCKW forecasts over theMC, it would be useful in the future to697

assess the representation of these processes in contemporary pan-tropical and global convection-permitting models.698

The resolution of the of the RAL3 and RAL2T convection permitting forecasts (4.4 km) is not necessarily the699

scale at which convective processes such as turbulence and cloud formation, are fully numerically resolved. This may700

necessitate the inclusion of some convection parameterisation at these scales (Honnert et al., 2020; Tomassini et al.,701

2023). Work is underway to further enhance the capability of the CoMorph scheme such that it is ’scale aware’, where702

convection is selectively parameterised between 1–5 km resolution (Lavender et al., 2024). Thismay result in forecasts703

possessing more realistic convective structures and organisation which in turn would lead to better representation of704

the propagation of tropical waves.705
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9 | CONCLUSION706

A case study has been presented of a series of high impact weather events reported over equatorial Indonesia during707

July 2021. There were several interacting modes of rainfall variability that were linked to these events: a system of708

CCKWs, WIGs, and an active MJO event. Their combined multiscale interactions lead to flooding events that could709

traced through Sumatra, Borneo and Sulawesi. The MJO event was abruptly terminated following the passage of710

the final CCKW of the system in which there was a large amplitude of rainfall throughout its trajectory. CCKW-C,711

the final CCKW in the system, delivered a large volume of rainfall over its trajectory This CCKW alone accounted ,712

alone accounting for over half of the high impact weather events reported across the region. As CCKW-C travelled713

across the western MC, the MJO phase rapidly shifted from active phase 2 to suppressed phase 5, characterised by714

suppressed convection and a drying of the water column in this region.715

WIGs were found to be strongly phase-locked with the diurnal cycle. The interaction of WIGs and CCKW-C716

appeared as pulses of precipitation rate (Figure 3) and total columnwater (Figure 4. Several such pulses were observed717

over the west Borneo region including the city of Pontianak during an extreme rainfall event on 13 July associated718

with CCKW-C. It is proposed then that WIGs and CCKWs organised the MJO convection downscale and the WIGs719

acted to fuel the traversal of CCKW over theMC and contributed to the high rainfall rates recorded over its trajectory.720

Through examining the terms that contribute to the rate of change of total column water, it was found that the rainfall721

rate over the CCKW trajectory exceeded the moisture flux convergence provided by the interaction between CCKW-722

C and the WIGs. This significant rainfall over the CCKW trajectory led to a pronounced drying of the water column723

that triggered the subsequent termination of the MJO convection.724

The total column water in ERA5 itself agreed well with that obtained from radiosonde observations at Pontianak,725

however the amplitude of ERA5 precipitation rate was weak compared to IMERG and hence would not have produced726

the observed drying of the water column between 13–14 July in Pontianak. This resulted in the rate of change of727

total column water calculated from ERA5 being dominated by sharp intense spikes at the ERA5 data assimilation728

steps, where the reanalysis compensated for this discrepancy. Furthermore, it was found that the moisture budget729

was better closed using the IMERG precipitation rate instead of ERA5.730

During events like this, in which the equatorial MC has been experiencing extreme rainfall events throughout the731

activeMJO period, disaster relief efforts may be exhausted by the succession of related high impact weather events. It732

is vital then for forecasts to accurately represent such events with longer lead times to allow time to prepare. The high733

impact weather events during July 2021 presented a particular challenge for forecast models since it required for there734

to be not only an accurate forecast of each individual component, but their combined interactions. The representation735

of interactions between the CCKWs and WIGs was variable across model configurations, with parameterised models736

performing as well as convection-permitting models in simulating their precipitation rates over west Borneo and the737

trajectory of CCKW-C. A number of factors could have influenced this: first that the parameterised convectionmodels738

were better able to capture the timing of the interactions between WIGs and CCKWs since they simulate rainfall739

associated with these processes over a wider area. Secondly the presence of the model boundaries in convection-740

permitting models caused boundary errors particularly associated with the WIGs so their resultant interactions may741

not have been faithfully represented.742

When interactions between WIGs and CCKWs were faithfully represented, CCKW-C demonstrated sustained743

precipitation across its trajectory and over the western MC. In these model configurations, precipitation over the744

westernMC reduced significantly following the passage of CCKW-C compared to when the rainfall over the trajectory745

of CCKW-Cwas forecasted to beweak. This demonstrates that the rainfall associatedwith this CCKWplayed a pivotal746

role, producing this marked shift in atmospheric conditions associated with the termination of the MJO event over747
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F IGURE 1 Topography of the western Maritime Continent, and locations of high impact weather events
reported between 9–17 July 2021 (colour coded by date).

the MC.748
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F IGURE 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 Figure 1.
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F IGURE 3 (a) Hovmöller diagram of equatorial mean (5◦S–5◦N) IMERG precipitation (blue colour shading) 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 IMERG precipitation rates (2◦×2◦ 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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F IGURE 4 (a) Hovmöller diagram of equatorial mean (5◦S–5◦N) ERA5 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◦×2◦ box) centered on west coast of
Borneo (black line), ± the standard deviation of grid points in the 2◦×2◦ 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 3).
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F IGURE 5 The rate of change of ERA5 total column water dM /d t averaged over the 6◦ × 6◦ box over Pontianak
(west Coast Borneo) given by (1) and source terms: ERA5 M , + · F , E and (a) ERA5 P and (b) IMERG P
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F IGURE 6 Hovmöller diagrams of (a) the time derivative of the vertically integrated total column water (b) the
vertically integrated moisture flux convergence (−+ · F) (c) the sum of source terms using ERA5 precipitation rate (d)
precipitation rate from ERA5 (e) the moisture budget estimated using IMERG precipitation rate (f) precipitation rate
from IMERG. These are given for the period 8–19 July 2021 with time in UTC and averaged 3◦S–3◦N. ERA5
850 hPa zonal wind contours are drawn (interval 3 m s-1). The first positive zonal wind shade (red) is at 3 m s-1 and
first negative contour (green) at -3 m s-1, with 0 m s-1 marked with a black dotted contour. 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)
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F IGURE 7 Lagged composite of the diurnal cycle of (IMERG) precipitation, defined as days where the average
precipitation exceeds the 60th percentile over the western MC The diurnal cycle of precipitation over the equatorial
MC. This is calculated as lagged composites of IMERG precipitation rate (averaged between 1.5◦S–1.5◦N) between
2001–2022 for all days in the period where the average precipitation rate over the western equatorial MC
(5◦S–5◦N, 95◦–130◦E) has exceeded the 60th percentile (0.34 mm hr−1, calculated from all days between
2001-2022). The ERA5 850 hPa zonal wind is line contoured; the zero contour shown by the black dotted line,
westerly winds (interval 0.4 m s−1) are shown by increasingly darker and thicker brown contours. Local midday and
local midnight are indicated by the green-yellow and purple horizontal lines. The vertical lines mark the approximate
positions of the main islands (black for Sumatra, orange for Borneo, and lilac for Sulawesi)
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F IGURE 8 Accumulated rainfall over 13 July 2021 (beginning 00:00 UTC) as recorded by rain gauge stations in
the West Kalimantan province.

F IGURE 9 Rainfall over West Kalimantan captured by C-band Doppler radar on (a) 12 July 2021 (b) 13 July 2021
and (c) 14 July 2021. With the day beginning at 00:00 UTC. Images are generated using the InaRAISE system
(Permana et al., 2019).
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F IGURE 10 Zonal wind measured by radiosonde ascents at (a) Pontianak (west coast of Borneo) and (b) Padang
(west coast of Sumatra). Ascents occurred daily at 00:00 UTC.

F IGURE 11 (a) ERA5 longitude-height section of zonal wind anomalies on 13 Jul 2021 at 00:00 UTC. Latitude
averaged 2.5◦ S–2.5◦ N. The anomalies are calculated with respect to (b) the longitude averaged zonal wind profile.
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F IGURE 12 (a) Relative humidity and (b) potential temperature as measured by radiosonde ascents at Pontianak
(west coast of Borneo). Ascents occurred daily at 00:00 UTC
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F IGURE 13 Hovmöller 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, c, d), 11 July 2021 (f, g, h, i) and 13 July
2021 (k, l, 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◦S×6◦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, o). 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, Hovmöller diagrams are averaged over
a wide latitude band (5◦S–5◦N) and the line plots over a wide area (6◦S×6◦N) to allow for faithful comparison
between model configurations.
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