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Abstract 28 

The Maritime Continent is the largest archipelago in the world and a region of intense 29 

convective activity that influences the Earth’s general circulation. The region features one of the 30 

warmest oceans, very complex topography, dense vegetation and an intricate configuration of 31 

islands, which together result very specific precipitation characteristics, such as a marked diurnal 32 

cycle. Atmospheric models poorly resolve deep convection processes that generate rainfall in the 33 

archipelago and show fundamental errors in simulating precipitation. Spatial resolution and the 34 

use of convective schemes required to represent sub-grid convective circulations have been 35 

pointed out as culprits of these errors. However, models running at the kilometre scale explicitly 36 

resolve most convective systems and thus are expected to contribute to solve the challenge of 37 

accurately simulating rainfall in the Maritime Continent. 38 

Here we investigate the differences in simulated precipitation characteristics for different 39 

representations of convection, including parameterized and explicit, and at various spatial 40 

resolutions. We also explore the vertical structure of the atmosphere in search of physical 41 

mechanisms that explain the main differences identified in the rainfall fields across model 42 

experiments. Our results indicate that both increased resolution and representing convection 43 

explicitly are required to produce a more realistic simulation of precipitation features, such as a 44 

correct diurnal cycle both over land and ocean. We found that the structures of deep and shallow 45 

clouds are the main differences across experiments and thus they are responsible for differences 46 

in the timing and spatial distribution of rainfall patterns in the various convection representation 47 

experiments. 48 

Keywords 49 

Convection-permitting models, Maritime Continent, Diurnal cycle, Tropical convection. 50 
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1 Introduction 51 

The Maritime Continent (MC, Fig. 1) is an archipelago formed by thousands of islands between 52 

the Pacific and the Indian Oceans and spanning 15°S to 15°N. It features complex and steep 53 

topography, one of the warmest oceans in the world, densely vegetated land and very intense and 54 

frequent convective activity. These elements combined generate specific precipitation 55 

characteristics that are highly challenging in terms of atmospheric modelling, of which the most 56 

prominent is probably the diurnal cycle. In addition, the MC is a major convective area where 57 

strong interactions across scales take place. For example, the presence of the archipelago directly 58 

affects and modulates the Madden-Julian Oscillation (Peatman et al. 2013; Birch et al. 2016; 59 

Vincent and Lane 2018; Tan et al. 2018), and deep convection in the region is linked to El Niño-60 

Southern Oscillation through the ascending branch of the Walker Circulation (Hendon 2003; Qian 61 

et al. 2010). Therefore, convective processes in the region have implications both locally and 62 

globally (Neale and Slingo 2003; Yamanaka et al. 2018). A sign of its importance is the 63 

international initiative Years of the Maritime Continent (YMC, Phase 1 2017-2020) that joins 64 

efforts from researchers and institutions across the world, which overarching goal is “observing 65 

the weather-climate system of the Earth’s largest archipelago to improve understanding and 66 

prediction of its local variability and global impact”. From a modelling perspective, a better 67 

understanding of the mechanisms driving convection in the MC and improved realism of simulated 68 

rainfall in the region is a crucial step towards the overarching goal of the YMC, which will 69 

ultimately benefit mesoscale and global climate models alike. 70 

Global climate models typically have spatial resolutions that are unable to represent the 71 

complex topography and coastline of the MC. Therefore, they have been largely insensitive to the 72 

presence of the islands in the region and have generally produced a dry bias (Neale and Slingo 73 
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2003; Schiemann et al. 2013). Although global climate models have undergone substantial 74 

improvements in the last decade and are now able to respond better to the presence of the MC 75 

archipelago, they still have issues in representing precipitation features such as the amplitude and 76 

phase of the diurnal cycle (Baranowski et al. 2019), particularly over land, where model resolution 77 

is a limiting factor. However, mesoscale models that typically run at higher resolutions also 78 

struggle to reproduce the precipitation regimes in the MC, especially the diurnal cycle (Love et al. 79 

2011; Gianotti et al. 2012) and the land/sea contrasts (Birch et al. 2016; Im and Elthair 2018; 80 

Vincent and Lane 2017). Some of the deficiencies are consistent across model resolutions in the 81 

mesoscale range and dynamic formulations (i.e. physical parameterizations, dynamical core). For 82 

example, simulated precipitation usually peaks too early in the day compared to observations, 83 

especially at lower resolutions, and regional models tend to produce too much precipitation over 84 

land and too little over the ocean (Gianotti et al. 2012; Kwan et al. 2013; Birch et al. 2016; Hassim 85 

et al. 2016; Vincent and Lane 2017; Im and Elthair 2018). 86 

Previous studies (Love et al. 2011; Birch et al. 2015; Bhatt et al. 2016; Baranowski et al. 2019) 87 

suggest coarse spatial resolution and the convection schemes may be responsible for the model 88 

errors. In continental regions, the positive impact of explicitly resolving convection on the rainfall 89 

diurnal cycle timing has already been identified (Grabowski et al. 2006; Hohenegger et al. 2008), 90 

and Wagner et al. (2018) came to the conclusion that while resolution is crucial over the mountains, 91 

the way convection is represented proves key elsewhere. However, in the MC the presence of the 92 

land-sea contrasts adds to the orographic complexity and creates a very specific scenario where 93 

sea breeze interacts with orographic lifting to configure rainfall patterns. In this context, Birch et 94 

al. (2015) propose that convection is triggered too early in the day by convective schemes, which 95 

partly suppress the sea breeze circulation and reduces afternoon rainfall generated by the sea breeze 96 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-19-0416.1.



 

 5 

convergence. As such, the combined effect of very high-resolution and explicit deep convection 97 

used in the so-called convection-permitting or convection-resolving models may contribute to 98 

alleviate many of the issues of simulated precipitation in the region. 99 

Convection-permitting models are drawing much of the attention of the regional climate 100 

modelling community because they constitute a step change with respect to previous resolution 101 

increases since they no longer rely on parameterized convection. First results are very promising 102 

as convection-permitting models better capture critical precipitation features, such as the diurnal 103 

cycle and the spatial patterns (Prein et al. 2015). This especially applies to regions where deep 104 

convection is a dominant process (e.g. tropics) and with high spatial heterogeneity (e.g. 105 

mountainous areas), both features of the MC. Therefore, one may expect that the potential of 106 

convection-permitting models be realized in this part of the globe, where models often miss many 107 

of the precipitation characteristics that define local regimes. 108 

The aim of this study is to quantify the impact of increasing resolution and explicitly resolving 109 

convection on simulated tropical rainfall of the MC. We identify key precipitation features of the 110 

region mostly influenced by these two modelling aspects and put forward physical mechanisms 111 

that explain differences between modelling approaches. As such, we understand the term “realism” 112 

used throughout the text as rainfall characteristics (i.e., when, where and how it rains) that indicate 113 

the model is able to produce precipitating systems and associated circulations that better resemble 114 

the observations. 115 
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2 Data and experiments 116 

2.1 Model description and experimental design 117 

We use the Weather Research and Forecasting (WRF) modelling system version 3.9.1 to 118 

investigate the influence of spatial resolution and convective scheme on the realism of simulated 119 

precipitation in the MC (Figure 1). 120 

The model was forced with the latest-generation reanalysis  ERA-5 (C3S, 2017), which operates 121 

at a spatial resolution of circa 0.3° by 0.3°. This high-resolution forcing data allowed us to design 122 

a novel approach to quantify the role of the model spatial resolution by running WRF at multiple 123 

resolutions over a single domain in separate experiments (no nesting), all directly driven by ERA5 124 

at their boundaries. This results in a comparable set of simulations at resolutions of 32, 16, 8, 4 125 

and 2 km that run independently from each other and are identical in all other configuration 126 

parameters. The approach contrasts with the vast majority of similar previous studies (Holloway 127 

et al. 2012; Argüeso et al. 2016; Vincent and Lane 2017; Wagner et al. 2018), which due to 128 

computational constrains and boundary data resolution relied on multiple-domain nesting to run at 129 

very high resolution, thus necessarily limiting finer resolution runs by deficiencies in the coarser 130 

ones. All simulations used a five-grid-point buffer zone that were excluded from the analysis. In 131 

addition, when comparing runs at different resolutions, the area covered by the coarsest-resolution 132 

buffer zone was removed from all experiments. Thus, in the 2-km runs, this means that the outer 133 

80 grid points in each direction were not considered. This ensure a like-to-like comparison across 134 

resolutions. 135 

The model parameterization suite was configured based on a combination of information from 136 

previous studies on the region (Argüeso et al. 2016; Li et al. 2016; Vincent and Lane 2016; 2017) 137 

and schemes that have been thoroughly used and tested. Sub-grid convective processes were 138 
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modelled with the Betts-Miller-Janjic (BMJ) scheme, which is a profile-adjustment 139 

parameterization of both deep and shallow convection designed for tropical convection (Betts 140 

1986; Betts and Miller 1986; Janjic 1994). Runs with the BMJ scheme are labelled with DP (Deep 141 

convection Parameterized). In order to determine the influence of the convective scheme, two 142 

additional experiments were completed at all resolutions: a first one assuming deep convection is 143 

resolved (SH), thus including only a shallow convection scheme (Hong and Jang 2018); and a 144 

second one assuming all convection is explicitly resolved by the model (EX). Besides the fully-145 

explicit run, we also analyse the impact of a shallow convection scheme because we can only 146 

expect large deep convective cells be represented at scales near 4 km, thus convective circulation 147 

that occurs in the lower troposphere should be parameterized. This circulation generates low-level 148 

clouds that hardly produce any rainfall but do indeed have an influence on the vertical mixing and 149 

directly interact with deep convection mechanisms either cooperating or competing (Lee et al. 150 

2003, Khairoutdinov and Randall 2006, Schlemmer and Hohenegger 2014, Pilon et al. 2016).  151 

Although the two assumptions above regarding shallow and deep convection are clearly not 152 

true for all resolutions and may only hold at 4- and 2-km resolutions, we explore these 153 

configurations at all resolutions to show the separate effect of resolution and parameterized 154 

convection on the realism of precipitation in the region. This helps to establish whether any 155 

potential improvement is due to both factors acting together or any of them independently.  156 

A summary with additional details on the model parameterizations chosen is provided Table 1. 157 

Because of the importance of microphysics for precipitating processes, it is worth noting we used 158 

the WRF Single-Moment 6-class scheme (WSM6, Hong and Lim, 2006), which includes water 159 

vapor, cloud water, cloud ice, graupel, rain and snow. We also run a few preliminary tests using a 160 

more complex microphysics scheme (Thompson et al. 2008), two mass-flux convective schemes 161 
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(Multi-Scale Kain-Fritsch, new Tiedke) and the recommended tropical physics suite (NCAR, 162 

2017). None provided better precipitation estimates than the chosen configuration over the MC 163 

(not shown). 164 

All experiments span one austral summer (1st November 2015 to 29th February 2016) and 165 

include a 10-day spin-up period (22nd- 31st October 2015) that is discarded from the analyses. A 166 

longer spin-up period (60 days) was also tested to determine its influence on the precipitation 167 

outputs. Extending the spin-up considerably increased the computational cost while it did not have 168 

any substantial impact on the atmospheric variables and thus on the model performance in terms 169 

of precipitation. Although longer periods are needed to draw conclusions at climatological scales, 170 

the computational requirements of these simulations currently preclude longer experiments. We 171 

conducted runs for two additional austral summers (2013/14 and 2014/2015) for some of the 172 

resolutions to ensure the results are not dependent on the year chosen (not shown). We also 173 

performed an additional two-month run at 4-km with no convective scheme (i.e. EX) and 174 

expanding the domain 100 grid points to test the impact of the resolution jump at the boundaries. 175 

We only found minor differences between the results (not shown), which did not warrant the 176 

computational costs associated with a larger domain. All model outputs were saved at hourly 177 

frequency to examine the sub-daily features of rainfall and convective processes. 178 

2.2 Observational products 179 

A collection of satellite-derived rainfall products is used as observational reference, hereafter 180 

referred to as observations for brevity. Despite the fact that such products are known to have non-181 

negligible deficiencies (Ebert et al. 2007; Vernimmen et al. 2012; Matthews et al. 2013; Bharti et 182 

al. 2015; Tan et al. 2015; Skok et al. 2016; Vincent and Lane 2016; Rauniyar et al. 2017; 183 

Rahmawati and Lubczynski 2017), particularly near the coast and in mountainous regions (Hirpa 184 
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et al. 2010; Vernimmen et al. 2012; Matthews et al. 2013; Chen et al. 2013), it is the closest 185 

reference to reality in a region characterized by very sparse in-situ data. To this purpose, we have 186 

chosen four different datasets. 187 

The multi-satellite product generated with the Climate Prediction Center (U.S.) morphing 188 

technique (Joyce et al. 2004) is a global precipitation analysis available at approximately 8-km 189 

spatial resolution (0.0727°) and 30-min temporal resolution, aggregated into hourly frequency 190 

here. Precipitation estimates are derived from passive microwave scans and infrared geostationary 191 

data. It comes in two versions, the original satellite estimates (CMORPH_RAW) and a bias-192 

corrected product using rain gauges (CMORPH_CRT).  193 

The Tropical Rainfall Measuring Mission (TRMM 3B42v7 2011, Huffman et al. 2007) multi-194 

satellite precipitation analysis provides quasi-global rainfall estimates on a 0.25° (~ 27.5 km) 195 

resolution grid and a 3-hourly frequency. This dataset is widely used in studies of tropical 196 

precipitation and is currently a standard reference.  TRMM is also generated using both passive 197 

microwave and infrared information. Satellite-derived information is complemented with two 198 

monthly rain gauge analyses developed by the Global Precipitation Climatological Center and the 199 

Climate Prediction Center (U.S.). 200 

The Global Precipitation Measurement (GPM) created with the Integrated Multi-satellite 201 

Retrievals for GPM (GPM_3IMERGHH v05, Huffmann 2017) is a global precipitation dataset at 202 

0.1° (~ 11 km) spatial resolution and 30-min temporal resolution that builds upon TRMM. It 203 

generates rainfall estimates from intercalibrated space-borne radio wave instruments (dual 204 

frequency precipitation radar), active and passive microwave measurements and precipitation 205 

gauge analyses. 206 
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This ensemble of precipitation products provides a range of rainfall values for each time and 207 

location, and thus serves as an estimate of the observational uncertainty associated with satellite-208 

derived information. As such, it is a way to incorporate this uncertainty in the model performance 209 

evaluation. For comparison purposes, all datasets were interpolated to the highest resolution grid 210 

(2 km) using a nearest-neighbour approach. This ensures that the interpolated field conserves 211 

spatiotemporal variability and areal-averaged values compared with the original field (Di Luca et 212 

al. 2016). 213 

3 Results 214 

In this section, we first analyse the domain-averaged model outputs to provide an overall 215 

assessment of the model performance. Then we examine the spatial detail of the simulated 216 

precipitation for the 4-km experiments. Finally, we investigate differences in the vertical structure 217 

of the atmosphere between the various 4-km runs with the purpose of putting forward a physical 218 

interpretation of the impacts from the convection representation.  219 

3.1 Precipitation  220 

The domain-average mean precipitation is a first-order measure of the model water balance 221 

physical realism. Figure 2a shows the domain-averaged precipitation mean from the various 222 

observations and all model simulations for the 2015-2016 austral summer. According to these 223 

results, the model is overall well-calibrated and total precipitation amounts generated by the model 224 

remain within 35% of the observations average for the entire domain in the worst case (32-km 225 

resolution). This agreement with observations improves steadily as we move to higher resolutions 226 

in the DP experiments. Overall, the model produces too much precipitation with the deep 227 

convection scheme (DP), but the biases are corrected with increased resolution to less than 10% at 228 
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2-km grid-space. The use of shallow convection scheme tends to produce too little precipitation 229 

overall and resolution has a positive impact only for the coarsest cases (from 32 km to 8 km). The 230 

fully-explicit convection (EX) runs produce accurate estimates of domain-wide precipitation at all 231 

resolutions (within 10% of the observations average for the 32-km run, and within 5% for the rest). 232 

In fact, EX provides the best domain-averaged precipitation values of the three configurations at 233 

all resolutions, despite most convective circulations not being explicitly represented at resolutions 234 

between 8 and 32 km. It is interesting to note that experiments with explicit deep convection (SH 235 

and EX) show little to no improvement when increasing resolution beyond 8 km. Indeed, most EX 236 

runs produce total precipitation amounts within the observational range (grey bars, Fig. 2).  237 

However, this apparent agreement is consequence of a compensation of errors over land and 238 

ocean (land fraction is between 18.4% and 18.8% in all simulations), where the mechanisms 239 

producing rainfall may be quite different. Averaged across the domain, the model generates too 240 

much precipitation over land (Fig. 2b) and too little over the ocean (Fig. 2c), except for 241 

parameterized deep convection (DP) that tends to overestimate rainfall over water too. This is in 242 

agreement with previous studies using either the same model (Hassim et al. 2016; Vincent and 243 

Lane 2017) or different ones (Love et al. 2011; Birch et al. 2016; Im and Elthair 2018). Increasing 244 

resolution has a positive effect on DP experiments by reducing the wet bias both over land and 245 

water, but the other two experiments (SH and EX) seem to worsen at higher resolution over land 246 

and show only some improvement over the ocean. For example, EX runs deviate from the 247 

observations average over land between 44% (32 km) and 75% (2 km) whereas SH does so by 248 

44% (32 km) and 71% (2 km). Over the ocean, explicit representation of convection reduces the 249 

amount of precipitation to values below observations, especially when parameterizing shallow 250 

convection (SH), for which the bias varies between -50% (32 km) and -39% (8km). These results 251 
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highlight the role of convection representation over the influence of resolution, particularly over 252 

the ocean.  253 

According to Figure 2, it may be argued that increasing resolution beyond 8 km only brings 254 

some benefit with parameterized deep convection, while experiments with explicit deep 255 

convection perform best at low or intermediate resolution (8 km).  This may seem contradictory 256 

with most of the literature that identifies the range between 4 and 10 km as the convective grey 257 

zone where explicit and parameterized convection may compete with each other, degrading the 258 

results (Prein et al. 2015). However, the domain-averaged total precipitation, even if split into 259 

land- and ocean-only grid cells, only provides first-approach information on the model rainfall 260 

realism. Thus, we also examine the precipitation diurnal cycle, which requires the model to better 261 

represent local forcing and local circulation in order to capture it. 262 

In the MC rainfall has a very distinct diurnal cycle, especially over the islands. Differential 263 

solar radiative heating between different surface types cause local pressure gradients that result in 264 

land-sea breeze circulations, which in combination with orographic lifting and downslope 265 

mountain winds at night, constitute key precipitating mechanisms in the region (Qian 2008; Birch 266 

et al. 2015). Although subject to spatial variations due to propagation of precipitating systems, 267 

rainfall generally peaks between late afternoon and early evening over land, while over water, 268 

precipitation reaches it maximum in the early morning, albeit with a much smaller diurnal cycle 269 

amplitude than over land.  270 

Figure 3 depicts the mean diurnal cycle of precipitation over land and ocean grid points 271 

averaged over the entire domain. Over the islands, all experiments overestimate the amplitude and 272 

the mean of the diurnal cycle (i.e., vertical shift of the cycle), consistent with Figure 2b. Bhatt et 273 

al. (2016) obtained similar results for various convective parameterization schemes with the same 274 
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model, but completely different physics configurations. They suggest that the misrepresentation 275 

of mechanisms related to boundary layer transfer and convective lifting-condensation-276 

precipitation in parameterization schemes may be the cause of the exaggerated amplitude over land 277 

and had expectations that convection-permitting experiments may contribute to address this issue. 278 

None of the experiments proposed here, including those at 2-km spatial resolution and fully-279 

explicit convection, alleviate the problem with the amplitude of the diurnal cycle. Quite the 280 

opposite, increasing resolution tends to amplify the diurnal cycle over land. However, at 2-km 281 

spatial resolution, there are crucial processes in the development of moist convection that remain 282 

unresolved, such as cloud turbulence and the interaction between the cloud and the environment 283 

(Bryan et al 2003), which may cause too strong convection and therefore may explain these issues. 284 

The transition from convective to stratiform rain has also been identified as one of the weaknesses 285 

in convection permitting models operating at spatial resolutions in the range 1-4 km (Caine et al. 286 

2013, Vincent and Lane 2018). 287 

Despite the fact that the amplitude remains too strong in all experiments, the phase of the diurnal 288 

cycle is significantly improved by the combination of finer resolution and the absence of a deep 289 

convection scheme. Parameterized deep convection experiments produce precipitation too early 290 

compared to the observational range. In the observations, precipitation initiates at 10LST (Local 291 

Solar Time) and peaks at 17-18LST, while these two events occur a few hours ahead in the DP 292 

cycle (07LST and 15-16LST). By just increasing resolution, DP experiments are only able to 293 

improve the night-time and early morning values thank to a more accurate decay in evening rainfall 294 

rates, but the errors in the phase and amplitude of the diurnal cycle are worsened in most cases.  295 

Using explicit deep convection (SH and EX) corrects the phase of the diurnal cycle at high 296 

resolutions. In fact, the model captures the observed phase when deep convection is not 297 
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parameterized and resolution is 8 km or finer. On the other hand, these experiments render a 298 

delayed diurnal cycle with respect to observations when running at 32 and 16 km, but the amplitude 299 

compares better with satellite products than other resolutions. As we move to higher resolutions, 300 

the model amplitude increases and the phase advances, which means better agreement with 301 

observations in the timing, but also overestimation of the precipitation amounts, especially at the 302 

time of maximum rainfall. The average timing of maximum precipitation across satellite products 303 

is slightly after 17LST, thus the 2-km resolution seems the best match for the diurnal cycle phase 304 

in terms of the rainfall peak. The time of the cycle minimum averaged across observations is 305 

located between 09 and 10LST, which makes both the 4-km and 2-km the closest to observations. 306 

The response of the phase to increasing resolution is similar for both explicit convection and 307 

shallow convection runs (i.e. advancing the peak from 22LST at 32 km to 17LST at 2 km), but SH 308 

simulations tend to produce less rain and the amplitude is thus closer to observations. The reason 309 

that explains the delay in the diurnal cycle with respect to DP may be different in both experiments. 310 

The EX run may need more Convective Available Potential Energy (CAPE) to trigger convection 311 

than the DP case, while the shallow convection scheme removes CAPE without producing any 312 

rainfall.  313 

The response to both resolution and convective representation is more coherent over the ocean 314 

(Fig. 3b), where simulations with different convective representation are clearly clustered in three 315 

groups. The amplitude of the cycle and the mean precipitation compares better with observations 316 

in the parameterized deep convection (DP) experiment than the other two. DP is followed by EX 317 

and SH runs in this order, and both underestimate rainfall.  This is consistent with results obtained 318 

in Figure 2c. However, in terms of the diurnal cycle phase any of the experiments seems to 319 

outperform the others. DP produces an accurate timing of the maximum, but the minimum of 320 
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precipitation is slightly early compared with observations. Despite the fact that EX and SH 321 

simulate drier conditions than DP and satellite-derived products, there are features of the diurnal 322 

cycle shape in the explicit deep convection runs that better match the observations. For example, 323 

the timing of the minimum in the evening hours and the following intensification of precipitation 324 

is closer to observations in EX and SH. Increasing resolution improves all simulations, by 325 

producing less rain in DP and intensifying the amplitude in EX and SH, although resolution plays 326 

a role in improving rainfall rates only up to a certain threshold (8 km SH and EX, and 4 km in DP). 327 

Simulations are ranked according to their performance in different metrics of the diurnal cycle in 328 

Table 2.   329 

Given the limited benefit from the highest resolution runs (2-km) showed so far, and the 330 

enormous increase in storage requirements for those experiments, which add to the computational 331 

demands, we will focus on the 4-km simulations from now on. In addition to the domain-averaged 332 

model performance described above, we examine the spatial distribution of both the precipitation 333 

rates and the diurnal cycle to determine whether the model is able to locate rainfall at the right 334 

time and place and identify differences across experiments.  335 

Figure 4 shows the spatial distribution of rainfall biases for all 4-km runs with respect to the 336 

range of observations. Following Evans et al. (2016) the bias is calculated with respect to the 337 

closest observational value and the model estimates are considered equivalent to observations 338 

when within the observational range (i.e. bias set to zero). As a result, this approach incorporates 339 

the uncertainty in the satellite-derived products. The fully-explicit convection experiment (EX) 340 

produces a mean absolute error of 35.1% and slightly outperforms the other two (DP 39.8% and 341 

SH 48.5%). Although with different mean absolute errors, this relative performance of the various 342 

experiments is consistent across resolutions within the convection-permitting scale range (2 and 4 343 
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km), the convective grey zone (8 km) and just above (16 km) (Supplementary Figure S1). 344 

However, at coarser resolutions (32 km), the need for a convective parameterization becomes 345 

evident, as the DP experiments provide better estimates (51.8% for DP, 53.2% for EX and 64.5% 346 

for SH). These results align with the scale separation often used for convective processes into 347 

convection-permitting (<4 km) and parameterized convection (>10 km) scales (Prein et al. 2015), 348 

although DP and EX mean absolute error values are very close to each other at most resolutions 349 

and thus none can be considered superior, especially for summer-long simulations like these. 350 

At coarse resolutions wet biases dominate over the ocean across the domain in DP runs, while 351 

the opposite occurs in explicit deep convection runs (Supplementary Figure S1). This is likely due 352 

to the fact that the convective scheme readily triggers, which tends to produce deeper clouds and 353 

precipitates more easily (see Section 3.2). Increasing resolution makes this contrast diminish 354 

between DP and EX, and they seem to converge. However, all experiments using the shallow 355 

convection scheme are consistently dry over the ocean, where SH runs struggle to generate 356 

precipitation. For example, to the southwest of Sumatra and Java, SH underestimate rainfall by 357 

80% or more, which means it barely produces any rain.  358 

Figure 4 shows that wet biases obtained over land from all 4-km experiments are mostly 359 

concentrated over mountainous regions. Simulations with explicit deep convection (SH and EX) 360 

show a better agreement with observations at low-lying areas in large islands such as New Guinea 361 

and Sumatra, but exacerbate rainfall amounts at higher elevations. For instance, averaging over 362 

grid cells above 1000 m, which are approximately 10% of all land grid cells, the model produces 363 

mean absolute errors with respect to the observational range of 188% for DP, 255% for EX and 364 

262% for SH (Supplementary Figure S2). This agrees with previous studies that used different 365 

models (Birch et al. 2015; Holloway et al. 2012; Leutwyler et al. 2017), which also produce too 366 
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much precipitation over high orography when switching the convective scheme off.  Hassim et al. 367 

(2016) attributed these errors to the grid space they used (4 km). We already showed that taking 368 

resolution beyond 4-km has little impact when considering the entire domain, but focusing on high 369 

orography (>1000m) the 2-km resolution contributes to fix the precipitation wet bias (137% for 370 

DP, 189% for EX and 211% for SH) as anticipated by Hassim et al. (2016), although the model 371 

still deviates considerably from observations. However, it should be noted that satellite-derived 372 

rainfall products have been consistently found to have issues over complex topography (Ebert et 373 

al. 2007; Matthews et al. 2013; Skok et al. 2016), including New Guinea, where Vincent and Lane 374 

(2016) obtained errors comparable to model biases shown here when analyzing precipitation data 375 

from gauges and satellite estimates. Multiple reasons have been proposed for these problems, 376 

including scattering of the microwave signal by mountains (Huffman et al. 2007), misdetection of 377 

warm clouds at the top of the mountains by infrared sensors (Yilmaz et al. 2005) and 378 

underestimation of heavy rainfall events from shallow orographic systems by microwave 379 

algorithms (Shige et al. 2013), among others. In the MC, satellite-derived products tend to 380 

underestimate rainfall at high elevations and overestimate coastal precipitation (Vernimmen et al. 381 

2012; Rauniyar et al. 2017). This indicates that, although the model is clearly prone to significant 382 

errors over mountainous regions, simulated precipitation may be closer to actual values than what 383 

Figure 4 suggests. 384 

As a fundamental aspect of rainfall in the region, the phase of the diurnal cycle throughout the 385 

domain is analyzed. This is done by fitting the diurnal cycle of precipitation at each grid point to 386 

the diurnal harmonic following similar studies (Bhatt et al. 2016; Baranowski et al. 2019). Figure 387 

5 shows the phase of the diurnal harmonic, specifically the time of maximum precipitation, for 388 

CMOPRH_CRT and all 4-km simulations. Results for all other resolutions is provided in the 389 
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supplementary material (Supplementary Figure S3). In the 4-km runs, improvements from explicit 390 

deep convection experiments (SH and EX) are evident for this feature of rainfall in the MC, 391 

particularly over the largest islands of the domain, such as New Guinea, Borneo and Sumatra. For 392 

example, the propagation of convective precipitation systems from coastal areas towards the 393 

interior of the islands better agrees with observations in EX and SH simulations. In the DP 394 

experiment, peaks at 12-18LST dominate most of the land, while maxima at 18-02LST prevail in 395 

the observations and the other two runs. In some islands, observed rainfall peaks earlier in the 396 

mountains (e.g. Java, New Guinea, Sumatra) and then propagates downslope (see Section 3.2), a 397 

feature well-represented in the model as well. However, in Borneo, rainfall propagates from the 398 

coast to the mountains, where it peaks at from 12-13LST in the east coast to 04-05LST in the 399 

central mountains. This feature is better captured in EX and SH. The differences in the spatial 400 

patterns of the rainfall peak timing is consistent with previous findings (Grabowski et al. 2006; 401 

Hohenegger et al. 2008; Argüeso et al. 2016) that showed the positive impact of convection-402 

permitting runs on the timing of the rainfall diurnal cycle over land. Over the ocean, a diurnal cycle 403 

is identified in observations with this method (i.e. using a minimum threshold of 0.1 mm hr-1 in 404 

the amplitude of the fitted harmonic to identify areas with a defined diurnal cycle) in regions 405 

around the islands, such as the Java and Bismark seas. In these areas, precipitation usually peaks 406 

between night and early morning (00-06LST) near the coast and propagates to open waters (06-407 

12LST). Although not as spatially coherent, all experiments broadly capture this pattern, with SH 408 

producing the peak slightly earlier (e.g. Java Sea).  409 

The impact of resolution in the timing of the rainfall peak over land is more prominent when 410 

explicitly resolving deep convection (Supplementary Figure S3). For example, in the EX 411 

experiments, the rainfall maximum is delayed at coarser resolutions (00-06LST, 32km) and it 412 
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occurs progressively earlier as resolution increases. A similar behavior is obtained for the SH runs. 413 

On the other hand, resolution only has a marginal effect on the phase of the diurnal cycle when 414 

parameterizing deep convection. These results suggest that the deep convection scheme 415 

contributes to producing the diurnal cycle too early, with nearly no improvement with resolution. 416 

However, when the convective scheme is not used, resolution plays a key role. This is not 417 

necessarily surprising, since convection-permitting resolutions are required to effectively resolve 418 

convective systems. Indeed, once the model enters the convective gray zone and begins to 419 

reproduce large convective systems (>10 km), increasing resolution has only a limited impact on 420 

the phase of the diurnal cycle. This shows that resolution must reach convection-permitting scales 421 

and the deep convection scheme be turned off to benefit from an improved diurnal cycle timing, 422 

although the gain is limited above a certain threshold (8 km). The 8-km runs may be favored by 423 

the fact that the resolution of the CMORPH final product is also 8 km, and therefore higher-424 

resolution runs may pay a penalty because small scale (< 8 km) variability is not represented in 425 

the observations. 426 

3.2 Vertical structure of the atmosphere 427 

In this section, we examine aspects of the vertical structure of the atmosphere to reveal possible 428 

physical mechanisms that explain the differences in precipitation across convective representations 429 

in the model.  430 

Firstly, the stability of the atmospheric column is examined through the maximum CAPE as a 431 

precursor of deep convection and the maximum convective inhibition (CIN) as the initial energy 432 

needed to reach the level of free convection (Fig. 6). Both were calculated for the parcel with 433 

maximum equivalent potential temperature within the lowest 3000 m (Ladwig, 2017). Given the 434 
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contrasting response to convective representation at high and low resolution, we performed this 435 

analysis for runs at 4- and 32-km grid sizes. 436 

Over land, fully explicit convection (EX) produces substantially larger CAPE values than 437 

parameterized convection, both shallow and deep, throughout the day. In the high-resolution runs, 438 

differences could reach up to 40% more during the early afternoon (Fig. 6a). This could partly 439 

explain why EX tends to produce a stronger diurnal maximum than SH over land because higher 440 

CAPE values are linked to more intense deep convection once it is activated and, both EX and SH 441 

depend on the same triggering factors to develop deep convection. However, this does not apply 442 

when deep convection is represented differently because the generation of rainfall not only 443 

depends on the potential intensity of convection but also on whether it is triggered or not. Indeed, 444 

examining CAPE also for the 32-km experiments (Fig. S4) shows that higher precipitation peaks 445 

cannot be directly attributed to higher CAPE values since deep moist convection must develop in 446 

order to transform such instability into precipitation. Factors that help initiate convection (i.e., 447 

orographic lifting, sea-breeze, convergence lines, surface heterogeneities, rising thermals, cold 448 

pools) are generally fine-scale features and thus mostly unresolved at coarse resolutions. This 449 

explains why in spite of EX runs accumulating more CAPE, this does not always reflect on the 450 

precipitation diurnal cycle. Although SH experiments depend on triggering factors in a similar 451 

way, the shallow convection scheme is more efficient at removing CAPE in the lower levels 452 

through parameterized non-precipitating processes, hence it does not accumulate as much CAPE 453 

as EX. 454 

On the other hand, the BMJ deep convection scheme does not rely on triggering mechanisms 455 

and acts by relaxing an unstable profile towards a stable one, thus incorporates such factors 456 

implicitly at the sub-grid scale. Therefore, the fact that DP uses a relaxation scheme that depends 457 
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on the environmental conditions as opposed to EX and SH, makes it activate deep convection more 458 

easily and thus is prone to produce rainfall early in the day.  459 

Likewise, in the ocean, both explicit deep convection experiments (EX and SH) simulate values 460 

of available convective energy approximately 20% larger than the fully parameterized case at 4-461 

km (Fig. 6b), but they tend to produce significantly less precipitation than DP. Therefore, EX and 462 

SH do not trigger convection often enough over the ocean and therefore they are not efficient at 463 

transforming this energy into precipitating systems. A plausible reason is that, over the ocean, the 464 

model may lack triggering factors compared to land, where the model does have them, yet not 465 

completely resolved. For example, one of the triggering mechanisms in the ocean are the Sea 466 

Surface Temperature (SST) gradients (Sabin et al. 2012) and in our simulations they are only partly 467 

captured because SST is directly obtained from ERA5. In the case of SH, domain-average CIN 468 

over the ocean is also slightly larger (~20%) than DP and EX, which could contribute to hinder 469 

parcels reaching the LFC (Fig. 6d).  470 

We further investigate the vertical structure of the atmosphere through cross-sections of 471 

temperature, humidity and clouds across New Guinea from EX and DP. Figure 7 and 8 focus on 472 

vertical transects at 11 and 16LST. The entire diurnal evolution is shown in the supplementary 473 

material (Supplementary animation 1). Overall, fully-explicit convection generates a warmer and 474 

moister atmosphere than the deep convection parameterization in the lowest kilometer, and a 475 

cooler and drier atmosphere in the upper levels. Although over the ocean a layer of cooler air is 476 

also generated near the surface. A warmer and humid layer near the surface indicates that EX 477 

produces shallower vertical transport of heat and moisture, and thus is less efficient at mixing the 478 

free troposphere. This structure describes a more unstable atmosphere and therefore larger CAPE 479 

values, consistent with Figure 6. However, as mentioned above, the lack of triggering mechanisms 480 
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over the ocean prevent the fully explicit run to transform that instability into precipitation. That is, 481 

as we mentioned above, there is potential for more intense convection in EX, but it is not triggered. 482 

Surface evaporation over the ocean is very similar in both experiments thus the moist lower layer 483 

is caused by capped mixing in EX rather than higher water vapor input from the water surface. It 484 

is likely that the excess of humidity in EX is advected to the island by the dominant winds from 485 

the ocean, which are then lifted by topography and sea-breeze circulation to produce more rainfall 486 

than in the DP run. 487 

The evolution of winds and clouds throughout the day provides an interesting insight on the 488 

processes generating rainfall in each case, and point to possible causes of differences in the 489 

precipitation diurnal cycle. A feedback between early rainfall and sea-breeze dying out has been 490 

proposed as a mechanism that may explain why parameterized convection does not capture the 491 

diurnal cycle adequately (Birch et al. 2015). However, our results show that the sea-breeze is 492 

synchronized across simulations. In both experiments, it originates at around 10-11LST (Fig. 7c 493 

and d, highlighted in red), propagates inland at 13LST and then vanishes at around 18-20LST, as 494 

shown by the sea-breeze front in the southwest coast of New Guinea (Supplementary animation 495 

1). Therefore, the sea-breeze and convective initiation feedback does not explain differences in the 496 

precipitation diurnal cycle according to our model runs. The convective initiation over the 497 

mountains and its intensity does not seem to be a cause of the differences either, since its 498 

development is very similar in both experiments.  499 

The most notable difference introduced by the fully explicit representation of convection is 500 

obtained in the cloud structure and the associated rainfall patterns. EX tends to produce a layer of 501 

shallow clouds covering large areas of the island that start at 09LST and persists until the night 502 

(See Suplementary animation 1), albeit displaced towards inland and lifted upwards.  It is 503 
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interesting to note that this layer is not associated with almost any precipitation, except at the sea-504 

breeze front (Fig. 8d). DP also produces a layer of shallow clouds, but it is confined and strongly 505 

tied to the sea-breeze front, thus covering a much smaller area (Fig. 8c). By contrast, DP produces 506 

much deeper clouds that extend over the entire island and start at around 10-11LST (Fig. 7c) and 507 

are mature by 16LST (Fig. 8c). These deep clouds seem to be responsible of differences in rainfall 508 

between the two runs. Indeed, DP produces much more precipitation between 12LST and 17LST 509 

over the large flat areas of New Guinea, while EX precipitation is concentrated in the mountains 510 

and barely generates rainfall in that part of the island until the evening (Figs 7-8 and supplementary 511 

animation 1). This is key to explain differences in the land-averaged diurnal cycle differences 512 

between DP and EX. Our analysis does not allow to determine the  origin of deep clouds in DP, 513 

but according to differences in the wind patterns between 12 and 18 LST in the upper troposphere 514 

(dashed red rectangle in Fig 8c, d), they do not appear to be generated only by propagation from 515 

the mountain convective center as in EX, but air lifted throughout the island contributes to their 516 

formation too (Fig. 8c). In fact, during the central hours of the day (12-18LST), EX produces wind 517 

patterns with subsidence in the upper troposphere, while DP shows a general updraft. These results 518 

are not exclusive to New Guinea and are comparable to cross-sections across other islands (not 519 

shown).  520 

Similar results were obtained for SH too (Supplementary Figures S5 and S6). The shallow 521 

convection run also generates a lower layer that is warmer than DP together with a cooler 522 

atmosphere above at 11LST. This is also accompanied by a thin wetter layer in the lower levels 523 

and drier conditions above. In the afternoon (16LST), the warm difference with DP extends a few 524 

kilometres high (~ 5km) and the wet difference with respect to DP over land intensifies. The 525 

difference with DP in the structure of clouds may be divided into deep and shallow clouds. SH 526 
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tends to produce shallower clouds over land and less deep clouds than DP. This result is very 527 

similar to what we obtained for EX. Differences between EX and SH (Supplementary Figures S7 528 

and S8) shed light on the effect of the shallow cumulus parameterization alone, which mostly 529 

affects the lower levels of the troposphere over land (< 3 km). Consistent with the expected 530 

behaviour of the shallow cumulus scheme (Stensrud, 2009), shallow convection schemes generate 531 

a vertical dipole because it cools and moistens the upper half of the cloud layer and warms and 532 

dries the lower half of the cloud layer (with respect to the fully explicit case). Over the ocean, the 533 

effect of the shallow cumulus scheme extends to higher levels (up to 6 km), particularly in terms 534 

of humidity (Supplementary Figure S7b and S8b). The shallow cumulus further intensifies the 535 

mid-troposphere drying we obtained for EX. This is likely the consequence of SH vertically 536 

capping convection over the ocean, which leads to smaller precipitation rates. 537 

An individual analysis of cloud water and ice mixing ratios reveals additional details on the 538 

contrasting cloud structures in the various runs and the corresponding precipitation diurnal cycles. 539 

We calculated the domain-averaged diurnal cycle of cloud water (Fig. 9) and ice (Fig. 10) mixing 540 

ratios for land and ocean grid points separately. Parameterized deep convection (DP) forms thick 541 

clouds above the freezing level (Fig. 10a) and weak shallow clouds (Fig. 9a), whereas both EX 542 

and SH are able to generate stronger shallow convection as shown by the low-level clouds. 543 

Differences in the cloud structure across simulations are likely linked to the mismatch in the timing 544 

of precipitation in DP because they are spread over the entire land mass producing rainfall since 545 

the early hours.  Conversely, low-level clouds in the other two experiments restrain cloud 546 

formation in the upper levels and contribute to delay the onset of deep convection with respect to 547 

DP , which results in better agreement with the observed diurnal cycle of precipitation.  548 
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Shallow convection is generally assumed not to produce precipitation (Stensrud 2009). This is 549 

true for the shallow convection scheme used, as well as for the BMJ scheme, which also has a 550 

shallow convection component. However, it is not necessarily the case for the fully explicit 551 

experiment, which may produce some rainfall from shallow convection, thus explaining some of 552 

the differences between SH and EX in the diurnal cycle of precipitation. Since both SH and EX 553 

are active in the generation of shallow convection as evidenced by the presence of shallow clouds, 554 

this could be a reason why they better represent the phase of the precipitation diurnal cycle.  555 

Although the timing of the diurnal cycle is corrected by explicitly resolving deep convection, its 556 

amplitude, and particularly its peak in the late afternoon (17LST), are too intense compared to the 557 

observations. This is partly corrected by the shallow convection scheme, but at the cost of 558 

introducing errors over the ocean.  559 

We showed that SH produce rainfall rates well below the observational range (circa 50% less 560 

on average and up to 90% at some locations) (Fig. 3b), while the other two experiments show a 561 

better agreement with observations over the ocean, especially DP. According to the diurnal cycle 562 

of the vertical cloud structure (Fig 9 and Fig 10), both simulations explicitly resolving deep 563 

convection produce less mid and high clouds than DP, particularly above 7 km, which is likely 564 

related to the dry bias over water. Although this feature is also present in EX, it is not as 565 

pronounced as in SH. Also, it seems to be compensated to some extent by the formation of low-566 

level clouds that are more intense in EX and are also able to produce some precipitation as opposed 567 

to SH. 568 

The results above also highlight the importance of the interaction between convection 569 

(including explicit convection) and the microphysics scheme, which leads to substantial 570 

differences in the vertical structure of clouds and thus rainfall characteristics. Therefore, 571 
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differences in precipitation features across convective representations are not only due to different 572 

vertical mixing and transport of heat and moisture, but also to a distinct interaction between 573 

microphysics and the deep convection scheme. Tests using a different microphysics scheme 574 

(Thompson) did not prove superior in terms of precipitation and showed a similar cloud structure 575 

(not shown). 576 

4 Summary and discussion 577 

In this study, we quantified the effects of resolution and convective representation in simulating 578 

rainfall features and the vertical structure of the atmosphere in the Maritime Continent. In general, 579 

increasing resolution and explicitly resolving convection brings both benefits and drawbacks. The 580 

timing of the diurnal cycle of precipitation is better captured at convection-permitting scales and 581 

with explicit deep convection, but the model produces too much rainfall and exaggerates the 582 

amplitude of the diurnal cycle over land. Conversely, switching off the deep convection scheme 583 

has a drying effect over the ocean, which emphasized the importance of triggering factors in the 584 

explicit convection experiments as opposed to the parameterized ones. This behavior over land 585 

and ocean is consistent with previous findings using a range of models and resolutions (e.g. Birch 586 

et al., 2015). 587 

We found a positive effect of high resolution in reducing the model precipitation sensitivity to 588 

complex orography, as opposed to previous studies (Hassim et al. 2016). Indeed, the wet bias over 589 

high-elevated land is alleviated with increased resolution, albeit remaining large even at 2 km. The 590 

question of whether this may be solved at even higher resolution remains open, and according to 591 

our model results, we can only speculate that grid spaces well below the km scale would be 592 

required for that purpose. From a domain-wide perspective, higher resolution leads to generally 593 

less precipitation over the ocean and more precipitation over land, although not for all experiments 594 
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and at all scales. However, wet biases over land are progressively confined to smaller areas and 595 

the average mean absolute error is reduced. Results on the diurnal cycle suggest that this 596 

improvement comes from better representation of the night and morning rain, while the early 597 

evening peak becomes too strong in high resolution runs.  598 

Although improving the precipitation diurnal cycle is an indicator of increased realism in the 599 

processes producing rainfall, we should not neglect aspects such as the dry bias over the ocean and 600 

the exaggerated diurnal peak over land. We have proposed possible mechanisms, which may be 601 

interconnected, that explain differences between simulations. For example, using explicit deep 602 

convection leads to higher convective available potential energy, which usually indicates a 603 

favorable environment for deep convection. However, when the convective parameterization 604 

scheme is not used, the model does not trigger convection as readily and is not as efficient as DP 605 

in transforming CAPE into deep convective circulation, thus precipitation. Instead, explicit deep 606 

convection experiments match the onset of observed precipitation better than the parameterized 607 

case because of the marked differences in the cloud structure, which is characterized by widespread 608 

deep clouds in the DP simulations as opposed to a shallow layer of clouds generated in both EX 609 

and SH. The latter is however slightly different than the fully explicit case because even if they 610 

both hold back convection due to their reliance on triggering mechanisms to make the convective 611 

potential effective, the shallow convection scheme does not allow for as much accumulation of 612 

CAPE as in EX. Also, in the parameterized shallow convection case, the convective inhibition is 613 

also slightly larger, which further contributes to hinder convective initiation 614 

In view of our results, it is hard to argue that the benefits of increasing resolution over the MC 615 

to convection-permitting scales (<4 km) is worth the computational cost. Perhaps, improved 616 

realism of precipitation arises when increasing resolution to the kilometre scale or higher, because 617 
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the representation of localized convective circulation will be more accurate. In fact, previous 618 

studies (Bryan et al. 2003, Caine et al. 2013) argued that at resolutions explored here, models do 619 

not resolve entrainment and overturning, and thus tend to exaggerate deep moist convection and 620 

produce too much rainfall, which is in agreement with our results. Unfortunately, the evidence 621 

gathered in this study does not allow to affirm that even higher resolutions will bring significant 622 

improvements and further research is needed in this direction.  623 

Once the convection scheme is turned off and most convective processes are explicitly resolved, 624 

the model relies on the microphysics to generate rainfall and on the Planetary Boundary Layer 625 

scheme to create the low-level instability required for convection initiation. Our results suggest 626 

that these schemes and their interplay are likely to play a non-negligible role in simulating 627 

precipitation in the MC with convection-permitting models. However, our study does not delve 628 

into the potential impact of factors other than the resolution and the representation of convection. 629 

Investigating the effect of microphysics and PBL schemes would add to the results presented here. 630 

The role of evapotranspiration and, to a lesser extent the mesoscale air-sea interactions, have 631 

been largely ignored in the context of improving rainfall characteristics over the MC. Our ability 632 

to correctly represent them in our modelling efforts seems important so that the right amount of 633 

moisture available for convection is provided. These two aspects are interesting directions to 634 

continue identifying the dominant factors that may help simulate realistic tropical convective 635 

precipitation. 636 

 637 

 638 

 639 

 640 
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Table 1: Summary of the experiments completed for this study. All experiments refer to the 857 

period 1 November 2015 to 29 February 2016 858 

 

Parameterized Deep 

and Shallow 

Convection  

Parameterized 

shallow convection 

and explicit deep 

convection  

Fully-explicit 

convection  

Acronym DP SH EX 

Convective 

parameterization 

Betts-Miller-Janjic 

(cu_physics = 2, 

shcu_physics = 0) 

GRIMS shallow 

convection  

(cu_physics = 0, 

shcu_physics = 3) 

No convective 

parameterization 

(cu_physics = 0, 

shcu_physics = 0) 

Planetary 

Boundary Layer 

Parameterization 

Yonsei University scheme (bl_pbl_physics = 1) 

Radiation 

(Longwave) 
Rapid Radiative Transfer Model scheme (ra_lw_physics = 1) 

Radiation 

(Shortwave) 
Goddard shortwave (ra_sw_physics = 2) 

Microphysics WRF Single-Moment 6-class scheme (mp_physics = 6) 

Land surface Noah Land Surface scheme (sf_surface_physics = 2) 

Surface layer MM5 simmilarity scheme (sf_sfclay_physics = 1) 

Vertical 

coordinate 
Hybrid vertical coordinate (hybrid_opt = 2) 

Horizontal 

difussion 

2-D Smagorinsky scheme and implicit mixing in the 6th-order horizontal 

diffusion filter 

Resolution 32, 16, 8, 4, and 2 km 

 859 

  860 
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Table 2: Simulations ranked (1 is best, 15 is worst) according to their performance with respect 861 

to the observations average in different metrics of the diurnal cycle (amplitude, mean, time of 862 

maximum and time of minimum). Actual values are shown in Figure 3. Best and worst 863 

performing experiments are highlighted with bold font. 864 

865 

 LAND OCEAN 

Res Exp Amplitude Mean 

Time 

of 

Max 

Time 

of 

Min 

Amplitude Mean 

Time 

of 

Max 

Time 

of 

Min 

32km DP 3 15 6 9 10 9 1 9 

 SH 1 1 14 9 15 15 10 1 

 EX 2 2 14 15 13 10 13 15 

16km DP 4 13 6 9 9 7 1 9 

 SH 5 4 11 7 14 14 13 1 

 EX 6 6 13 7 7 5 13 13 

8km DP 7 7 6 9 5 3 1 9 

 SH 9 9 4 1 12 11 10 1 

 EX 13 10 4 1 1 4 6 1 

4km DP 8 5 6 9 4 1 1 9 

 SH 11 8 1 1 11 12 10 1 

 EX 15 12 1 1 2 6 6 1 

2km DP 10 3 12 9 6 2 1 14 

 SH 12 11 6 1 8 13 6 1 

 EX 14 14 1 1 3 8 6 1 
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 866 

Figure 1:  The Maritime Continent. Labels indicate names of major islands. The region shown 867 

corresponds exactly to the model domain. 868 

 869 

Figure 2:  Total precipitation from satellite-derived observations (gray) and different model 870 

experiments (colored) over the entire domain (a), land-only grid points (b) and ocean-only grid 871 

points (c). The horizontal black line represents the average of the four observational products. 872 
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 873 

Figure 3: Precipitation diurnal cycle over land (a) and ocean (b) averaged over the entire domain 874 

from the satellite-derived observations (gray) and model experiments at different resolutions 875 

(colored) with parameterized deep and shallow convection (solid lines), parameterized shallow 876 

convection only (dashed line) and fully-explicit convection (dotted lines). Vertical grey lines 877 

denote the average time of the minimum and maximum of the precipitation diurnal cycle from all 878 

observations. 879 

 880 

Figure 4: Total precipitation between 1 November 2015 and 29 February 2016 from satellite-881 

derived observations CMORPH_CRT (a) and biases (mm hr-1) between three 4-km model 882 
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experiments and the range of total precipitation from available observational products.  The model 883 

experiments differ in their representation of convective processes: Parameterized deep and shallow 884 

convection (b), Parameterization of shallow convection only and explicit deep convection (c) and 885 

fully-explicit convection (d). The top-right box in each panel plot shows the mean absolute error 886 

averaged over the domain in percentage units with respect to observations. 887 

 888 

Figure 5: Time of diurnal precipitation maximum calculated from the diurnal cycle fitted to the 889 

diurnal harmonic for CMORPH_CRT (a) and three 4-km model simulations: parameterized deep 890 

convection (b), parameterized shallow convection only (c) and fully-explicit convection (d). Areas 891 

where the amplitude of the cycle is less than 0.1 mm hr-1 are masked in white. 892 
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 893 

 894 

Figure 6: Diurnal evolution of domain-averaged convective available potential energy (CAPE) 895 

over land (a) and ocean (b), and convective inhibition (CIN) energy over land (c) and ocean (d). 896 

At the bottom of each panel, the diurnal cycle of precipitation is shown for observations (grey 897 

range) and all model simulations over land (a, c) and ocean (b, d). Both CAPE and CIN were 898 

calculated for the parcel with highest equivalent potential temperature in the lowest 3000 m. Note 899 

that scales for land and ocean are different. 900 

 901 

 902 

 903 
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 904 

Figure 7: Vertical cross-sections at 11LST across New Guinea of temperature differences between 905 

EX and DP (a), mixing ratio differences between EX and DP (b), cloud mixing ratio (water and 906 

ice), winds along transect and precipitation (bottom bar) for DP (c) and EX (d). Black shading 907 

shows topography and vertical dashed lines indicate the location of coastlines. Dashed red 908 

rectangles indicate the location of the sea-breeze front. 909 

 910 

 911 

Figure 8: As Figure 7 but at 16LST. Dashed red rectangles highlight wind patterns differences 912 

across simulations in the upper troposphere. 913 

 914 
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 915 

 916 

 917 

Figure 9: Diurnal evolution of the vertical structure of the cloud water mixing ratio in different 918 

simulations at 4 km. The cloud water mixing ratio is represented as a function of height (km) and 919 

hour of the day (hours) over land (left column) and ocean (right column) grid points for the entire 920 

domain. Parameterized deep convection experiments (EX) are in the first row (a, b), fully explicit 921 

convection runs (EX) in the middle row (c, d) and parameterized shallow convection runs (SH) 922 

are in the bottom row (e, f).  At the bottom of each panel the diurnal cycle of precipitation is shown 923 

for the corresponding experiment (red) and the range of observations (grey) 924 
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 925 

Figure 10: As Figure 9 but for cloud ice mixing ratio. 926 

 927 

 928 

 929 
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