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 30 

Abstract 31 

 32 

The present study uses an object-based evaluation metric to examine the precipitation 33 

bias over the Maritime Continent in the global cloud-resolving models. We specifically 34 

focus on the difference between the models that directly resolve convection and those 35 

using convection parameterization. The 40-day hindcast experiments of the DYnamics of 36 

the Atmospheric general circulation Modeled On Non-hydrostatic Domain (DYAMOND) 37 

intercomparison project are evaluated against the high-resolution satellite rainfall 38 

products. The hindcast of the Central Weather Bureau Global Forecast System 39 

(CWBGFS) under the DYAMOND protocol is also included. The results show that most 40 

models simulate insufficient numbers of large precipitation system (object-based 41 

precipitation system (OPS), >370 km in scale), indicating weaker convection organization. 42 

The observation indicates that the maximum precipitation within the OPS intensifies with 43 

increasing object size. All of the models capture this positive relationship, but most of 44 

them overestimate the sensitivity. Most of the models overestimate both frequency and 45 

intensity of small OPS (<160 km), except the models with convection parameterization 46 

(i.e., CWBGFS, European Centre for Medium-Range Weather Forecasts (ECMWF) 47 

Integrated Forecasting System (IFS)-9km). Although most of the models can reproduce 48 

the observed peak time of diurnal precipitation over the land area in the Maritime 49 
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Continent, the simulated fractional contribution of different sizes of OPS to the total 50 

precipitation varies from model to model, and their peak times do not follow the observed 51 

ones with delayed peak times as the size of OPS increases from small, mid-size to large 52 

categories. Most of the models reasonably capture the mean diurnal cycle peak time, but 53 

only the models with convection parameterization and Model for Prediction Across Scales 54 

(MPAS) can represent the diurnal evolution of fractional contribution from different OPSs. 55 

The implications of current results to the upscale processes of the tropical convection 56 

systems in the global models are also discussed. 57 

 58 

Keywords  global cloud-resolving models; convection parameterization; object-based 59 

precipitation system; diurnal cycle; tropical land convection 60 

61 
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1. Introduction 62 

Moist convection critically influences the transport of heat, moisture, and momentum in 63 

the global climate system. In particular, organized convection contributes significantly to 64 

tropical rainfall (Houze 2004; Chen et al. 2021; Yuan and Houze 2010), and the occurrence 65 

of these organized convective systems is tightly coupled to large-scale circulation from 66 

synoptic, intraseasonal to seasonal time scales (Jian et al. 2021; Hung et al. 2020; Hoskins 67 

et al. 2020; Chen et al. 2021). However, general circulation models (GCMs) have been 68 

struggling to represent the convective scale processes (Randall et al. 2003; Arakawa 2004; 69 

Stephens et al. 2010). The associated biases make it difficult to clarify the physics involved 70 

in the multi-scale interactions between the development of organized convective systems 71 

and the evolution of large-scale circulations. 72 

Previous studies have suggested that by increasing the spatial resolution toward 73 

convection-permitting scales, the representation of moist convection can potentially be 74 

improved (Tomita and Satoh 2004; Satoh et al. 2008). Several global cloud-resolving models 75 

(GCRMs) have been developed along with the significant increase of computational power 76 

in the recent decade. The DYnamics of the Atmospheric general circulation Modeled On 77 

Non-hydrostatic Domains (DYAMOND) is the first GCRM intercomparison project that aims 78 

to investigate the interaction between convective systems and the large-scale circulation 79 

when convective scale circulations are explicitly simulated instead of being parameterized 80 

(Stevens et al. 2019). The first phase of the DYAMOND consists of 40-day hindcast 81 
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simulations for a boreal summer (from August 1st to September 10th, 2016). Basic aspects 82 

of the general circulation are well captured by the cloud-resolving models, and the 83 

distribution of precipitation and cloud fields can be directly compared to the observations 84 

(Stevens et al. 2019). 85 

However, biases have also been identified in the DYAMOND simulations. Arnold et al. 86 

(2020) have evaluated the simulated diurnal cycle rainfall in one of the DYAMOND models. 87 

They concluded that in the high-resolution simulations without parameterized convection, 88 

precipitation tends to peak too early, and diurnal amplitudes develop unrealistic small-scale 89 

variability over regions dominated by local thermodynamic forcing. Roh et al. (2021) 90 

demonstrated large differences in net shortwave radiation at the top of the atmosphere, 91 

vertical cloud distribution, and cloud water content among the DYAMOND models. Model-92 

specific biases also exist in the simulated size and structure of tropical cyclones (Judt et al. 93 

2021). 94 

With the advance of the techniques in satellite remote sensing and numerical modeling, 95 

we can compare satellite retrievals and model rainfall at a comparable spatial resolution on 96 

the order around 10 kilometers, which can resolve the structures of organized convective 97 

system. Su et al. (2019) developed an evaluation metric emphasizing the horizontal scale 98 

of convective storms. With the snapshots from either observed or modeled rainfall intensity, 99 

the contiguous surface grid cells with rainfall above a certain threshold were connected to 100 

obtain an object-based precipitation system (OPS). Observed and simulated fractional 101 
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contribution to total rainfall from small to large convective storms can be compared based 102 

on the same statistical metric. The DYAMOND models differ in the choice of representing 103 

moist convection. Some of the models use parameterization for either shallow convection 104 

or both shallow and deep convection (described in more detail in section 2.2). Therefore, it 105 

is interesting to apply the OPS-based metric to evaluate the simulated tropical storms among 106 

the cloud-resolving models and the models with parameterized convection. 107 

In addition, we also include the hindcast simulated by the Central Weather Bureau Global 108 

Forecast System (CWBGFS, Liou et al. 1997; Su et al. 2019) in this study. The development 109 

of the CWBGFS aims to extend from short-term weather forecasts to subseasonal to 110 

seasonal (S2S) forecasts (Vitart et al. 2012) in which the interaction between organized 111 

convective systems and the large-scale circulation plays a crucial role. Su et al. (2021) 112 

showed that the CWBGFS could represent the observed object-based statistics at a 113 

horizontal resolution of 15 km with the unified parameterization (UP). The UP is a framework 114 

for conventional convection parameterization, which aims to generalize the representation 115 

of deep moist convection between the parameterized and the explicitly-resolved processes 116 

according to the process-dependent convective updraft fraction (Arakawa et al. 2011; 117 

Arakawa and Wu 2013; Wu and Arakawa 2014). In their simulations with the UP, the effects 118 

of parameterized convection are reduced depending on the fractional area covered by 119 

convective updrafts within the grid cell. Distinct convective updrafts and downdrafts were 120 

found along with the development of convective core regions. Within organized convective 121 
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systems, the local circulation and the variability of precipitation are enhanced compared to 122 

the simulations without the UP. Su et al. (2022) further showed that the UP improves the 123 

diurnal cycle over the land area in the Maritime Continent. The diurnal cycle over the 124 

Maritime Continent plays a crucial role in the variability of convective activity on the 125 

intraseasonal time scale in the Tropics (i.e., MJO, Hagos et al. 2016; Peatman et al. 2014), 126 

but representing the realistic diurnal cycle has been challenging for numerical models (Sato 127 

et al. 2009; Neale and Slingo 2003). With the UP, both the diurnal amplitude and peak time 128 

become more realistic compared to the simulations with the conventional parameterized 129 

convection. 130 

This study aims to assess the performance of simulating tropical convective systems 131 

among global cloud-resolving models and the models with parameterized convection. The 132 

performance of the simulated precipitation diurnal cycle will also be examined. We apply the 133 

OPS based metric to evaluate the DYAMOND and the CWBGFS hindcast simulations for 134 

rainfall over the Maritime Continent (90°E~155°E, 12°S~10°N) against the satellite 135 

observation from the integrated multi-satellite retrievals for global precipitation measurement 136 

(GPM-IMERG, Huffman et al. 2019) and the Climate Prediction Center morphing method 137 

(CMORPH, Joyce et al. 2004). 138 

The rest of the paper is organized as follows. Section 2 describes the methodology 139 

and datasets for the present study. Section 3 presents the OPS-based statistics over the 140 

Maritime Continent. Section 4 provides the discussion and summary. 141 
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2. Methodology 142 

2.1 Observation datasets 143 

The GPM-IMERG provides half-hourly precipitation estimates at the spatial resolution of 144 

0.1° from 60°S to 60°N. This data is a combined retrieval based on GPM microwave imager 145 

(GMI), dual-frequency precipitation radar (DPR), several types of passive microwave (PMW) 146 

radiometers, and infrared (IR) data recorded by geosynchronous weather satellites, with 147 

calibration by ground-based rain gauges. The CMORPH provides half-hourly precipitation 148 

estimates covering the same area at a spatial resolution of 8 km. The CMORPH data is 149 

based on PMW sensors. Bias in the satellite precipitation estimates is then removed through 150 

comparison against Climate Prediction Center (CPC) daily gauge analysis over land and 151 

adjustment against the Global Precipitation Climatology Project (GPCP) merged analysis of 152 

pentad precipitation over ocean. Both datasets can be used to examine the life cycle of 153 

tropical convective systems and the evolution of strong precipitation events due to their high 154 

temporal-spatial resolution. The differences in the OPS-based statistics between the two 155 

datasets can roughly represent the observation uncertainty. 156 

2.2 Model outputs 157 

This study evaluates eight members in the data repository of DYAMOND 158 

(https://easy.gems.dkrz.de/DYAMOND) and a hindcast simulation of CWBGFS following the 159 

DYAMOND protocol (Stevens et al. 2019). All the models were integrated for 40 days starting 160 

from August 1st, 2016. After a 2-day spin-up, only the last 38 days of outputs are evaluated. 161 
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In the DYAMOND models, the atmospheric state is initialized by the global 9-km 162 

meteorological analysis data from the European Centre for Medium-range Weather 163 

Forecasts (ECMWF). The CWBGFS hindcast is initialized by the ERA5 reanalysis data 164 

(Hersbach et al. 2020). The DYAMOND members selected in this study are ARPEGE-NH 165 

(hereafter ARPNH), ICON, NICAM, UM, FV3, MPAS, and two IFS members with a different 166 

spatial resolution (4 km and 9 km, respectively). The CWBGFS is an atmospheric GCM at a 167 

spatial resolution of around 15 km. The model uses the spectral method in the horizontal 168 

directions and assumes hydrostatic balance in the vertical as far as its dynamic core is 169 

concerned. The representation of moist convection in the CWBGFS has been introduced in 170 

section 1. A detailed description of the physics suite in the CWBGFS can be found in Su et 171 

al. (2022). 172 

Among the DYAMOND members, ARPNH, ICON, and NICAM explicitly resolve moist 173 

convection. UM, FV3, and IFS-4km parameterize the effects of shallow convection. IFS-9km 174 

parameterizes both the effects of shallow and deep convection. MPAS uses a scale-aware 175 

cumulus parameterization. At 3.8 km horizontal resolution, it is barely active and most of the 176 

convection in MPAS is resolved (Judt and Rios-Berrios 2021). In the CWBGFS, the effects 177 

of shallow and deep convection are parameterized at 15 km horizontal resolution, while deep 178 

convection can be resolved when the convective updraft fraction approaches unity (Su et al. 179 

2021). For more information about the DYAMOND members, please refer to Stevens et al. 180 

(2019) and references therein. 181 
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The observation datasets and the model outputs are regridded to the same spatial 182 

resolution as the CWBGFS. The interpolation was carried out using the area average 183 

method with latitude weighting. After the spatial interpolation, hourly averages of 184 

precipitation are calculated for the following analysis to have consistent temporal output 185 

among the models. 186 

2.3 Object-based precipitation system (OPS) 187 

Following Su et al. (2019), contiguous surface grid points where the precipitation rate is 188 

stronger than 1 mm h-1 are identified as an object-based precipitation system (OPS) 189 

representing an organized convective system. The horizontal scale of the OPS is 190 

determined by its square root of the area, and we interpret the horizontal scale as a measure 191 

of convective organization. We note that a small variation in the precipitation threshold value 192 

does not change the major conclusion of the following analyses. The OPSs are classified 193 

concerning their horizontal scale. The OPSs are classified into three categories based on 194 

the IMERG data to evaluate the models: small (<160 km), mid-size (160-370 km), large 195 

(>370 km). The size dividers of the OPS categories are chosen so that each category of 196 

OPSs contributes roughly equal amounts of rainfall in the IMERG data. We note that the 197 

object detection for each dataset was carried out after the data interpolation (15 km, hourly). 198 

Figure 1 shows an example of the spatial distribution of OPS in a snapshot of each dataset. 199 

The native resolution of each dataset is also shown in the figure. 200 

3. Results 201 
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3.1 Spatial distribution of OPS occurrence 202 

First, we examine the spatial distribution of OPS occurrence over the Maritime Continent 203 

region. All the grid points that are part of an OPS are counted in the OPS occurrence 204 

frequency. To show the model behavior of the most and the least organized cases, Figs. 2 205 

and 3 present the probability of small and large OPS occurrence over the analysis period, 206 

respectively. The top row shows the results from the observational datasets (i.e., IMERG 207 

and CMORPH). The rest of the panels demonstrate the results from the DYAMOND models 208 

and CWBGFS. The number at the upper-right corner in each panel shows the precipitation 209 

intensity contributed by the OPSs averaged over the analysis region (90°E~155°E, 210 

12°S~10°N). In Fig. 2, the observations indicate that there are more small OPSs over the 211 

islands compared to the surrounding coastal ocean. However, almost all the models 212 

overestimate the presence of small OPS over the islands, and several models overestimate 213 

the presence of small OPS over the surrounding coastal ocean (i.e., ARPNH, ICON, NICAM, 214 

UM, and MPAS) as well. The modeled precipitation contributed by small OPS ranges from 215 

0.70 to 5.04 mm d-1, while the observations range from 1.19 to 1.33 mm d-1. Almost all of 216 

the models overestimate the small OPS precipitation, except CWBGFS and IFS-9km which 217 

show an underestimation. We found that the strongest small OPS precipitation was 218 

produced by models without any convective parameterization (i.e., ARPNH, ICON, and 219 

NICAM). In Fig. 3, the observations indicate that large OPSs occur primarily over the ocean. 220 

Most of the models do not simulate sufficient large OPSs, except CWBGFS and IFS-9km. 221 
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However, CWBGFS overestimates the presence of large OPS over Borneo and New Guinea, 222 

and IFS-9km overestimates the presence of large OPS over New Guinea. All of the models 223 

underestimate the large OPS precipitation. For example, the large OPS precipitation in 224 

ICON and NICAM is less than one-tenth of that in the observations. The result suggests that 225 

the models show a large variation in representing convection organization between each 226 

other.  227 

3.2 Spectrum of precipitation extremes 228 

We further examine how the precipitation extreme varies with OPS horizontal scale over 229 

the Maritime Continent in the analysis period. Figure 4 shows the range of the maximum 230 

precipitation intensity from the 10th percentile to the 99th percentile for the different horizontal 231 

scales of OPS. The x-axis represents the horizontal scales of the OPSs. The bins of the x-232 

axis are determined to assure nearly equal fractional contribution to total rainfall based on 233 

the IMERG data. The y-axis shows the precipitation intensity. The observations show 234 

increasing 50th and 99th percentiles, and both the interquartile and interdecile range of the 235 

maximum precipitation intensities along with the increasing OPS scale. The two 236 

observational datasets do show some differences. The CMORPH exhibits weaker 237 

precipitation extremes in large convective systems compared to the IMERG. As the IMERG 238 

includes the DPR observation, it can detect stronger precipitation intensity than the 239 

CMORPH, which is mainly based on PMW. So here, we use the IMERG as the reference 240 

when evaluating rainfall extremes. Some of the models overestimate the sensitivity with the 241 
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OPS scale for the variability of precipitation extremes (i.e., NICAM and UM). A few models 242 

underestimate the sensitivity (i.e., ARPNH and IFS-9km). In ARPNH, the interdecile range 243 

of the maximum precipitation intensities of large OPSs (>370 km) is smaller than 20 mm h-244 

1, which is less than half of that in the IMERG. The rest of the models generally fall within 245 

the observational difference for this sensitivity. We also examine the sensitivity that the bins 246 

of the x-axis are determined according to individual model data (Fig. S1). The results 247 

highlight the overestimation of small OPS precipitation in the GCRMs, which is consistent 248 

with the results shown in section 3.1 and the subsequent analysis. 249 

Here we synthesize the statistics on the phase diagram in Fig. 5. Each dataset is placed 250 

according to the number of counts for different scale categories (small, mid-size, and large) 251 

along the x-axis in log scale and also according to the fractional contribution to total rainfall 252 

for different scale categories along the y-axis. The fractional contribution of all OPS rainfall 253 

to the total rainfall of each dataset is also shown in the figure. In the observations, the small 254 

(circle) and the large (triangle) OPS fractional contributions are comparable with each other, 255 

and they are slightly smaller than the mid-size (square) OPS fractional contribution. However, 256 

only CWBGFS and IFS-9km capture this relationship (the red symbols in the figure). The 257 

other models (the blue symbols) overestimate the contribution from the small OPSs, while 258 

the number and contribution from the large OPSs are underestimated. Meanwhile, the 259 

variability of the fractional contribution of each scale category between these models is large. 260 

Although CWBGFS and IFS-9km capture the distribution of fractional contribution for 261 
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different scale categories of OPS, they and FV3 underestimate the fractional contribution of 262 

all OPS rainfall, indicating that the fractional contribution from drizzle (<1 mm h-1) is larger 263 

in these models. For the rest of the models, drizzle occurrence is rarer compared to the 264 

observations. 265 

3.3 Diurnal cycle over land 266 

Finally, we examine the diurnal cycle of precipitation over the Maritime Continent. In the 267 

40-day simulations, the large-scale circulation can be diverse between the models, and the 268 

convective processes over the land area and the ocean area of the Maritime Continent can 269 

respond differently to the variation in the large-scale circulation (Rauniyar and Walsh 2011; 270 

Peatman et al. 2014). Figure 6 shows the time series of precipitation intensity averaged over 271 

the land area and the ocean area of the Maritime Continent, respectively. The black line 272 

shows the mean of the two observational datasets, and the grey lines show the results from 273 

the models. Over the land area, the diurnal cycle is the dominant variability in the 274 

precipitation time series of both the observations and all the models. The 38-day outputs 275 

provide sufficient samples for the diurnal cycle analysis. On the other hand, the observed 276 

precipitation time series over the ocean area is dominated by the low-frequency variability 277 

which has a comparable magnitude to the diurnal variability. Outputs from ensemble 278 

hindcasts are needed to obtain robust statistics of the variation in the diurnal cycle of 279 

precipitation over ocean among the models. Therefore, we will focus on the diurnal cycle 280 

over the land area in this study. 281 
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Figure 7 shows the diurnal cycle of precipitation over the land area of the Maritime 282 

Continent. The red line shows the diurnal cycle of average precipitation intensity. The grey, 283 

dark grey, and yellow bar demonstrate the fractional contribution to total rainfall from small, 284 

mid-size, and large OPS, respectively, at each local hour. The symbols along with the x-axis 285 

show the diurnal peak time of each component. We find that the diurnal peak time over the 286 

land area in the Maritime Continent is a couple of hours late in the CMORPH compared to 287 

the IMERG. Most of the models can accurately simulate the diurnal peak time, but only 288 

CWBGFS, MPAS, FV3, and NICAM simulate similar diurnal amplitude as in the observations. 289 

The rest of the models overestimate the diurnal amplitude. The observations show that the 290 

small OPS contribution increases way before noontime, while the mid-size and the large 291 

OPSs contribute in the late afternoon to early morning. However, most of the models 292 

underestimate the contribution from large OPSs throughout the diurnal cycle, and also, the 293 

small OPS contribution is overestimated in these models. Only the models with convection 294 

parameterization (i.e., CWBGFS and IFS-9km) and MPAS can represent the diurnal 295 

evolution of fractional contribution from different OPSs. In particular, the large OPS 296 

contribution in IFS-9km and CWBGFS peaks at the time (yellow plus sign) similar to the 297 

diurnal peak time of average precipitation intensity (red cross). 298 

4. Discussion and summary 299 

DYAMOND provides the first opportunity to examine the GCRMs performance under the 300 

hindcast framework. These models can reasonably capture the overall distribution of 301 
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precipitation and diurnal cycle evolution over the land area in the Maritime Continent. 302 

However, with the object-based statistics, we have identified that these models have a very 303 

diverse relationship between the spectrum of precipitation extremes and object size and the 304 

contribution from different sizes of objects to the diurnal precipitation. It is interesting that 305 

the models with convection parameterization perform better in some of the metrics, and the 306 

models with a finer native resolution are not superior to the others. 307 

Here we provide an example to demonstrate the variability of convection between a 308 

GCRM (NICAM) and a model with parameterized convection (CWBGFS). We first 309 

conditionally sample the vertical velocity into a 2° mesh so that the convective behavior can 310 

be evaluated over the ascending/descending regions of the large-scale circulation. In 311 

NICAM at its original horizontal resolution (Fig. 8a), it is interesting to see that the probability 312 

distribution over the descending region (-0.05 m s-1) exhibits large variability with strong 313 

convective updrafts/downdrafts. The extreme updrafts and downdrafts (probability of 10-3) 314 

become stronger as the large-scale motion increases from -0.03 m s-1. The result suggests 315 

that the high-frequency convection in NICAM develops vigorously even over the descending 316 

regions of the large-scale circulation. To compare NICAM and CWBGFS, the vertical velocity 317 

is regridded into 0.25° mesh, then conditionally sampled by the 2° large-scale motions (Figs. 318 

8b and 8c). In CWBGFS, the large convection variability mostly occurs over the ascending 319 

regions of the large-scale circulation. The extreme updrafts and downdrafts become 320 

stronger as the large-scale motion increases from 0.01 m s-1. However, the convection 321 
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variability with 0.25° mesh is still significant over the descending regions in NICAM. It is 322 

found that both the extreme updrafts and downdrafts in NICAM over the ascending regions 323 

are twice stronger than those in CWBGFS. Furthermore, these ascending regions in NICAM 324 

are distributed more sporadic over the tropical ocean compared to CWBGFS, suggesting 325 

that the organization of the high-frequency convection can be the cause of the diverse 326 

performance in the relationship between precipitation spectrum and OPS horizontal scale, 327 

as shown in section 3.2. The upscale process of the convection among the models requires 328 

further investigation. 329 

Although most of the models perform reasonable diurnal peak time over the land area of 330 

the Maritime Continent (Fig. 7), GCRMs generally have a too large contribution from small 331 

OPSs to total precipitation and overestimate the diurnal amplitude. We found that the bias 332 

is consistent with the results from the same diagnostic metric carried out under a coarser 333 

resolution (25 km) and a lower criterion of precipitation intensity (0.6 mm h-1) for OPS 334 

identification (Fig. S2). In the observation, the contribution to total precipitation from small 335 

OPSs peaks first in the early afternoon, followed by mid-size, and then large OPSs in the 336 

late night. We can reasonably hypothesize that this evolution is associated with the 337 

development of organized convective systems. The overestimation of small OPS 338 

precipitation in GCRMs may imply there is a shorter time scale of convective system 339 

development. The convective systems dissipate before developing into a more mature stage 340 

with a larger horizontal scale. In addition, the representation of topography could play a key 341 
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role in convective system development. In the future, a convection tracking algorithm (Chang 342 

et al. 2021) that identifies the cloud object using 3-D hydrometeors fields and links the object 343 

snapshots in time will be applied to the DYAMOND model outputs and CWBGFS to evaluate 344 

the life cycle of convection, which can be helpful to enhance the understanding of the multi-345 

scale processes over the Maritime Continent. 346 

To summarize, we use the object-based evaluation on the DYAMOND models and 347 

CWBGFS by the size categories of object-based precipitation systems. These GCRMs 348 

exhibit significant variations in object-based statistics. The general biases include too many 349 

small OPSs, unrealistic dependence of precipitation extremes on OPS scale, insufficient 350 

contribution by the large systems, and the overestimation of diurnal amplitude over the 351 

Maritime Continent land. 352 

Data Availability Statements  353 

 The datasets generated and/or analyzed in this study are available from the 354 

corresponding author on reasonable request. 355 

Supplement 356 

Supplement figure 1 shows the spectrum of precipitation extremes (y-axis) for different 357 

horizontal scales (x-axis) of OPS as in Fig. 4, but the bins of the x-axis are determined to 358 

assure a nearly equal fractional contribution to total rainfall. Supplement figure 2 shows the 359 

diurnal variation of average precipitation intensity and the fractional contribution to total 360 

rainfall of different scale categories of OPS as in Fig. 7, but the diagnostic metric is carried 361 
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out under a coarser resolution (25 km) and a lower criterion of precipitation intensity (0.6 362 

mm h-1) for OPS identification. 363 
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List of Figures 470 

Figure 1  A snapshot of OPS horizontal scale of each dataset. The horizontal scale is 471 

determined by the square root of the OPS area. The OPSs are classified into three 472 

categories: small (<160 km, red), mid-size (160-370 km, blue), and large (>370 km, green). 473 

The top row demonstrates the results from the observational datasets (IMERG and 474 

CMORPH). The rest of the panels demonstrate the results from the DYAMOND models 475 

and CWBGFS. 476 

Figure 2  The spatial distribution of the probability of occurrence of small OPS (horizontal 477 

scale < 160 km) over the Maritime Continent during the analysis period. All the grid points 478 

that are part of an OPS are counted in the OPS occurrence frequency. The number at the 479 

upper-right corner in each panel shows the average precipitation intensity contributed by 480 

the small OPSs. 481 

Figure 3  As in Fig. 2, but for the large OPS (horizontal scale > 370 km). 482 

Figure 4  The spectrum of precipitation extremes (y-axis) for different horizontal scales (x-483 

axis) of OPS. The x-axis is binned to assure a nearly equal fractional contribution to total 484 

rainfall in each bin based on the IMERG data. The error bars, box, dashed line, and circle 485 

represents the 10th, 25th, 50th, 75th, 90th, and 99th percentiles of the maximum precipitation 486 

intensity of OPS in each size bin.  487 

Figure 5  The scatter plot of the number of counts (x-axis) versus the fractional contribution 488 

to total rainfall (y-axis) of different scale categories of OPS (circles: small (< 160 km); 489 



 25 

squares: mid-size (160-370 km); triangles: large (> 370 km)) for each dataset. The results 490 

are categorized into observation (black symbols), models exhibiting a relationship similar 491 

to observations (red symbols), and models deviating from the observed relationship (blue 492 

symbols). The fractional contribution of all OPS rainfall to the total rainfall of each dataset 493 

is shown in the legend in parentheses. See text for more detail. 494 

Figure 6  The time series of precipitation intensity averaged over the land area and the 495 

ocean area during the analysis period, respectively. The black line shows the mean of the 496 

two observational datasets, and the grey lines show the results from the models. 497 

Figure 7  The diurnal variation of average precipitation intensity (left y-axis, red line) and 498 

the fractional contribution to total rainfall of different scale categories of OPS (right y-axis, 499 

grey: small; dark green: mid-size; yellow: large) over the land area in the Maritime 500 

Continent during the analysis period. The diurnal peak time of each component is plotted 501 

as colored symbols along with the x-axis (red cross: average precipitation intensity; grey 502 

circle: small OPS fractional contribution; dark grey triangle: mid-size OPS fractional 503 

contribution; yellow plus sign: large OPS fractional contribution). 504 

Figure 8  (a) The change in the probability distribution of the vertical velocity (shading) at 505 

the 3.5-km horizontal resolution at 5 km altitude (y-axis) along with the change in the 506 

vertical velocity averaged over a 2° mesh that represents the large-scale vertical motions 507 

at the same height over the tropical ocean (-15°S~15°N) during the analysis period in 508 

NICAM. The probabilities of 10-1, 10-2, 10-3 are shown by the black solid, dashed, and 509 
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dotted lines, respectively. The solid grey line in each panel highlights the onset of the 510 

extreme updrafts and downdrafts (probability of 10-3). (b) and (c) are the same as (a), but 511 

showing the probability distribution of the vertical velocity averaged over a 0.25° mesh in 512 

NICAM and CWBGFS, respectively. In CWBGFS, the vertical velocity at 500 hPa is used 513 

for the analysis.  514 
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 516 

Figure 1  A snapshot of OPS horizontal scale of each dataset. The horizontal scale is 517 

determined by the square root of the OPS area. The OPSs are classified into three 518 

categories: small (<160 km, red), mid-size (160-370 km, blue) and large (>370 km, green). 519 

The top row demonstrates the results from the observational datasets (IMERG and 520 

CMORPH). The rest of the panels demonstrate the results from the DYAMOND models 521 

and CWBGFS. 522 
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 524 

Figure 2  The spatial distribution of the probability of occurrence of small OPS (horizontal 525 

scale < 160 km) over the Maritime Continent during the analysis period. All the grid points 526 

that are part of an OPS are counted in the OPS occurrence frequency. The number at the 527 

upper-right corner in each panel shows the average precipitation intensity contributed by 528 

the small OPSs. 529 
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 531 

Figure 3  As in Fig. 2, but for the large OPS (horizontal scale > 370 km). 532 
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 534 

Figure 4  The spectrum of precipitation extremes (y-axis) for different horizontal scales (x-535 

axis) of OPS. The x-axis is binned to assure a nearly equal fractional contribution to total 536 

rainfall in each bin based on the IMERG data. The error bars, box, dashed line, and circle 537 

represents the 10th, 25th, 50th, 75th, 90th, and 99th percentiles of the maximum precipitation 538 

intensity of OPS in each size bin. The top row demonstrates the results from the 539 
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observational datasets (IMERG and CMORPH). The rest of the panels demonstrate the 540 

results from the DYAMOND models and CWBGFS. 541 
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 543 

 544 

Figure 5  The scatter plot of the number of counts (x-axis) versus the fractional contribution 545 

to total rainfall (y-axis) of different scale categories of OPS (circles: small (< 160 km); 546 

squares: mid-size (160-370 km); triangles: large (> 370 km)) for each dataset. The results 547 

are categorized into observation (black symbols), models exhibiting a relationship similar 548 

to observations (red symbols), and models deviating from the observed relationship (blue 549 

symbols). The fractional contribution of all OPS rainfall to the total rainfall of each dataset 550 

is shown in the legend in parentheses. See text for more detail. 551 
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 553 

Figure 6  The time series of precipitation intensity averaged over the land area and the 554 

ocean area during the analysis period, respectively. The black line shows the mean of the 555 

two observational datasets, and the grey lines show the results from the models. 556 

  557 
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 558 

Figure 7  The diurnal variation of average precipitation intensity (left y-axis, red line) and 559 

the fractional contribution to total rainfall of different scale categories of OPS (right y-axis, 560 

grey: small; dark green: mid-size; yellow: large) over the land area in the Maritime 561 

Continent during the analysis period. The diurnal peak time of each component is plotted 562 

as colored symbols along with the x-axis (red cross: average precipitation intensity; grey 563 

circle: small OPS fractional contribution; dark grey triangle: mid-size OPS fractional 564 
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contribution; yellow plus sign: large OPS fractional contribution). 565 
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 567 

Figure 8  (a) The change in the probability distribution of the vertical velocity (shading) at 568 

the 3.5-km horizontal resolution at 5 km altitude (y-axis) along with the change in the 569 

vertical velocity averaged over a 2° mesh that represents the large-scale vertical motions 570 

at the same height over the tropical ocean (-15°S~15°N) during the analysis period in 571 

NICAM. The probabilities of 10-1, 10-2, 10-3 are shown by the black solid, dashed, and 572 

dotted lines, respectively. The solid grey line in each panel highlights the onset of the 573 

extreme updrafts and downdrafts (probability of 10-3). (b) and (c) are the same as (a), but 574 

showing the probability distribution of the vertical velocity averaged over a 0.25° mesh in 575 

NICAM and CWBGFS, respectively. In CWBGFS, the vertical velocity at 500 hPa is used 576 

for the analysis. 577 


