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ABSTRACT
The Maritime Continent is the largest archipelago in the world and a region of intense convective activity
that influences Earth’s general circulation. The region features one of the warmest oceans, very complex
topography, dense vegetation, and an intricate configuration of islands, which together result in very specific
precipitation characteristics, such as a marked diurnal cycle. Atmospheric models poorly resolve deep convection processes that generate rainfall in the archipelago and show fundamental errors in simulating precipitation. Spatial resolution and the use of convective schemes required to represent subgrid convective
circulations have been pointed out as culprits of these errors. However, models running at the kilometer scale
explicitly resolve most convective systems and thus are expected to contribute to solve the challenge of
accurately simulating rainfall in the Maritime Continent. Here we investigate the differences in simulated
precipitation characteristics for different representations of convection, including parameterized and explicit,
and at various spatial resolutions. We also explore the vertical structure of the atmosphere in search of
physical mechanisms that explain the main differences identified in the rainfall fields across model experiments. Our results indicate that both increased resolution and representing convection explicitly are required
to produce a more realistic simulation of precipitation features, such as a correct diurnal cycle both over land
and ocean. We found that the structures of deep and shallow clouds are the main differences across experiments and thus they are responsible for differences in the timing and spatial distribution of rainfall patterns in
the various convection representation experiments.

1. Introduction
The Maritime Continent (MC; Fig. 1) is an archipelago formed by thousands of islands between the Pacific
and the Indian Oceans and spanning 158S–158N. It features complex and steep topography, one of the warmest
oceans in the world, densely vegetated land, and very
intense and frequent convective activity. These elements
combined generate specific precipitation characteristics
that are highly challenging in terms of atmospheric
modeling, of which the most prominent is probably the
diurnal cycle. In addition, the MC is a major convective

Denotes content that is immediately available upon publication as open access.
Supplemental information related to this paper is available at
the Journals Online website: https://doi.org/10.1175/JCLI-D-190416.s1.
Corresponding author: Daniel Argüeso, d.argueso@uib.es

area where strong interactions across scales take place.
For example, the presence of the archipelago directly
affects and modulates the Madden–Julian oscillation
(Peatman et al. 2013; Birch et al. 2016; Vincent and Lane
2018; Tan et al. 2018), and deep convection in the region
is linked to El Niño–Southern Oscillation through the
ascending branch of the Walker circulation (Hendon
2003; Qian et al. 2010). Therefore, convective processes
in the region have implications both locally and globally
(Neale and Slingo 2003; Yamanaka et al. 2018). A sign of
its importance is the international initiative Years of the
Maritime Continent (YMC, Phase 1 2017–20) that joins
efforts from researchers and institutions across the world,
which overarching goal is ‘‘observing the weather-climate
system of the Earth’s largest archipelago to improve understanding and prediction of its local variability and
global impact.’’ From a modeling perspective, a better
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FIG. 1. The Maritime Continent. Labels indicate names of major islands. The region shown
corresponds exactly to the model domain.

understanding of the mechanisms driving convection in
the MC and improved realism of simulated rainfall in the
region is a crucial step toward the overarching goal of the
YMC, which will ultimately benefit mesoscale and global
climate models alike.
Global climate models typically have spatial resolutions that are unable to represent the complex topography and coastline of the MC. Therefore, they have
been largely insensitive to the presence of the islands in
the region and have generally produced a dry bias (Neale
and Slingo 2003; Schiemann et al. 2013). Although global
climate models have undergone substantial improvements
in the last decade and are now able to respond better to the
presence of the MC archipelago, they still have issues in
representing precipitation features such as the amplitude
and phase of the diurnal cycle (Baranowski et al. 2019),
particularly over land, where model resolution is a limiting
factor. However, mesoscale models that typically run at
higher resolutions also struggle to reproduce the precipitation regimes in the MC, especially the diurnal cycle
(Love et al. 2011; Gianotti et al. 2012) and the land–sea
contrasts (Birch et al. 2016; Im and Elthair 2018; Vincent
and Lane 2017). Some of the deficiencies are consistent
across model resolutions in the mesoscale range and
dynamic formulations (i.e., physical parameterizations,
dynamical core). For example, simulated precipitation
usually peaks too early in the day compared to observations, especially at lower resolutions, and regional
models tend to produce too much precipitation over
land and too little over the ocean (Gianotti et al. 2012;
Kwan et al. 2013; Birch et al. 2016; Hassim et al. 2016;
Vincent and Lane 2017; Im and Elthair 2018).
Previous studies (Love et al. 2011; Birch et al. 2015;
Bhatt et al. 2016; Baranowski et al. 2019) suggest coarse
spatial resolution and the convection schemes may be
responsible for the model errors. In continental regions,
the positive impact of explicitly resolving convection on

the rainfall diurnal cycle timing has already been identified (Grabowski et al. 2006; Hohenegger et al. 2008),
and Wagner et al. (2018) came to the conclusion that
while resolution is crucial over the mountains, the way
convection is represented proves key elsewhere. However,
in the MC the presence of the land–sea contrasts adds
to the orographic complexity and creates a very specific
scenario where sea breeze interacts with orographic lifting
to configure rainfall patterns. In this context, Birch et al.
(2015) propose that convection is triggered too early in the
day by convective schemes, which partly suppress the seabreeze circulation and reduces afternoon rainfall generated by the sea-breeze convergence. As such, the combined
effect of very high resolution and explicit deep convection
used in the so-called convection-permitting or convectionresolving models may contribute to alleviate many of the
issues of simulated precipitation in the region.
Convection-permitting models are drawing much of
the attention of the regional climate modeling community because they constitute a step change with respect
to previous resolution increases since they no longer
rely on parameterized convection. First results are very
promising as convection-permitting models better capture critical precipitation features, such as the diurnal
cycle and the spatial patterns (Prein et al. 2015). This
especially applies to regions where deep convection is a
dominant process (e.g., tropics) and with high spatial
heterogeneity (e.g., mountainous areas), both features
of the MC. Therefore, one may expect that the potential of convection-permitting models be realized in this
part of the globe, where models often miss many of the
precipitation characteristics that define local regimes.
The aim of this study is to quantify the impact of increasing resolution and explicitly resolving convection
on simulated tropical rainfall of the MC. We identify key
precipitation features of the region mostly influenced by
these two modeling aspects and put forward physical
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mechanisms that explain differences between modeling
approaches. As such, we understand the term ‘‘realism’’
used throughout the text as rainfall characteristics (i.e.,
when, where, and how it rains) that indicate the model is
able to produce precipitating systems and associated
circulations that better resemble the observations.

2. Data and experiments
a. Model description and experimental design
We use the Weather Research and Forecasting (WRF)
modeling system, version 3.9.1, to investigate the influence of spatial resolution and convective scheme on the
realism of simulated precipitation in the MC (Fig. 1).
The model was forced with the latest generation reanalysis ERA5 (Copernicus Climate Change Service
2017), which operates at a spatial resolution of circa 0.38
by 0.38. These high-resolution forcing data allowed us to
design a novel approach to quantify the role of the
model spatial resolution by running WRF at multiple
resolutions over a single domain in separate experiments (no nesting), all directly driven by ERA5 at their
boundaries. This results in a comparable set of simulations at resolutions of 32, 16, 8, 4, and 2 km that run independently from each other and are identical in all
other configuration parameters. The approach contrasts
with the vast majority of similar previous studies
(Holloway et al. 2012; Argüeso et al. 2016; Vincent and
Lane 2017; Wagner et al. 2018), which due to computational constraints and boundary data resolution relied
on multiple-domain nesting to run at very high resolution, thus necessarily limiting finer-resolution runs by
deficiencies in the coarser ones. All simulations used a
five-gridpoint buffer zone that were excluded from the
analysis. In addition, when comparing runs at different
resolutions, the area covered by the coarsest resolution
buffer zone was removed from all experiments. Thus, in
the 2-km runs, this means that the outer 80 grid points in
each direction were not considered. This ensure a liketo-like comparison across resolutions.
The model parameterization suite was configured based
on a combination of information from previous studies
on the region (Argüeso et al. 2016; Li et al. 2017; Vincent
and Lane 2016; 2017) and schemes that have been thoroughly used and tested. Subgrid convective processes
were modeled with the Betts–Miller–Janjić (BMJ) scheme,
which is a profile-adjustment parameterization of both
deep and shallow convection designed for tropical convection (Betts 1986; Betts and Miller 1986; Janjić1994).
Runs with the BMJ scheme are labeled deep convection
parameterized (DP). To determine the influence of the
convective scheme, two additional experiments were
completed at all resolutions: a first one assuming deep
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convection is resolved (SH), thus including only a shallow convection scheme (Hong and Jang 2018); and a
second one assuming all convection is explicitly resolved
by the model (EX). Besides the fully explicit run, we also
analyze the impact of a shallow convection scheme because we can only expect large deep convective cells be
represented at scales near 4 km, thus convective circulation that occurs in the lower troposphere should be
parameterized. This circulation generates low-level clouds
that hardly produce any rainfall but do indeed have an
influence on the vertical mixing and directly interact with
deep convection mechanisms either cooperating or competing (Lee et al. 2003; Khairoutdinov and Randall 2006;
Schlemmer and Hohenegger 2014; Pilon et al. 2016).
Although the two assumptions above regarding shallow and deep convection are clearly not true for all
resolutions and may only hold at 4- and 2-km resolutions, we explore these configurations at all resolutions
to show the separate effect of resolution and parameterized convection on the realism of precipitation in the
region. This helps to establish whether any potential
improvement is due to both factors acting together or
any of them independently.
A summary with additional details on the model parameterizations chosen is provided Table 1. Because of
the importance of microphysics for precipitating processes, it is worth noting we used the WRF singlemoment 6-class microphysics scheme (WSM6; Hong
and Lim 2006), which includes water vapor, cloud water,
cloud ice, graupel, rain, and snow. We also run a few
preliminary tests using a more complex microphysics
scheme (Thompson et al. 2008), two mass-flux convective schemes (multiscale Kain–Fritsch, new Tiedke) and
the recommended tropical physics suite (Wang et al.
2017). None provided better precipitation estimates
than the chosen configuration over the MC (not shown).
All experiments span one austral summer (1 November
2015–29 February 2016) and include a 10-day spinup period (22–31 October 2015) that is discarded from the
analyses. A longer spinup period (60 days) was also
tested to determine its influence on the precipitation
outputs. Extending the spinup considerably increased
the computational cost while it did not have any substantial impact on the atmospheric variables and thus on
the model performance in terms of precipitation. Although
longer periods are needed to draw conclusions at climatological scales, the computational requirements of these
simulations currently preclude longer experiments. We
conducted runs for two additional austral summers (2013/
14 and 2014/15) for some of the resolutions to ensure the
results are not dependent on the year chosen (not shown).
We also performed an additional two-month run at 4-km
with no convective scheme (i.e., EX) and expanding the
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TABLE 1. Summary of the experiments completed for this study. All experiments refer to the period 1 Nov 2015–29 Feb 2016.

Parameterized deep and
shallow convection
Acronym
Convective parameterization

Planetary boundary layer
parameterization
Radiation (longwave)
Radiation (shortwave)
Microphysics
Land surface
Surface layer
Vertical coordinate
Horizontal diffusion
Resolution

DP
BMJ (cu_physics 5 2,
shcu_physics 5 0)

Parameterized shallow
convection and explicit
deep convection

Fully explicit convection

SH

EX

GRIMS shallow convection
No convective parameterization
(cu_physics 5 0,
(cu_physics 5 0,
shcu_physics 5 3)
shcu_physics 5 0)
Yonsei University scheme (bl_pbl_physics 5 1)

Rapid Radiative Transfer Model scheme (ra_lw_physics 5 1)
Goddard shortwave (ra_sw_physics 5 2)
WRF single-moment 6-class scheme (mp_physics 5 6)
Noah land surface scheme (sf_surface_physics 5 2)
MM5 similarity scheme (sf_sfclay_physics 5 1)
Hybrid vertical coordinate (hybrid_opt 5 2)
2D Smagorinsky scheme and implicit mixing in the sixth-order horizontal diffusion filter
32, 16, 8, 4, and 2 km

domain 100 grid points to test the impact of the resolution
jump at the boundaries. We only found minor differences
between the results (not shown), which did not warrant the
computational costs associated with a larger domain. All
model outputs were saved at hourly frequency to examine
the subdaily features of rainfall and convective processes.

b. Observational products
A collection of satellite-derived rainfall products is
used as observational reference, hereafter referred to as
observations for brevity. Despite the fact that such
products are known to have nonnegligible deficiencies
(Ebert et al. 2007; Vernimmen et al. 2012; Matthews
et al. 2013; Bharti and Singh 2015; Tan et al. 2015; Skok
et al. 2016; Vincent and Lane 2016; Rauniyar et al. 2017;
Rahmawati and Lubczynski 2018), particularly near the
coast and in mountainous regions (Hirpa et al. 2010;
Vernimmen et al. 2012; Matthews et al. 2013; Chen et al.
2013), it is the closest reference to reality in a region
characterized by very sparse in situ data. To this purpose, we have chosen four different datasets.
The multisatellite product generated with the U.S.
Climate Prediction Center morphing technique (Joyce
et al. 2004) is a global precipitation analysis available at
approximately 8-km spatial resolution (0.07278) and 30min temporal resolution, aggregated into hourly frequency here. Precipitation estimates are derived from
passive microwave scans and infrared geostationary
data. It comes in two versions, the original satellite estimates (CMORPH_RAW) and a bias-corrected product using rain gauges (CMORPH_CRT).
The Tropical Rainfall Measuring Mission (3B42v7 2011;
TRMM 2011; Huffman et al. 2007) multisatellite precipitation analysis provides quasi-global rainfall estimates
on a 0.258 (;27.5 km) resolution grid and a 3-hourly

frequency. This dataset is widely used in studies of tropical precipitation and is currently a standard reference.
TRMM is also generated using both passive microwave
and infrared information. Satellite-derived information
is complemented with two monthly rain gauge analyses
developed by the Global Precipitation Climatological
Center and the U.S. Climate Prediction Center.
The Global Precipitation Measurement (GPM) created with the Integrated Multisatellite Retrievals for
GPM (GPM_3IMERGHH v05; Huffman 2017) is a global
precipitation dataset at 0.18 (;11 km) spatial resolution
and 30-min temporal resolution that builds upon TRMM.
It generates rainfall estimates from intercalibrated spaceborne radio wave instruments (dual-frequency precipitation radar), active and passive microwave measurements,
and precipitation gauge analyses.
This ensemble of precipitation products provides a
range of rainfall values for each time and location, and
thus serves as an estimate of the observational uncertainty associated with satellite-derived information. As
such, it is a way to incorporate this uncertainty in the
model performance evaluation. For comparison purposes, all datasets were interpolated to the highest resolution grid (2 km) using a nearest-neighbor approach.
This ensures that the interpolated field conserves spatiotemporal variability and areal-averaged values compared with the original field (Di Luca et al. 2016).

3. Results
In this section, we first analyze the domain-averaged
model outputs to provide an overall assessment of the
model performance. Then we examine the spatial detail
of the simulated precipitation for the 4-km experiments.
Finally, we investigate differences in the vertical structure
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FIG. 2. Total precipitation from satellite-derived observations (gray) and different model experiments (colored) over (a) the entire
domain, (b) land-only grid points, and (c) ocean-only grid points. The horizontal black line represents the average of the four observational products.

of the atmosphere between the various 4-km runs with the
purpose of putting forward a physical interpretation of
the impacts from the convection representation.

a. Precipitation
The domain-average mean precipitation is a first-order
measure of the model water balance physical realism.
Figure 2a shows the domain-averaged precipitation mean
from the various observations and all model simulations
for the 2015–16 austral summer. According to these results, the model is overall well calibrated and total precipitation amounts generated by the model remain within
35% of the observations average for the entire domain in
the worst case (32-km resolution). This agreement with
observations improves steadily as we move to higher
resolutions in the DP experiments. Overall, the model
produces too much precipitation with DP, but the biases
are corrected with increased resolution to less than 10%
at 2-km grid space. The use of shallow convection scheme
tends to produce too little precipitation overall and resolution has a positive impact only for the coarsest cases
(from 32 to 8 km). EX runs produce accurate estimates of
domainwide precipitation at all resolutions (within 10%
of the observations average for the 32-km run, and within
5% for the rest). In fact, EX provides the best domainaveraged precipitation values of the three configurations
at all resolutions, despite most convective circulations not
being explicitly represented at resolutions between 8 and
32 km. It is interesting to note that experiments with explicit deep convection (SH and EX) show little to no
improvement when increasing resolution beyond 8 km.
Indeed, most EX runs produce total precipitation amounts
within the observational range (gray bars, Fig. 2).
However, this apparent agreement is a consequence
of a compensation of errors over land and ocean (land

fraction is between 18.4% and 18.8% in all simulations),
where the mechanisms producing rainfall may be quite
different. Averaged across the domain, the model generates too much precipitation over land (Fig. 2b) and too
little over the ocean (Fig. 2c), except for DP, which tends
to overestimate rainfall over water too. This is in
agreement with previous studies using either the same
model (Hassim et al. 2016; Vincent and Lane 2017) or
different ones (Love et al. 2011; Birch et al. 2016; Im and
Elthair 2018). Increasing resolution has a positive effect
on DP experiments by reducing the wet bias both over
land and water, but the other two experiments (SH and
EX) seem to worsen at higher resolution over land and
show only some improvement over the ocean. For example, EX runs deviate from the observations average
over land between 44% (32 km) and 75% (2 km)
whereas SH does so by 44% (32 km) and 71% (2 km).
Over the ocean, explicit representation of convection
reduces the amount of precipitation to values below observations, especially when parameterizing shallow convection (SH), for which the bias varies between 250%
(32 km) and 239% (8 km). These results highlight the
role of convection representation over the influence of
resolution, particularly over the ocean.
According to Fig. 2, it may be argued that increasing
resolution beyond 8 km only brings some benefit with
parameterized deep convection, while experiments with
explicit deep convection perform best at low or intermediate resolution (8 km). This may seem contradictory
with most of the literature that identifies the range between 4 and 10 km as the convective gray zone where
explicit and parameterized convection may compete
with each other, degrading the results (Prein et al. 2015).
However, the domain-averaged total precipitation, even
if split into land- and ocean-only grid cells, only provides
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FIG. 3. Precipitation diurnal cycle over (a) land and (b) ocean averaged over the entire domain from the satellitederived observations (gray) and model experiments at different resolutions (colored) with parameterized deep and
shallow convection (solid lines), parameterized shallow convection only (dashed line), and fully explicit convection
(dotted lines). Vertical gray lines denote the average time of the minimum and maximum of the precipitation
diurnal cycle from all observations.

first-approach information on the model rainfall realism.
Thus, we also examine the precipitation diurnal cycle,
which requires the model to better represent local forcing
and local circulation in order to capture it.
In the MC rainfall has a very distinct diurnal cycle,
especially over the islands. Differential solar radiative
heating between different surface types causes local
pressure gradients that result in land–sea-breeze circulations, which, in combination with orographic lifting
and downslope mountain winds at night, constitute key
precipitating mechanisms in the region (Qian 2008;
Birch et al. 2015). Although subject to spatial variations
due to propagation of precipitating systems, rainfall generally peaks between late afternoon and early evening
over land, whereas over water the precipitation reaches
a maximum in the early morning, albeit with a much
smaller diurnal cycle amplitude than over land.
Figure 3 depicts the mean diurnal cycle of precipitation over land and ocean grid points averaged over the
entire domain. Over the islands, all experiments overestimate the amplitude and the mean of the diurnal cycle
(i.e., vertical shift of the cycle), consistent with Fig. 2b.
Bhatt et al. (2016) obtained similar results for various
convective parameterization schemes with the same
model, but completely different physics configurations.
They suggest that the misrepresentation of mechanisms
related to boundary layer transfer and convective liftingcondensation-precipitation in parameterization schemes
may be the cause of the exaggerated amplitude over
land and had expectations that convection-permitting

experiments may contribute to address this issue. None
of the experiments proposed here, including those at
2-km spatial resolution and fully explicit convection,
alleviate the problem with the amplitude of the diurnal
cycle. Quite the opposite, increasing resolution tends to
amplify the diurnal cycle over land. However, at 2-km
spatial resolution, there are crucial processes in the development of moist convection that remain unresolved,
such as cloud turbulence and the interaction between
the cloud and the environment (Bryan et al. 2003),
which may cause too strong convection and therefore
may explain these issues. The transition from convective
to stratiform rain has also been identified as one of the
weaknesses in convection-permitting models operating
at spatial resolutions in the range 1–4 km (Caine et al.
2013; Vincent and Lane 2018).
Despite the fact that the amplitude remains too strong in
all experiments, the phase of the diurnal cycle is significantly improved by the combination of finer resolution and
the absence of a deep convection scheme. Parameterized
deep convection experiments produce precipitation too
early compared to the observational range. In the observations, precipitation initiates at 1000 local solar time
(LST) and peaks at 1700–1800 LST, while these two events
occur a few hours ahead in the DP cycle (0700 and 1500–
1600 LST). By just increasing resolution, DP experiments
are only able to improve the nighttime and early morning
values thank to a more accurate decay in evening rainfall
rates, but the errors in the phase and amplitude of the
diurnal cycle are worsened in most cases.
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TABLE 2. Simulations ranked (1 is best, 15 is worst) according to their performance with respect to the observations average in different
metrics of the diurnal cycle (amplitude, mean, time of maximum, and time of minimum). Actual values are shown in Fig. 3. Best and worst
performing experiments are highlighted with bold font.
Land

Ocean

Res

Expt

Amplitude

Mean

Time of max

Time of min

Amplitude

Mean

Time of max

Time of min

32 km

DP
SH
EX
DP
SH
EX
DP
SH
EX
DP
SH
EX
DP
SH
EX

3
1
2
4
5
6
7
9
13
8
11
15
10
12
14

15
1
2
13
4
6
7
9
10
5
8
12
3
11
14

6
14
14
6
11
13
6
4
4
6
1
1
12
6
1

9
9
15
9
7
7
9
1
1
9
1
1
9
1
1

10
15
13
9
14
7
5
12
1
4
11
2
6
8
3

9
15
10
7
14
5
3
11
4
1
12
6
2
13
8

1
10
13
1
13
13
1
10
6
1
10
6
1
6
6

9
1
15
9
1
13
9
1
1
9
1
1
14
1
1

16 km

8 km

4 km

2 km

Using explicit deep convection (SH and EX) corrects
the phase of the diurnal cycle at high resolutions. In fact,
the model captures the observed phase when deep convection is not parameterized and resolution is 8 km or
finer. On the other hand, these experiments render a
delayed diurnal cycle with respect to observations when
running at 32 and 16 km, but the amplitude compares
better with satellite products than other resolutions. As
we move to higher resolutions, the model amplitude
increases and the phase advances, which means better
agreement with observations in the timing but also
overestimation of the precipitation amounts, especially
at the time of maximum rainfall. The average timing of
maximum precipitation across satellite products is slightly
after 1700 LST, thus the 2-km resolution seems the best
match for the diurnal cycle phase in terms of the rainfall
peak. The time of the cycle minimum averaged across
observations is located between 0900 and 1000 LST,
which makes both the 4 and 2 km the closest to observations. The response of the phase to increasing resolution is
similar for both explicit convection and shallow convection runs (i.e., advancing the peak from 2200 LST at 32 km
to 1700 LST at 2 km), but SH simulations tend to produce
less rain and the amplitude is thus closer to observations.
The reason that explains the delay in the diurnal cycle
with respect to DP may be different in both experiments.
The EX run may need more convective available potential energy (CAPE) to trigger convection than the DP case,
while the shallow convection scheme removes CAPE
without producing any rainfall.
The response to both resolution and convective representation is more coherent over the ocean (Fig. 3b), where
simulations with different convective representation are

clearly clustered in three groups. The amplitude of the
cycle and the mean precipitation compares better with
observations in the DP experiment than the other two.
DP is followed by EX and SH runs in this order, and both
underestimate rainfall. This is consistent with results obtained in Fig. 2c. However, in terms of the diurnal cycle
phase any of the experiments seems to outperform the
others. DP produces an accurate timing of the maximum,
but the minimum of precipitation is slightly early compared with observations. Despite the fact that EX and SH
simulate drier conditions than DP and satellite-derived
products, there are features of the diurnal cycle shape in
the explicit deep convection runs that better match the
observations. For example, the timing of the minimum in
the evening hours and the following intensification of
precipitation is closer to observations in EX and SH.
Increasing resolution improves all simulations, by producing less rain in DP and intensifying the amplitude in
EX and SH, although resolution plays a role in improving
rainfall rates only up to a certain threshold (8 km SH and
EX, and 4 km in DP). Simulations are ranked according
to their performance in different metrics of the diurnal
cycle in Table 2.
Given the limited benefit from the highest resolution
runs (2 km) showed so far, and the enormous increase in
storage requirements for those experiments, which add
to the computational demands, we will focus on the 4-km
simulations from now on. In addition to the domainaveraged model performance described above, we examine
the spatial distribution of both the precipitation rates
and the diurnal cycle to determine whether the model is
able to locate rainfall at the right time and place and
identify differences across experiments.
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FIG. 4. Total precipitation between 1 Nov 2015 and 29 Feb 2016 from (a) satellite-derived observations
CMORPH_CRT and biases (mm h21) between three 4-km model experiments and the range of total precipitation
from available observational products. The model experiments differ in their representation of convective processes: (b) parameterized deep and shallow convection, (c) parameterization of shallow convection only and explicit deep convection, and (d) fully explicit convection. The top-right box in each panel shows the mean absolute
error averaged over the domain in percentage units with respect to observations.

Figure 4 shows the spatial distribution of rainfall
biases for all 4-km runs with respect to the range of
observations. Following Evans et al. (2016) the bias is
calculated with respect to the closest observational value
and the model estimates are considered equivalent to
observations when within the observational range (i.e.,
bias set to zero). As a result, this approach incorporates
the uncertainty in the satellite-derived products. EX
produces a mean absolute error of 35.1% and slightly
outperforms the other two (DP 39.8% and SH 48.5%).
Although with different mean absolute errors, this relative performance of the various experiments is consistent
across resolutions within the convection-permitting-scale
range (2 and 4 km), the convective gray zone (8 km), and
just above (16 km) (Fig. S1 in the online supplemental
material). However, at coarser resolutions (32 km), the
need for a convective parameterization becomes evident, as the DP experiments provide better estimates
(51.8% for DP, 53.2% for EX, and 64.5% for SH). These
results align with the scale separation often used for
convective processes into convection-permitting (,4 km)
and parameterized convection (.10 km) scales (Prein
et al. 2015), although DP and EX mean absolute error
values are very close to each other at most resolutions
and thus none can be considered superior, especially for
summer-long simulations like these.

At coarse resolutions wet biases dominate over the
ocean across the domain in DP runs, while the opposite
occurs in explicit deep convection runs (Fig. S1). This is
likely due to the fact that the convective scheme readily
triggers, which tends to produce deeper clouds and
precipitates more easily (see section 3b). Increasing
resolution makes this contrast diminish between DP and
EX, and they seem to converge. However, all experiments using the shallow convection scheme are consistently dry over the ocean, where SH runs struggle to
generate precipitation. For example, to the southwest of
Sumatra and Java, SH underestimate rainfall by 80% or
more, which means it barely produces any rain.
Figure 4 shows that wet biases obtained over land
from all 4-km experiments are mostly concentrated over
mountainous regions. Simulations with explicit deep
convection (SH and EX) show a better agreement with
observations at low-lying areas in large islands such as
New Guinea and Sumatra, but exacerbate rainfall amounts
at higher elevations. For instance, averaging over grid
cells above 1000 m, which are approximately 10% of all
land grid cells, the model produces mean absolute errors
with respect to the observational range of 188% for DP,
255% for EX, and 262% for SH (Fig. S2). This agrees
with previous studies that used different models (Birch
et al. 2015; Holloway et al. 2012; Leutwyler et al. 2017),
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FIG. 5. Time of diurnal precipitation maximum calculated from the diurnal cycle fitted to the diurnal harmonic for
(a) CMORPH_CRT and three 4-km model simulations: (b) parameterized deep convection, (c) parameterized
shallow convection only, and (d) fully explicit convection. Areas where the amplitude of the cycle is less than
0.1 mm h21 are masked in white.

which also produce too much precipitation over high
orography when switching the convective scheme off.
Hassim et al. (2016) attributed these errors to the grid
space they used (4 km). We already showed that taking
resolution beyond 4 km has little impact when considering the entire domain, but focusing on high orography
(.1000 m) the 2-km resolution contributes to fix the
precipitation wet bias (137% for DP, 189% for EX, and
211% for SH) as anticipated by Hassim et al. (2016),
although the model still deviates considerably from
observations. However, it should be noted that satellitederived rainfall products have been consistently found
to have issues over complex topography (Ebert et al.
2007; Matthews et al. 2013; Skok et al. 2016), including
New Guinea, where Vincent and Lane (2016) obtained
errors comparable to model biases shown here when
analyzing precipitation data from gauges and satellite
estimates. Multiple reasons have been proposed for
these problems, including scattering of the microwave
signal by mountains (Huffman et al. 2007), misdetection
of warm clouds at the top of the mountains by infrared
sensors (Yilmaz et al. 2005), and underestimation of
heavy rainfall events from shallow orographic systems
by microwave algorithms (Shige et al. 2013), among
others. In the MC, satellite-derived products tend to underestimate rainfall at high elevations and overestimate
coastal precipitation (Vernimmen et al. 2012; Rauniyar
et al. 2017). This indicates that, although the model is
clearly prone to significant errors over mountainous

regions, simulated precipitation may be closer to actual
values than what Fig. 4 suggests.
As a fundamental aspect of rainfall in the region, the
phase of the diurnal cycle throughout the domain is
analyzed. This is done by fitting the diurnal cycle of
precipitation at each grid point to the diurnal harmonic
following similar studies (Bhatt et al. 2016; Baranowski
et al. 2019). Figure 5 shows the phase of the diurnal
harmonic, specifically the time of maximum precipitation, for CMOPRH_CRT and all 4-km simulations.
Results for all other resolutions are provided in the
supplemental material (Fig. S3). In the 4-km runs, improvements from explicit deep convection experiments
(SH and EX) are evident for this feature of rainfall in the
MC, particularly over the largest islands of the domain,
such as New Guinea, Borneo, and Sumatra. For example, the propagation of convective precipitation systems
from coastal areas toward the interior of the islands
better agrees with observations in EX and SH simulations. In the DP experiment, peaks at 1200–1800 LST
dominate most of the land, while maxima at 1800–0200
LST prevail in the observations and the other two runs.
In some islands, observed rainfall peaks earlier in the
mountains (e.g., Java, New Guinea, Sumatra) and then
propagates downslope (see section 3b), a feature well
represented in the model as well. However, in Borneo,
rainfall propagates from the coast to the mountains,
where it peaks at from 1200 to 1300 LST on the east
coast to 0400 to 0500 LST in the central mountains. This
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feature is better captured in EX and SH. The differences
in the spatial patterns of the rainfall peak timing is
consistent with previous findings (Grabowski et al. 2006;
Hohenegger et al. 2008; Argüeso et al. 2016) that
showed the positive impact of convection-permitting
runs on the timing of the rainfall diurnal cycle over land.
Over the ocean, a diurnal cycle is identified in observations with this method (i.e., using a minimum threshold of 0.1 mm h21 in the amplitude of the fitted harmonic
to identify areas with a defined diurnal cycle) in regions
around the islands, such as the Java and Bismarck Seas.
In these areas, precipitation usually peaks between night
and early morning (0000–0600 LST) near the coast and
propagates to open waters (0600–1200 LST). Although
not as spatially coherent, all experiments broadly capture this pattern, with SH producing the peak slightly
earlier (e.g., Java Sea).
The impact of resolution in the timing of the rainfall
peak over land is more prominent when explicitly resolving deep convection (Fig. S3). For example, in the
EX experiments, the rainfall maximum is delayed at
coarser resolutions (0000–0600 LST, 32 km) and it occurs progressively earlier as resolution increases. A
similar behavior is obtained for the SH runs. On the
other hand, resolution only has a marginal effect on the
phase of the diurnal cycle when parameterizing deep
convection. These results suggest that the deep convection scheme contributes to producing the diurnal
cycle too early, with nearly no improvement with resolution. However, when the convective scheme is not
used, resolution plays a key role. This is not necessarily
surprising, since convection-permitting resolutions are
required to effectively resolve convective systems. Indeed,
once the model enters the convective gray zone and begins
to reproduce large convective systems (.10 km), increasing resolution has only a limited impact on the phase of
the diurnal cycle. This shows that resolution must reach
convection-permitting scales and the deep convection
scheme be turned off to benefit from an improved diurnal cycle timing, although the gain is limited above a
certain threshold (8 km). The 8-km runs may be favored
by the fact that the resolution of the CMORPH final
product is also 8 km, and therefore higher-resolution
runs may pay a penalty because small-scale (,8 km)
variability is not represented in the observations.

b. Vertical structure of the atmosphere
In this section, we examine aspects of the vertical
structure of the atmosphere to reveal possible physical
mechanisms that explain the differences in precipitation
across convective representations in the model.
First, the stability of the atmospheric column is examined through the maximum CAPE as a precursor of
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deep convection and the maximum convective inhibition (CIN) as the initial energy needed to reach the level
of free convection (Fig. 6). Both were calculated for the
parcel with maximum equivalent potential temperature
within the lowest 3000 m (Ladwig 2017). Given the
contrasting response to convective representation at
high and low resolution, we performed this analysis for
runs at 4- and 32-km grid sizes.
Over land, EX produces substantially larger CAPE
values than parameterized convection, both shallow
and deep, throughout the day. In the high-resolution
runs, differences could reach up to 40% more during
the early afternoon (Fig. 6a). This could partly explain
why EX tends to produce a stronger diurnal maximum
than SH over land because higher CAPE values are
linked to more intense deep convection once it is activated and, both EX and SH depend on the same triggering factors to develop deep convection. However,
this does not apply when deep convection is represented differently because the generation of rainfall
not only depends on the potential intensity of convection but also on whether it is triggered or not.
Indeed, examining CAPE also for the 32-km experiments (Fig. S4) shows that higher precipitation peaks
cannot be directly attributed to higher CAPE values
since deep moist convection must develop in order to
transform such instability into precipitation. Factors
that help initiate convection (i.e., orographic lifting,
sea breeze, convergence lines, surface heterogeneities,
rising thermals, cold pools) are generally finescale features and thus mostly unresolved at coarse resolutions.
This explains why in spite of EX runs accumulating more
CAPE, this does not always reflect on the precipitation
diurnal cycle. Although SH experiments depend on
triggering factors in a similar way, the shallow convection scheme is more efficient at removing CAPE in the
lower levels through parameterized nonprecipitating
processes, hence it does not accumulate as much CAPE
as EX.
On the other hand, the BMJ deep convection scheme
does not rely on triggering mechanisms and acts by
relaxing an unstable profile toward a stable one, and
thus incorporates such factors implicitly at the subgrid
scale. Therefore, the fact that DP uses a relaxation
scheme that depends on the environmental conditions as
opposed to EX and SH makes it activate deep convection more easily and thus is prone to produce rainfall
early in the day.
Likewise, in the ocean, both explicit deep convection
experiments (EX and SH) simulate values of available
convective energy approximately 20% larger than the
fully parameterized case at 4 km (Fig. 6b), but they tend
to produce significantly less precipitation than DP.
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FIG. 6. Diurnal evolution of domain-averaged convective available potential energy (CAPE) over (a) land and
(b) ocean, and convective inhibition (CIN) energy over (c) land and (d) ocean. At the bottom of each panel, the
diurnal cycle of precipitation is shown for observations (gray range) and all model simulations over (a),(c) land and
(b),(d) ocean. Both CAPE and CIN were calculated for the parcel with highest equivalent potential temperature in
the lowest 3000 m. Note that scales for land and ocean are different.

Therefore, EX and SH do not trigger convection often
enough over the ocean and therefore they are not efficient at transforming this energy into precipitating systems. A plausible reason is that, over the ocean, the
model may lack triggering factors compared to land,
where the model does have them, yet not completely
resolved. For example, one of the triggering mechanisms
in the ocean are the sea surface temperature (SST)
gradients (Sabin et al. 2013) and in our simulations they
are only partly captured because SST is directly obtained from ERA5. In the case of SH, domain-average
CIN over the ocean is also slightly larger (;20%) than
DP and EX, which could contribute to hinder parcels
reaching the level of free convection (LFC; Fig. 6d).

We further investigate the vertical structure of the
atmosphere through cross-sections of temperature, humidity and clouds across New Guinea from EX and DP.
Figures 7 and 8 focus on vertical transects at 1100 and
1600 LST. The entire diurnal evolution is shown in the
supplemental material (supplemental animation 1). Overall,
fully explicit convection generates a warmer and moister
atmosphere than the deep convection parameterization
in the lowest kilometer, and a cooler and drier atmosphere in the upper levels. Although over the ocean a
layer of cooler air is also generated near the surface. A
warmer and humid layer near the surface indicates that
EX produces shallower vertical transport of heat and
moisture, and thus is less efficient at mixing the free
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FIG. 7. Vertical cross sections at 1100 LST across New Guinea of (a) temperature differences between EX and
DP, (b) mixing ratio differences between EX and DP, and cloud mixing ratio (water and ice), winds along transect,
and precipitation (bottom bar) for (c) DP and (d) EX. Black shading shows topography and vertical dashed lines
indicate the location of coastlines. Dashed red rectangles indicate the location of the sea-breeze front.

troposphere. This structure describes a more unstable
atmosphere and therefore larger CAPE values, consistent with Fig. 6. However, as mentioned above, the lack
of triggering mechanisms over the ocean prevents the
fully explicit run from transforming that instability into
precipitation. That is, as we mentioned above, there is
potential for more intense convection in EX, but it is not
triggered. Surface evaporation over the ocean is very
similar in both experiments; thus, the moist lower layer
is caused by capped mixing in EX rather than higher
water vapor input from the water surface. It is likely that

the excess of humidity in EX is advected to the island by
the dominant winds from the ocean, which are then lifted by topography and sea-breeze circulation to produce
more rainfall than in the DP run.
The evolution of winds and clouds throughout the day
provides an interesting insight into the processes generating rainfall in each case, and point to possible causes
of differences in the precipitation diurnal cycle. A
feedback between early rainfall and sea breeze dying
out has been proposed as a mechanism that may explain
why parameterized convection does not capture the

FIG. 8. As in Fig. 7, but at 1600 LST. Dashed red rectangles highlight wind patterns differences across simulations in
the upper troposphere.
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diurnal cycle adequately (Birch et al. 2015). However,
our results show that the sea breeze is synchronized
across simulations. In both experiments, it originates at
around 1000–1100 LST (Figs. 7c and 7d, highlighted in
red), propagates inland at 1300 LST, and then vanishes
at around 1800–2000 LST, as shown by the sea-breeze
front in the southwest coast of New Guinea (supplemental animation 1). Therefore, the sea breeze and
convective initiation feedback does not explain differences in the precipitation diurnal cycle according to our
model runs. The convective initiation over the mountains and its intensity does not seem to be a cause of the
differences either, since its development is very similar
in both experiments.
The most notable difference introduced by the fully
explicit representation of convection is obtained in the
cloud structure and the associated rainfall patterns. EX
tends to produce a layer of shallow clouds covering large
areas of the island that start at 0900 LST and persists
until the night (see supplemental animation 1), albeit
displaced toward inland and lifted upward. It is interesting to note that this layer is not associated with almost any precipitation, except at the sea-breeze front
(Fig. 8d). DP also produces a layer of shallow clouds, but
it is confined and strongly tied to the sea-breeze front,
thus covering a much smaller area (Fig. 8c). By contrast,
DP produces much deeper clouds that extend over the
entire island and start at around 1000–1100 LST (Fig. 7c)
and are mature by 1600 LST (Fig. 8c). These deep clouds
seem to be responsible of differences in rainfall between
the two runs. Indeed, DP produces much more precipitation between 1200 and 1700 LST over the large flat
areas of New Guinea, while EX precipitation is concentrated in the mountains and barely generates rainfall
in that part of the island until the evening (Figs. 7 and 8
and supplemental animation 1). This is key to explain
differences in the land-averaged diurnal cycle differences between DP and EX. Our analysis does not allow
us to determine the origin of deep clouds in DP, but
according to differences in the wind patterns between
1200 and 1800 LST in the upper troposphere (dashed red
rectangle in Figs. 8c and 8d), they do not appear to be
generated only by propagation from the mountain convective center as in EX, but air lifted throughout the island contributes to their formation too (Fig. 8c). In fact,
during the central hours of the day (1200–1800 LST), EX
produces wind patterns with subsidence in the upper
troposphere, while DP shows a general updraft. These
results are not exclusive to New Guinea and are comparable to cross sections across other islands (not shown).
Similar results were obtained for SH too (Figs. S5 and
S6). The shallow convection run also generates a lower
layer that is warmer than DP together with a cooler
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atmosphere above at 1100 LST. This is also accompanied by a thin wetter layer in the lower levels and drier
conditions above. In the afternoon (1600 LST), the
warm difference with DP extends a few kilometers high
(;5 km) and the wet difference with respect to DP over
land intensifies. The difference with DP in the structure
of clouds may be divided into deep and shallow clouds.
SH tends to produce shallower clouds over land and less
deep clouds than DP. This result is very similar to what
we obtained for EX. Differences between EX and SH
(Figs. S7 and S8) shed light on the effect of the shallow
cumulus parameterization alone, which mostly affects
the lower levels of the troposphere over land (,3 km).
Consistent with the expected behavior of the shallow
cumulus scheme (Stensrud 2009), shallow convection
schemes generate a vertical dipole because it cools and
moistens the upper half of the cloud layer and warms and
dries the lower half of the cloud layer (with respect to the
fully explicit case). Over the ocean, the effect of the
shallow cumulus scheme extends to higher levels (up to
6 km), particularly in terms of humidity (Figs. S7b and
S8b). The shallow cumulus further intensifies the midtroposphere drying we obtained for EX. This is likely the
consequence of SH vertically capping convection over the
ocean, which leads to smaller precipitation rates.
An individual analysis of cloud water and ice mixing
ratios reveals additional details on the contrasting cloud
structures in the various runs and the corresponding
precipitation diurnal cycles. We calculated the domainaveraged diurnal cycle of cloud water (Fig. 9) and ice
(Fig. 10) mixing ratios for land and ocean grid points
separately. DP forms thick clouds above the freezing
level (Fig. 10a) and weak shallow clouds (Fig. 9a),
whereas both EX and SH are able to generate stronger
shallow convection as shown by the low-level clouds.
Differences in the cloud structure across simulations are
likely linked to the mismatch in the timing of precipitation
in DP because they are spread over the entire landmass
producing rainfall since the early hours. Conversely, lowlevel clouds in the other two experiments restrain cloud
formation in the upper levels and contribute to delay the
onset of deep convection with respect to DP, which results
in better agreement with the observed diurnal cycle of
precipitation.
Shallow convection is generally assumed not to produce precipitation (Stensrud 2009). This is true for the
shallow convection scheme used, as well as for the BMJ
scheme, which also has a shallow convection component. However, it is not necessarily the case for the fully
explicit experiment, which may produce some rainfall
from shallow convection, thus explaining some of the
differences between SH and EX in the diurnal cycle of
precipitation. Since both SH and EX are active in the
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FIG. 9. Diurnal evolution of the vertical structure of the cloud water mixing ratio in different simulations at 4 km.
The cloud water mixing ratio is represented as a function of height (km) and hour of the day (hours) over (left) land
and (right) ocean grid points for the entire domain. (a),(b) Parameterized deep convection experiments (EX) are in
the first row, (c),(d) fully explicit convection runs (EX) in the middle row, and (e),(f) parameterized shallow
convection runs (SH) are in the bottom row. At the bottom of each panel the diurnal cycle of precipitation is shown
for the corresponding experiment (red) and the range of observations (gray)

generation of shallow convection as evidenced by the
presence of shallow clouds, this could be a reason why
they better represent the phase of the precipitation diurnal cycle. Although the timing of the diurnal cycle is
corrected by explicitly resolving deep convection, its
amplitude, particularly its peak in the late afternoon
(1700 LST), is too intense compared to the observations.
This is partly corrected by the shallow convection scheme,
but at the cost of introducing errors over the ocean.
We showed that SH produce rainfall rates well below
the observational range (circa 50% less on average and
up to 90% at some locations) (Fig. 3b), while the other
two experiments show a better agreement with observations over the ocean, especially DP. According to the
diurnal cycle of the vertical cloud structure (Figs. 9 and
10), both simulations explicitly resolving deep convection produce fewer middle and high clouds than DP,
particularly above 7 km, which is likely related to the dry
bias over water. Although this feature is also present in
EX, it is not as pronounced as in SH. Also, it seems to be
compensated to some extent by the formation of lowlevel clouds that are more intense in EX and are also
able to produce some precipitation as opposed to SH.
The results above also highlight the importance of
the interaction between convection (including explicit

convection) and the microphysics scheme, which leads
to substantial differences in the vertical structure of
clouds and thus rainfall characteristics. Therefore, differences in precipitation features across convective
representations are not only due to different vertical
mixing and transport of heat and moisture, but also to a
distinct interaction between microphysics and the deep
convection scheme. Tests using a different microphysics scheme (Thompson) did not prove superior in terms
of precipitation and showed a similar cloud structure
(not shown).

4. Summary and discussion
In this study, we quantified the effects of resolution and
convective representation in simulating rainfall features
and the vertical structure of the atmosphere in the
Maritime Continent. In general, increasing resolution
and explicitly resolving convection brings both benefits
and drawbacks. The timing of the diurnal cycle of precipitation is better captured at convection-permitting
scales and with explicit deep convection, but the model
produces too much rainfall and exaggerates the amplitude of the diurnal cycle over land. Conversely, switching off the deep convection scheme has a drying effect
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FIG. 10. As in Fig. 9, but for cloud ice mixing ratio.

over the ocean, which emphasized the importance of
triggering factors in the explicit convection experiments
as opposed to the parameterized ones. This behavior
over land and ocean is consistent with previous findings
using a range of models and resolutions (e.g., Birch
et al. 2015).
We found a positive effect of high resolution in reducing the model precipitation sensitivity to complex
orography, as opposed to previous studies (Hassim et al.
2016). Indeed, the wet bias over high-elevated land is
alleviated with increased resolution, albeit remaining
large even at 2 km. The question of whether this may be
solved at even higher resolution remains open, and according to our model results, we can only speculate that
grid spaces well below the kilometer scale would be
required for that purpose. From a domainwide perspective, higher resolution leads to generally less precipitation over the ocean and more precipitation over
land, although not for all experiments and at all scales.
However, wet biases over land are progressively confined to smaller areas and the average mean absolute
error is reduced. Results on the diurnal cycle suggest
that this improvement comes from better representation
of the night and morning rain, while the early evening
peak becomes too strong in high-resolution runs.
Although improving the precipitation diurnal cycle is
an indicator of increased realism in the processes producing rainfall, we should not neglect aspects such as the
dry bias over the ocean and the exaggerated diurnal peak

over land. We have proposed possible mechanisms, which
may be interconnected, that explain differences between
simulations. For example, using explicit deep convection
leads to higher convective available potential energy,
which usually indicates a favorable environment for deep
convection. However, when the convective parameterization scheme is not used, the model does not trigger
convection as readily and is not as efficient as DP in
transforming CAPE into deep convective circulation,
thus precipitation. Instead, explicit deep convection experiments match the onset of observed precipitation
better than the parameterized case because of the marked
differences in the cloud structure, which is characterized
by widespread deep clouds in the DP simulations as opposed to a shallow layer of clouds generated in both EX
and SH. The latter is, however, slightly different than the
fully explicit case because even if they both hold back
convection due to their reliance on triggering mechanisms to make the convective potential effective, the
shallow convection scheme does not allow for as much
accumulation of CAPE as in EX. Also, in the parameterized shallow convection case, the convective inhibition
is also slightly larger, which further hinders convective
initiation.
In view of our results, it is hard to argue that the benefits of increasing resolution over the MC to convectionpermitting scales (,4 km) is worth the computational
cost. Perhaps, improved realism of precipitation arises
when increasing resolution to the kilometer scale or higher,
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because the representation of localized convective
circulation will be more accurate. In fact, previous studies
(Bryan et al. 2003; Caine et al. 2013) argued that at resolutions explored here, models do not resolve entrainment and overturning, and thus tend to exaggerate deep
moist convection and produce too much rainfall, which
is in agreement with our results. Unfortunately, the evidence gathered in this study does not allow us to affirm that
even higher resolutions will bring significant improvements and further research is needed in this direction.
Once the convection scheme is turned off and most
convective processes are explicitly resolved, the model
relies on the microphysics to generate rainfall and on
the planetary boundary layer scheme to create the lowlevel instability required for convection initiation. Our
results suggest that these schemes and their interplay
are likely to play a nonnegligible role in simulating
precipitation in the MC with convection-permitting
models. However, our study does not delve into the
potential impact of factors other than the resolution
and the representation of convection. Investigating the
effect of microphysics and PBL schemes would add to
the results presented here.
The role of evapotranspiration and, to a lesser extent,
the mesoscale air–sea interactions, have been largely
ignored in the context of improving rainfall characteristics over the MC. Our ability to correctly represent
them in our modeling efforts seems important so that the
right amount of moisture available for convection is
provided. These two aspects are interesting directions to
continue identifying the dominant factors that may help
simulate realistic tropical convective precipitation.
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