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Abstract
The development of the Singapore regional climate model (SINGV-RCM) is documented in this study. The model’s skill in 
predicting mean and extreme rainfall over the Maritime Continent at 8�km and 2�km grid resolution is assessed using observed 
rainfall. The model’s sensitivity to vertical grid and convection parametrization is also evaluated. Results demonstrate the 
added value of downscaling to 8 and 2�km. The spatial and temporal characteristic of the diurnal rainfall is shown to be 
in good agreement with the observation. The model also demonstrates skill in capturing extreme rainfall. In general, the 
rainfall in the 8�km and 2�km simulations are quite similar, when regrided to a coarser resolution. Even then, the convection-
permitting simulation at 2�km is found to add value over the 8�km simulation, particularly in capturing the higher rainfall 
thresholds. Mean biases over the ocean is found to be larger than that over the land, which suggests the need to further tune 
SINGV-RCM for long climate simulations.

Keywords SINGV-RCM�· Climate downscaling�· Km-scale modelling�· Parameterized convection and explicit convection

1  Introduction

Simulating rainfall in the tropics has been a challenge for 
the climate models (Tian and Dong (2020)). The challenge 
is compounded in the Maritime Continent which is a large 
archipelago of several thousands of islands in the middle of 
Warm Ocean. The Maritime Continent plays an important 
role in the global weather and climate system by acting as 
the major source of convective heating. It is the complex 
interaction of the large-scale �ow with the distinct diurnal 
cycle of rainfall over these islands that makes the prediction 
challenging for the models (see Yoneyama and Zhang (2020) 
and the references therein).

The weather and climate models su�er from systematic 
rainfall biases (Zadra et�al. 2018) that are seemingly related 
to the biases in simulating the convective diurnal cycle 
(Love et�al. 2011; Lee et�al. 2021; Hassim et�al. 2016). There 
are likely several reasons for these biases (Dipankar et�al. 
2019; Yang and Slingo (2001); Peatman et�al. 2014; Peat-
man 2021) in the current models but errors in the convection 
parameterization schemes (Birch et�al. 2015) are probably 
the one that has the largest impact. Our aim, therefore, is to 
push the grid resolution to the limit where the convection 
parameterization schemes can be turned o� without any loss 
in model performance.

With the advancements in supercomputing, the GCMs 
are now capable of global climate simulations of order of 
few hundred years at a grid resolution of 50–100�km (Eyring 
et�al. 2016; Haarsma et�al. 2016), which can be further 
downscaled using a regional climate model to a 10–20�km 
grid resolution to capture the regional scales in detail (Qian 
2008; Gianotti et�al. 2012; Zhao et�al. 2021). While a grid 
resolution of 10–20�km is found to perform reasonably well 
in the extra tropical regions (Ban et�al. 2014). It is di�-
cult to justify if such a coarse grid resolution will perform 
equally well in a tropical region like Singapore, where one 
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ideally needs a grid size of the order of kilometres (or less) 
to reasonably capture the local convective processes (e.g., 
localized thunderstorms) realistically to characterize the 
local climate, which is of small scale (Ngo-Duc et�al. 2017; 
Nguyen et�al. 2022; Hariadi et�al. 2022). Based on our own 
experience in weather modelling and the results from exist-
ing literature (Marsham et�al. 2013; Birch et�al. 2014; Prein 
et�al. 2015; Huang et�al. 2019; Li et�al. 2020a, b; Dipankar 
et�al. 2020; Lu et�al. 2021), we believe that a convection-
permitting grid resolution with convection parameterization 
turned o�, although considerably computationally expen-
sive, is better suited to study the climate change impact 
on the city-state Singapore. Our aim of this study is also 
to document the development of a convection-permitting 
climate modelling system over the Maritime continent for 
downscaling CMIP6 models for the third National Climate 

Change projection (V3). As rainfall is the primary product 
of interest in V3, evaluation is based solely on rainfall char-
acteristics over land and ocean.

Increased grid resolution alone with convection param-
eterization turned o� does not ensure a quality performance. 
Our experience in developing SINGV as the operational 
numerical weather prediction model (Huang et�al. 2019; 
Dipankar et�al 2020) is an example of it. Several adjustments 
were needed (see Huang et�al. 2019; Dipankar et�al 2020 for 
the details) to make SINGV forecast useful for daily use at 
a horizontal grid resolution of 1.5�km. These changes then 
resulted in a science con�guration speci�c to the tropics as 
documented in Bush et�al. 2019. This is a very strong basis 
to establish SINGV as the regional climate model (RCM) 
of choice.

Table 1   Shows the details of the con�guration of dynamics, physics and model setup

Model SINGV-RCM (v1.0)

Dynamics/physics (UM—Version 11.1)—End-Game Dynamical core with Physics package: RA1T

Horizontal grid resolution 8.0�km Grids: 1120 × 560 and 2.0�km Grids: 960 × 960

Time steps 8�km: 240�s (4�min); 2�km: 120�s (2�min)

Surface ancillary �les Tested for both IGBP and CCI Land-surface ancillaries

Surface B. C Sea Surface Temperature (SST) from ERA5 reanalysis interpolated to 8.0�km and 2.0�km grid resolutions of 
SINGV-RCM

SST update frequency Updated 8 times daily @ 3-hourly frequency- (00, 03, 06, 09, 12, 15, 18, 21 UTC)

Initial condition (I.C) ERA5-IC: Dec29, 2000

Boundary condition (LBC) Global model: ERA5 – LBC @3�h interval (~ 31�km grid resolution)

Vertical grid resolution L80: 80 levels (surface to ~ 38.5�km height)

Simulation AND analysis periodSimulation: Dec 29, 2000 to Jan 31, 2001 (34�days) and analysis: Jan 2, 2001 to Jan 30, 2001 (29�days)

Radiation process Edwards-Slingo general 2-stream scheme (Edwards and Slingo 1996)

Surface soil Process Joint UK Land Environment Simulator (JULES) (Best et�al. 2011); 4-layer soil model using soil hydrology 
(van Genuchten 1980)

PBL process Blended scheme. 1D boundary-layer scheme for vertical mixing (Lock et�al. 2000; Lock 2001) and 3D Sma-
gorinsky scheme (Smagorinsky 1963)

Microphysics Mixed-phase precipitation (Wilson and Ballard 1999); PC2 scheme (Wilson et�al. 2008a, b)

Gravity wave drag New orographic scheme including �ow blocking AND/OR spectral gravity wave scheme (Webster et�al. 2003)

Fig. 1   Downscaling domains for 
this study. D1 (16.16 S–24.08 
N; 79.68 E–160.248 E) is the 
8�km domain, and D2 (7.29 
S–9.972 N; 93.16 E–110.422 
E) is the 2�km domain (in solid 
line)
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In this study, analyses are done to investigate the SINGV-
RCM model performance to reproduce the spatial and tem-
poral characteristics of observed rainfall beyond weather 
time scales. Sensitivity experiments performed to ensure the 
model's robustness against vertical resolution and convec-
tion parameterization are also documented. The contents of 
the manuscript are as follows: modelling framework is dealt 
with in Sect.�2 and the data for model validation is dealt with 
in Sect.�3, Sensitivity experiments in Sect.�4, Sect.�5 exam-
ines the results and �nally, the summary and discussions are 
in Sect.�6 respectively.

2 � Model

The current modelling system which is, the Singapore 
Regional Climate Model (SINGV-RCM), is based on the 
Uni�ed Model (UM). Results presented in this study are 
from SINGV-RCM v1.0, which is based on the dynamical 
core of Met UM (Met O�ce Uni�ed Model) version 11.1, 
and the physics basis from the tropical version of the Met 
UM known as RA1T (Regional Atmosphere 1 – Tropical) 
(Bush et�al. 2019). Details of the physical parameterization 
schemes are listed in Table�1 for completeness.

The horizontal grid consists of a spherical lati-
tude–longitude grid with Arakawa C-grid staggering 
variables. The vertical grid consists of 80 levels extend-
ing from the surface to 38.5�km at the top, the levels are 
height-based hybrid-� vertical coordinates with Charney 
and Philips's (1953) grid staggering of variables. The 
semi-Lagrangian scheme is used to treat the advection 

term and semi-implicit method for time integration. The 
model time steps are 240�s (4�min) for 8�km and 120�s 
(2�min) for 2�km.

The modelling experiments are conducted to explore 
SINGV’s potential as a Regional Climate Model (RCM) 
for the region; previously several studies were conducted 
with the SINGV-NWP system and found to have high 
skills in predicting the convection realistically over the 
Maritime Continent (Huang et�al. 2019; Dipankar et�al. 
2020) and over Singapore (Simón�§Moral et�al. 2020; Doan 
et�al. 2021). The downscaling is performed using ERA5 
(Hersbach et�al. 2019, 2020) as the initial condition and 

Fig. 2   Mean pressure vertical velocity for a Maritime Continent (MC) and b Singapore (SG) domain using di�erent vertical levels in the forcing 
�elds. Units in Pa/s

Fig. 3   Mean diurnal cycle of rainfall over the Maritime Continent 
(MC) domain. Units in mm/h
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