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1 | INTRODUCTION

Over the last few decades, fast industrialization and urbani-
zation in southeast Asia has led to a considerable degrada-
tion of land use and substantial deterioration of regional air

| Santo V. Salinas' | Jun Wang® | Soo Chin Liew'

Accurate simulations of surface meteorological variables are important for the
transport and dispersion of air pollutants and air quality in the lower atmosphere.
In the present study, the surface meteorological variables over Singapore were sim-
ulated using the Advanced Research Weather Research and Forecasting (WRF-
ARW) mesoscale model. The sensitivity tests were conducted with six different
planetary boundary layer (PBL) schemes (Yonsei University, Mellor—Yamada—
Janjic, University of Washington, Asymmetric Convective Model version
2 [ACM2], Bougeault—Lacarrere, Quasi-Normal Scale Elimination), four different
horizontal grid resolutions (27, 9, 3 and 1 km) and two different land use, land
cover datasets (US Geological Survey [USGS] and Moderate Resolution Imaging
Spectroradiometer [MODIS]). Eight days (January 20-28, 2015) were selected for
the WRF-ARW model simulations for simulating surface meteorological variables.
The model results were validated with available observations over the Singapore
region. A lower mean bias, mean absolute error and root mean square error and
good correlation were found in calculating surface meteorological variables with
increase in the WRF-ARW model horizontal resolution up to 3 km. Further,
MODIS land use, land cover datasets considerably improved the prediction of sur-
face meteorological variables compared to the USGS for all PBL schemes and hori-
zontal grid resolutions. Qualitative and quantitative analyses of the surface
meteorological variables simulated using the ACM2 PBL scheme with 3 km hori-
zontal grid resolution with MODIS land use, land cover data are in better agree-
ment with observations with less error and a good correlation coefficient. The
better performance by ACM2 could be due to non-local turbulence closure during
unstable conditions and local closure during the stable and neutral conditions for-
mulated in this scheme. Overall, this study indicates possibilities to improve
regional level air quality monitoring and prediction capabilities over Singapore.

KEYWORDS
planetary boundary layer, USGS and MODIS, WRF-ARW model

quality. Regional modelling of air quality indicators needs a
correct representation of meteorological variables so that
realistic estimation of pollutant concentrations can be
obtained. Atmospheric models are very useful for predicting
short range weather and many issues need to be considered
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to simulate small scale and mesoscale circulations (Hanna
and Yang, 2001). Planetary boundary layer (PBL) processes
are very important for the evolution of low level flow-field
variables, surface meteorological variables and other param-
eters that affect the transport and dispersion of air pollutants.
The assessment of air pollution by using atmospheric models
deals with a number of problems such as the impact of hori-
zontal and vertical resolutions, initialization and PBL
schemes (Baker et al., 2013). Horizontal and vertical resolu-
tions are one of the important issues in mesoscale atmo-
spheric models (Gego et al., 2005; Chou, 2011).

In situ observations of meteorological variables are lim-
ited in most regions of the world, but air quality models need
gridded meteorological data. Hence, meteorological models
can be used to generate gridded meteorological variables for
air quality modelling. Thus, the uncertainties of the meteoro-
logical model have a negative influence on air quality model
results (Sistla et al., 1996; Kumar et al., 2017). There is no
unique set of physics parameterization options that can simu-
late all the meteorological variables accurately at all model
grid points. The performance of the Advanced Research
Weather Research and Forecasting (WRF-ARW) model
depends on model resolution (horizontal and vertical), land
use, land cover, PBL parameterization schemes (Madala et al.,
2014; Shrivastava et al., 2015).

In general, an increase in the horizontal grid resolution
of atmospheric models increases the ability to resolve the
topographical features and land use, land cover characteris-
tics. It is difficult to define the horizontal grid spacing in
order to achieve a preferred level of accuracy. The model
sensitivity to horizontal resolution has been calculated to
define optimum grid spacing for better simulation of meteo-
rological variables over a particular region. Fita et al. (2010)
studied the WRF-ARW model sensitivity to horizontal and
vertical resolution and concluded that simulations with high
resolution give better representation of the atmospheric fea-
tures, especially over complex terrain. A study by Giannako-
poulou and Nhili (2014) on the sensitivity of the WREF-
ARW model with different horizontal grid resolutions, initial
and boundary conditions, PBL parameterization schemes
and increased nested domains reveals that the simulation
with 3 km horizontal grid resolution gives better results than
1 km grid spacing. Tan et al. (2013) evaluated the perfor-
mance of the WRF-ARW model for a short-term wind
energy prediction system for Turkey. In that work, it was
noticed that a coarser resolution (3 km) simulated extreme
wind cases better than a fine resolution (1 km).

Numerous studies have highlighted the role of PBL
schemes in the simulation of atmospheric circulations by using
atmospheric mesoscale models (e.g. Hu et al., 2010; Shin and
Hong, 2011; Floors et al., 2013; Yang et al., 2013). Several
recent studies over the tropical Indian region emphasize the
role of PBL schemes in atmospheric simulations by using
mesoscale models for accurate representation of surface

meteorological variables as well as the thermodynamic vertical
structure of the atmosphere (Hariprasad et al., 2014; Madala
et al., 2015, 2017; Rahul et al., 2016; Preeti and Manju, 2017).
Over the Singapore region, there are relatively limited studies
on the performance of atmospheric models (e.g. Li er al.,
2013, 2016; Singh et al., 2015) in the context of surface mete-
orological variables. Li et al. (2013) employed WRF with a
single-layer urban canopy model to examine the urban atmo-
sphere of the Singapore region. The results showed that anthro-
pogenic heat played an important role in surface fluxes,
temperature, relative humidity (RH) and PBL height. Singh
et al. (2015) predicted the monsoon and inter-monsoon periods
over Singapore by using the WRF-ARW model with high-
resolution land use and sea surface temperature datasets. That
study highlights that model accuracy is improved by approxi-
mately 10% with high-resolution datasets. Li ef al. (2016) stud-
ied the influence of urbanization patterns over the local
weather of the Singapore region. They found that rainfall is
more strongly influenced by sea breezes than the urbanization
pattern over Singapore. From the literature review, it is noticed
that studies on PBL schemes using atmospheric modelling for
surface meteorological variables are very limited over the Sin-
gapore region. In the present study, an attempt was made to
examine the surface meteorological variables over the Singa-
pore region by using the WRF-ARW mesoscale model. The
aim of the study was to evaluate the performance of the WRF-
ARW model to simulate surface meteorological variables by
conducting sensitivity experiments with six different PBL
schemes, four different horizontal grid resolutions and two dif-
ferent land use, land cover datasets.

2 | STUDY REGION

The study region for the present investigation was Singapore
(1°17724.97" N, 103 ° 517’ 7.05" E), an island city-state
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FIGURE 1
Research and Forecasting model [Colour figure can be viewed at
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TABLE 1 Overview of the Advanced Research Weather Research and

Forecasting model configuration over Singapore

Dynamics
Initial and boundary data
Temporal interval of boundary data

Grid size

Resolution

Map projection
Horizontal grid system

Integration time step for outermost
domain

Vertical coordinates
Time integration scheme
Spatial differencing scheme

PBL schemes

Cumulus parameterization
Surface layer parameterization
Microphysics

Short wave radiation

Long wave radiation

Terrain and land use data

Non-hydrostatic
NCEP FNL
6 hr

Domain 1: (76 X 76) x 51

Domain 2: (121 x 121) x 51
Domain 3: (181 x 181) x 51
Domain 4: (211 x 211) x 51

Domain 1: 27 X 27 km
Domain 2: 9 X 9 km
Domain 3: 3 X 3 km
Domain 4: 1 X 1 km

Mercator
Arakawa-C grid
90 s

51 vertical levels
Third order Runga—Kutta scheme

Sixth order centre differencing

YSU, MYJ, QNSE, MYNN2, ACM2

and UM
Kain—Fritsch scheme
Noah land surface scheme
Goddard microphysics scheme
Dudhia scheme
RRTM scheme
USGS and MODIS

Note. MYNN2: Mellor—Yamada—Nakanishi—Niino Level 2.

off southern Malaysia with a surface area of 700 km? and a
population of 6 million. It has an average elevation of 15 m

above sea level.

(a)

Applications

3 | DATA AND METHODOLOGY

3.1 | Data

Surface meteorological observations from Weather Under-
ground (Changi 1.366 ° N, 103.983 ° E; Seleta 1.4166 ° N,
103.86 ° E; Paya Lebar 1.36 ° N, 103.90 ° E) (http:/www.
wunderground.com/history) and from the National Univer-
sity of Singapore (NUS) (1.296 ° N, 103.776 ° E) (http://
www.fas.nus.edu.sg/geog/weather/) at every 1 hr interval
are used for model validation. To study the influence of land
use and land cover on the model simulated surface layer
parameters, two land cover datasets (the US Geological Sur-
vey [USGS] and the Moderate Resolution Imaging Spectro-
radiometer [MODIS]) were used. The model was initialized
with final analysis (FNL) data with a resolution of 1° X 1°.

3.2 | Mesoscale model

The WRF-ARW mesoscale model version 3.8 was used for
the present study. The horizontal and vertical resolutions
play a critical role in the simulation of small scale atmo-
spheric features. For this purpose, the WRF-ARW mesoscale
model had four nested domains having horizontal grid reso-
lutions of 27, 9, 3 and 1 km and 51 unequally spaced vertical
sigma-pressure levels with the top of the model at 50 hPa
(Figure 1). The spatial figure for both MODIS and USGS
for all domains (Figures S1 and S2). The model was initial-
ized at 1200 UTC and integrated 60 hr for all simulations. In
each simulation, the first 12 hr was considered as the model
spin-up. The model simulations started at 1200 UTC on
January 19, 21, 23 and 25, 2015; the WRF-ARW model con-
figuration for the present study is presented in Table 1. The
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FIGURE 2 Comparison of Advanced Research Weather Research and Forecasting model simulations of air temperature at 2 m with the US Geological
Survey at different horizontal resolutions over the National University of Singapore during January 20-28, 2015 with available observations [Colour figure

can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Comparison of Advanced Research Weather Research and Forecasting model simulations of air temperature at 2 m with the Moderate

Resolution Imaging Spectroradiometer at different horizontal resolutions over the National University of Singapore during January 20-28, 2015 with available

observations [Colour figure can be viewed at wileyonlinelibrary.com]

WRF-ARW model was initialized with 6 hr National Centers
for Environmental Prediction (NCEP) FNL data with
1.0°% 1.0° for the initial and boundary conditions. The sen-
sitivity tests were conducted with various PBL schemes,
namely two non-local (Yonsei University [YSU] and Asym-
metric Convective Model version 2 [ACM2]) and four local
turbulent kinetic energy closures (Mellor—Yamada—Janjic

(a)

[MYJ], Quasi-Normal Scale Elimination [QNSE],
Bougeault-Lacarrere [BOULAC] and University of
Washington [UM]). Shin and Hong (2011), Hariprasad et al.
(2014) and Kleczek et al. (2014) give details of the PBL
parameterization schemes. The model physics options used
are the Kain-Fritsch scheme (Kain, 2004) for convective
parameterization (not used for domains d03 and d04), the
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FIGURE4 Comparison of Advanced Research Weather Research and Forecasting model simulations of relative humidity with the US Geological Survey at

different horizontal resolutions over the National University of Singapore during January 20-28, 2015 with available observations [Colour figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 5 Comparison of Advanced Research Weather Research and Forecasting model simulations of relative humidity with the Moderate Resolution

Imaging Spectroradiometer at different horizontal resolutions over the National University of Singapore during January 20-28, 2015 with available
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Goddard microphysics scheme (Tao et al., 2003; Singh
et al., 2017) for cloud microphysics, the Noah land surface
model (Chen and Dudia, 2001) for surface physics, the
Rapid Radiative Transfer Model (Mlawer et al., 1997) for
long wave radiation processes and the Dudhia scheme for
short wave radiation (Dudhia, 1989). All the physics options
(except the PBL schemes) were taken from Singh et al.
(2015). A detailed explanation of the model physics, equa-
tions and dynamics is presented in Skamarock et al. (2008).

4 | RESULTS AND DISCUSSION

4.1 | Variation in surface meteorological variables

Inter-comparison of the performance of six different PBL
schemes (YSU, MY]J, UM, ACM2, BOULAC, QNSE), four
different horizontal grid resolutions (27, 9, 3 and 1 km) and
two different land use, land cover datasets (USGS and
MODIS) from a WRF-ARW mesoscale model with
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FIGURE 6 Comparison of Advanced Research Weather Research and Forecasting model simulations of wind speed with the US Geological Survey at
different horizontal resolutions over the National University of Singapore during January 20-28, 2015 with available observations [Colour figure can be
viewed at wileyonlinelibrary.com]
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Spectroradiometer at different horizontal resolutions over the National University of Singapore during January 20-28, 2015 with available observations
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available observations is discussed in this section. The
WRF-ARW model simulations of the diurnal variation of
surface air temperature (AT) (°C) at 2 m, surface RH (%) at
2 m, surface wind speed (WS) (m/s) at 10 m and wind direc-
tion (WD) (degree) at 10 m along with available in situ
hourly observations at the NUS are shown in Figures 2-9.

(a)

4.1.1 | Diurnal variation of air temperature

The diurnal variation of AT simulated by various PBL
parameterization schemes with different horizontal resolu-
tions over 8 days (January 20-28, 2015) together with the
available observations at the NUS station are depicted in
Figure 2a—d for the USGS dataset and in Figure 3a—d for the

(b)

90 D1 (27 km)

D2 (9 kin)

Wind Direction (degree)

(©)

N 536w

Wind Direction (degree)

144 168

Time (UTC)

FIGURE 8

192

Time (UTC)

Comparison of Advanced Research Weather Research and Forecasting model simulations of wind direction with the US Geological Survey at

different horizontal resolutions over the National University of Singapore during January 20-28, 2015 with available observations [Colour figure can be
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FIGURE 9 Comparison of Advanced Research Weather Research and Forecasting model simulations of wind direction with the Moderate Resolution

Imaging Spectroradiometer at different horizontal resolutions over the National University of Singapore during January 20-28, 2015 with available
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MODIS dataset respectively. It is noted that all PBL
schemes simulate the diurnal variation of AT (daytime) rea-
sonably well and a slight warm mean bias (model

observation >0) (night time) for 27 and 9 km for both the
USGS and the MODIS (Figure 2a,b). In the case of 3 and
1 km resolutions, all PBL schemes except the MYJ and

TABLE 2 Percentage change of errors with the US Geological Survey (USGS) for different horizontal grid resolutions

% change

USGS ([D2 - D1]/D1) x 100

USGS ([D3 — D2]/D2) x 100

USGS (D4 -D31/D3) x 100

Parameter

Air temperature

Relative humidity

Wind speed

‘Wind direction

Air temperature

Relative humidity

Wind speed

Wind direction

Air temperature

Relative humidity

Wind speed

Wind direction

Errors
MAE
RMSE
MAE
RMSE
MAE
RMSE
MAE
RMSE
MAE
RMSE
MAE
RMSE
MAE
RMSE
MAE
RMSE
MAE
RMSE
MAE
RMSE
MAE
RMSE
MAE
RMSE

YSU
-15.5
-16.5
-16.0
-13.7
-13.3
-94
8.7
4.8
-9.2
-54
=29
0.3
—18.7
-21.2
-0.8
-0.6
5.1
4.8
133
124
7.4
6.6
0.0
1.0

MYJ

-8.9

—13.0
—13.0
—11.1
-11.6

-9.1
5.0
2.7

17.6

22.0

—14.5
—11.7
—19.0
-159

-1.6
—-0.8
11.7
10.3
11.1
16.7
54
42
1.7
23

UM
-11.5
-13.9
-12.1
-11.4
-11.0
-8.2
2.4
-20.8
-54
=59
-8.3
—54
=75
=73
1.6
15.6
4.6
5.4
7.6
9.4
8.9
7.8
-3.6
-134

ACM2
-12.0
—13.8
-15.2
-12.6
-153
-12.4
45
—13.0
=57
-3.6
=7.1
—5.1
—23.8
—22.6
-14
-0.6
3.6
2.8
9.2
9.3
4.6
3.7
=15
-0.3

BOULAC
-15.0
-14.6
-16.8
-14.4
-2.6
-2.6
33.0
229
0.0
-1.8
-11.3
—6.4
-0.7
-1.1
=23.1
=172
4.7
5.5
11.3
11.1
4.7
6.0
-0.9
—-0.1

QNSE
-12.9
-11.9
-15.2
-13.0
-9.8
-85
5.7
242
—4.0
=32
33
15
-16.2
—15:9
—6.6
—-18.6
10.3
74
13.7
10.9
6.5
72
1.8
0.4

Note. ACM2: Asymmetric Convective Model version 2; BOULAC: Bougeault-Lacarrére; MAE: mean absolute error; MYJ: Mellor-Yamada—Janjic; QNSE:
Quasi-Normal Scale Elimination; RMSE: root mean square error; UM: University of Washington; YSU: Yonsei University.
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TABLE 3 Percentage change of errors with the Moderate Resolution Imaging Spectroradiometer (MODIS) for different horizontal grid resolutions

% change Parameter Errors YSU MYJ UM ACM2 BOULAC QNSE
MODIS ([D2 - D1}/D1) x 100 Air temperature MAE -14.7 -10.3 -13.0 -18.7 —-16.1 -12.1
RMSE -16.4 -12.7 -159 -17.6 —154 -13.9

Relative humidity MAE -12.4 -14.0 —14.2 -16.6 -17.4 -14.4

RMSE -9.5 -10.6 -11.7 -13.9 -122 -12.0

Wind speed MAE -10.6 -13.6 -9.1 —-16.1 -3.6 -8.6

RMSE -11.2 -11.2 -8.2 -13.9 -34 -7.6

Wind direction MAE 34 1.5 3.1 1.7 6.2 -24

RMSE —-10.3 -12.7 -8.7 -104 33 -12.2

MODIS ([D3 — D2]/D2) x 100 Air temperature MAE 21.0 40.6 12.5 4.1 =5.1 9.6
RMSE 13.1 27.4 5.7 1.0 —4.8 5.9

Relative humidity MAE 1.5 -254 -9.5 —-4.4 -12.6 9.0

RMSE 3.4 -18.6 -33 0.4 -10.2 7.2

Wind speed MAE -31.3 -14.0 —14.6 -28.1 -74 -26.6

RMSE —28.6 —11.3 —11.5 -27.8 -6.5 -24.1

Wind direction MAE 4.2 3.5 3.6 33 -1.1 0.4

RMSE 16.5 18.0 15.0 12.3 0.8 18.4

MODIS ([D3 - D3]/D3) x 100 Air temperature MAE -9.2 5.9 —4.4 0.0 -14 —4.9
RMSE -1.7 12.7 1.8 5.1 1.0 -1.6

Relative humidity MAE 1.2 -1.6 -5.6 1.0 0.0 1.8

RMSE 0.3 -29 -53 —1.1 1.9 0.6

Wind speed MAE 14.1 6.7 14.4 =5.7 12.0 7.8

RMSE 12.8 52 13.7 —4.6 10.1 7.0

Wind direction MAE 3.7 5.0 -0.1 22 9.9 -0.8

RMSE 12.1 2.7 0.2 1.9 24.1 -24

Note. ACM2: Asymmetric Convective Model version 2; BOULAC: Bougeault-Lacarrére; MAE: mean absolute error; MYJ: Mellor—Yamada—Janjic; QNSE:
Quasi-Normal Scale Elimination; RMSE: root mean square error; UM: University of Washington; YSU: Yonsei University.

YSU schemes closely simulated the AT during both daytime 4.1.3 | Diurnal variation of wind speed and wind direction

and night time. Compared to the USGS, the MODIS simu-
lated AT well in comparison with the available observations
(Figure 3a—d). It was found that, both in the MODIS and the
USGS with coarse resolution (27 and 9 km), scheme to
scheme variations in the simulated AT are very much less
compared to fine resolution (3 and 1 km).

4.1.2 |
The diurnal variations of RH with different land use, land
cover datasets (USGS and MODIS) with different horizontal
resolutions (27, 9, 3 and 1 km) over the study area, during
January 20-28, 2015, together with observations are shown
in Figures 4a—d and 5a—d respectively. It was found that the
coarse resolution (i.e. 27 and 9 km) simulations overesti-
mated RH during daytime and night time for all the PBL
schemes for both the USGS and the MODIS (Figures 4a,b
and 5a,b). The RH was better simulated during daytime
except for the MYJ and YSU, whereas at night time RH was
overestimated by all PBL schemes for both the USGS and
the MODIS (Figures 4c,d and 5c,d). The RH was well simu-
lated by the ACM2 followed by the BOULAC PBL scheme
with realistic representation of diurnal variation.

Diurnal variation of relative humidity

The comparison of simulated WS by using various PBL
schemes and different horizontal resolutions over 8 days
(January 20-28, 2015) with the available observations at the
NUS is shown in Figures 6a—d and 7a—d (USGS and
MODIS). It was found that WS was overestimated through-
out the simulation time by both the USGS and the MODIS
with 27 and 9 km grid resolutions. The coarse resolution
simulations with the ACM2 and MYJ produced higher WS
compared to other PBL parameterization schemes. Fine reso-
Iution simulations (3 and 1 km) are better simulated winds
compared to the coarse resolutions (27 and 9 km) for both
the USGS and MODIS (Figures 6 and 7). The fine resolution
simulations with the UM and YSU followed by BOULAC
produced weaker WS while the ACM2, MYJ and QNSE
compared well with observations. The observed WD over
the study region is mostly from the northnortheast and north-
east during January 20-28, 2015 (Figures 8 and 9). All the
PBL schemes simulated the WD well with both the USGS
and MODIS land categories.

Moreover, the diurnal variation of these surface meteoro-
logical parameters compares well with the observations from
the other three stations, Changi, Seleta and Paya Lebar.
Based on qualitative comparisons, it is noticed that using the
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TABLE 4 Percentage change of errors with the US Geological Survey (USGS) and the Moderate Resolution Imaging Spectroradiometer (MODIS) (%

change = {(MODIS - USGS)/MODIS} x 100)

Domain (resolution) Parameter Errors YSU
D1 (27 km) Air temperature MAE —-8.4
RMSE -39
Relative humidity MAE -3.6
RMSE -3.2
Wind speed MAE =75
RMSE -8.1
Wind direction MAE -4.8
RMSE =35
D2 (9 km) Air temperature MAE 7.4
RMSE -3.7
Relative humidity MAE 0.6
RMSE 1.6
Wind speed MAE —-4.2
RMSE —10.3
Wind direction MAE —10.1
RMSE -20.8
D3 (3 km) Air temperature MAE 19.4
RMSE 13.2
Relative humidity MAE 4.9
RMSE 4.5
Wind speed MAE -23.2
RMSE -21.6
Wind direction MAE -4.8
RMSE -3.0
D4 (1 km) Air temperature MAE 6.7
RMSE 7.6
Relative humidity MAE —6.5
RMSE -7.0
Wind speed MAE -15.9
RMSE —14.9
Wind direction MAE -1.0
RMSE 7.2

MYJ UM ACM2 BOU LAC QNSE
-4.7 —13.0 -9.9 =7.5 -8.4
-2.8 -8.7 -9.2 =57 —-4.4
-7.6 -85 -9.1 -8.7 -3.6
—6.2 =73 =79 —-6.8 -2.8

-10.7 —14.7 -16.7 -10.7 =79

—10.0 —14.0 -15.8 -8.6 -8.2
-2.8 —10.0 =7.0 0.9 6.1
=25 -36.5 -23.1 8.7 1.9
—6.3 —15.0 —18.9 -9.0 -7.4
24 —11.3 —14.3 —6.7 —6.8
-89 —11.2 -10.9 -9.5 -2.6
—5.6 =77 =95 —4.2 -1.6

—13.2 —12.3 -17.8 -11.9 —6.5

—12.6 —14.0 —17.8 -9.5 =7.1
—-6.4 -94 =09 —24.1 -1.6

—20.6 —18.4 -19.4 -8.6 -38.8
11.1 33 -7.8 -14.9 5.8

1.9 0.9 -9.1 —-10.1 2.4

—24.8 -12.7 =71 —11.1 2.7

—14.5 =54 -3.6 -8.6 3.8
-6.7 -21.6 —24.8 -20.0 -21.6
-6.7 -19.4 -26.2 —15.8 -18.6
-1.2 =72 -5.0 3.5 5.5
-14 -19.1 =57 10.8 4.6

6.3 —5.8 —11.7 -21.9 -9.2
39 -2.6 -6.7 —15.0 —6.5

—40.9 —28.5 -16.5 —23.6 -8.6

-37.6 -21.8 —14.5 —18.4 —6.1
—5.4 —15.7 —38.4 —12.1 —-20.0
=57 -133 -37.1 -11.5 -18.8

1.9 -34 -1.2 12.9 3.0
-1.1 =29 -34 282 1.8

Note. ACM2: Asymmetric Convective Model version 2; BOULAC: Bougeault-Lacarrére; MAE: mean absolute error; MYJ: Mellor—Yamada—Janjic; QNSE:
Quasi-Normal Scale Elimination; RMSE: root mean square error; UM: University of Washington; YSU: Yonsei University.

ACM2 PBL scheme with MODIS land use data at 3 km grid
resolution simulated surface meteorological variables realis-
tically better than the other tested PBL parameterization
schemes.

4.2 | Statistical analysis

A statistical analysis was done to quantify the model errors
of the simulated variables. The error metrics (mean bias,
mean absolute error, root mean square error and correlation
coefficient) were calculated for the parameters AT and RH
at 2 m and WS and WD at 10 m for four stations (total sam-
ple size N = 703) (Tables S1 and S2). The observed mean
AT over the study period was 26.91 °C. It seems that all the
PBL schemes captured a cold bias at all horizontal grid reso-
lutions (27, 9, 3 and 1 km) for both the USGS and the

MODIS. The ACM2, BOULAC and YSU PBL schemes
generated smaller errors and higher correlation values than
the other schemes. The observed mean RH during the study
period was 73.36%. All PBL schemes generated a humidity
bias for both the USGS and the MODIS at all horizontal grid
resolutions. Relatively smaller errors and reasonable correla-
tions were obtained for RH with the ACM2, YSU and BOU-
LAC schemes, which indicated better performance than the
other PBL schemes. The observed mean WS was 4.54 m/s.
An overestimation of WS was found by all the PBL parame-
terization schemes with both the USGS and the MODIS for
all horizontal grid resolutions. However, smaller errors and
good correlations were found for the MYJ followed by the
ACM?2 and YSU, indicating that these PBL schemes simu-
late WS and WD relatively well. The percentage changes in
errors for the aforementioned surface parameters with the
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USGS and the MODIS with different horizontal grid resolu-
tions and different PBL schemes are shown in Tables 2 and
3. It is clear that fine resolutions (i.e. 3 and 1 km) with the
USGS and the MODIS generate less error and show high
correlation compared to coarse resolutions (27 and 9 km). In
addition, it was found that the errors are reduced from the
mother domain to the nested domain (from dO1 to dO2 and
d02 to d03). High-resolution (1 km) simulations will sub-
stantially increase the model numerical costs and time com-
pared to the 3 km grid. Between d03 and d04 the results did
not improve much with the USGS except for WD for some
of the PBL schemes and mixed results were noticed for the
MODIS. The error percentage change from the USGS and
the MODIS is presented in Table 4. Overall, simulations
with the MODIS generate lower errors for all surface meteo-
rological variables compared to the simulations with the
USGS at all horizontal resolutions. Based on the present
analysis, it can be concluded that the MODIS at 3 km resolu-
tion with the ACM2 followed by the YSU and MYJ PBL
schemes gives better representation of surface meteorologi-
cal parameters compared to other schemes.

5 | SUMMARY AND CONCLUSIONS

The local surface meteorological variables play a significant
role in air pollution transport and dispersion and air quality.
The main goal of the present study was to assess the impact
of six different planetary boundary layer (PBL) schemes,
four different horizontal grid resolutions and two different
land use, land cover datasets on the performance of the
Advanced Research Weather Research and Forecasting
(WRF-ARW) model for better simulation of the surface
meteorological variables over the Singapore region. This
study shows that the WRF-ARW model can capture the sur-
face meteorological parameters reasonably well, validated
with available observations over the study region. Statistical
errors such as mean bias, mean absolute error, root mean
square error and the correlation coefficient were evaluated
and it was found that the Asymmetric Convective Model
version 2 (ACM2) PBL scheme gives better simulation of
various surface meteorological variables over the study
region compared to the other PBL schemes. The improve-
ment in the various meteorological variables with ACM2
could be due to the application of non-local diffusion during
daytime under unstable conditions and local parameteriza-
tion during stable night conditions. Further, Moderate Reso-
lution Imaging Spectroradiometer (MODIS) land use, land
cover data considerably improved the prediction of surface
meteorological variables compared to the US Geological
Survey for all PBL schemes and horizontal grid resolutions.
For experiments using different horizontal resolutions,
increasing the grid resolution from 27 to 9 km and from 9 to
3 km showed improvements (less error) but from 3 to 1 km
did not show much improvement. It is concluded that 3 km

horizontal grid resolution is the best resolution and that the
finest 1 km spacing does not bring much improvement in the
WRF-ARW model (Tan et al., 2013; Giannakopoulou and
Nhili, 2014; Madala et al., 2014). This may be due to
improper representation of land use, land cover data, which
needs further investigation. However, this study is prelimi-
nary in nature and advocates the usefulness of the WRF-
ARW model. Within its limitations, it is suggested that the
WRF-ARW mesoscale model with the ACM2 PBL scheme
with 3 km horizontal grid resolution and the MODIS land
cover data is suitable over the Singapore region for better
representation of surface meteorological parameter variables.
This customization of the WRF-ARW model is found to be
efficient but requires analysis of more days over the study
region before any comprehensive conclusion can be reached.
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