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Abstract

This paper investigates the accuracy of weather research and forecasting by
improving coding for solar radiation forecasting for location in Dili Timor
Leste. Weather Research and Forecasting (WRF) model version 3.9.1 is used
in this study for improvement purposes. The shortwave coding of WRF is
used to improve in order to decrease error simulation. The importance of
improving WRF coding at a specific region will reduce the bias and root
mean square root when comparing to the observed data. This study uses high
resolution based on the WRF modeling to stabilize the performance of fore-
casting. The decrease in error performance will be expected to enhance the
value of renewable energy. The results show the root mean square error of the
WREF default is 233 W/m? higher compared to 205 W/m? from the WRF im-
provement model. In addition, the Mean Bias Error (MBE) of the WRF de-
fault is obtained value 0.06 higher than 0.03 from the WRF improvement in
rainy days. Meanwhile, on sunny days, the performance Root Mean Square
Error (RMSE) of WREF default is 327 W/m? higher than 223 W/m? from the
WRF improvement. The MBE of WRF improvement obtained 0.13 lower
compared to 0.21 of WRF default coding. Finally, this study concludes that
improving the shortwave code under the WRF model can decrease the error

performance of the WRF simulation for local weather forecasting.
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1. Introduction

As a tropical region, Timor Leste is one of the challenging countries in the world
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to predict, and particularly forecasting of cloud cover is harder and more diffi-
cult [1]. Accurate forecasting of solar radiation influences the usage of solar re-
sources as the most active resource for renewable energy and could help opera-
tors to reduce the cost for the benefit of forecasting for energy markets [2]. In
recent years the implementation of renewable energy has been increasing rapid-
ly, however increasing the distribution of renewable energy means also increas-
ing the reliable energy generation forecast for implementation in electricity grid
connection. Somehow unexpected, sometimes large errors in solar irradiance
forecasting may lead to the performance of reliable energy generation. Based on
this, a study of improvement of forecasting should be taken more carefully in
order to perform better and a significant irradiance forecast. In addition, the
complexity of local terrain, imperfect measured data, and uncertain physics of
cloud formation may also lead to the performance of forecasting.

Numerical Weather Prediction (NWP) [3] model is a physical method which
mostly used by researchers around the world to perform the most accurate solar
irradiance forecasting from hourly to daily. Imperfections of physics paramete-
rization in NWP may lead to the imperfection of the model. The implementa-
tion of an NWP has been considered very useful in the planning of forecasting
generation output. However, in some cases of studies, forecasting obtained from
the NWP based on input data may contain errors. Therefore, the improvement
of NWP is necessary for the optimization of forecasting. In particular, there are
some limitations which unavoidable for predictions such as impacts on the en-
vironment, observation instruments incomplete, and technical skills that may
cause an error [4].

Many studies have improved by calculating efficiency, improvement in the
parameter optimization, high-speed application and supercomputer, and resolu-
tion of the model. Their results contributed to observation skills, however, the
NWP model is still uneasy to deal with the operational demand for solar radia-
tion forecasting [5]. Many companies have customized their NWP model to
forecast solar irradiance based on the principles of geophysical fluids dynamics
and thermodynamics for more than ten days. NWP models are the main basis of
yield forecast with the time range of 48 hours time horizon for decision making
and grid connection. It uses initial and boundary conditions for the model to
run the atmospheric simulation [6].

Several articles have demonstrated the improvement of NWP for prediction
purposes. Kim and Clarkson [7] presented a study of developing and improving
Global Horizontal Irradiance (GHI) and Direct Normal Irradiance (DNI) using
the Weather Research and Forecasting (WRF) as the NWP model for location in
Arizona. They showed that during the 2011 NAM season, the model performed
poorly which likely has related to the frequent. Alessandrini et al [8] applied the
European Centre for Medium-Range Forecast (ECMWF) as an NWP model to
predict wind power at a three-hourly interval out to 72 hours. Deppe et al [9]

applied an ensemble NWP model to forecast wind at a one-hour interval out to
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48 hours. Lorenz et al (2009a) [10] evaluated the GHI forecast using several
NWP in Europe. Overall, their results showed values of relative RMSE were
about 40%. Ewan et al. (2006) [11] evaluated the MM5 as NWP for modeling the
GHI forecast in Germany with time up to 48 hours. Their study showed that the
values of relative RMSE were about 50%.

The main contribution of this study is to compare the improvement coding of
the WRF model and WRF default coding for solar radiation forecasting which is
located in Dili Timor Leste. The results of improvement and default WRF model
simulation were used to validate against ground station single point for local
understanding. The model configuration and parameter setting of WRF nesting
model simulation for of 1 x 1 km spatial resolution for a period of ten days
where five days were on a rainy day and the other five days were sunny. The five
days of rainy days from 1% to 5% June 2015 and the other five days of sunny days
from 1* to 31* October 2015 were used for validation in this study with locally
observed data. Finally, this study proposes the physics parameterization of the
improvement WRF coding can be used to reduce and decrease the uncertainties
result of the NWP itself and improve the performance for a great significance
result.

The structure of this work is organized as follows: Section 2 describes sources
data used in this paper and the study region. The implementations of WRF
model simulation coding and two error evaluation metrics are introduce in Sec-
tion 3. The results of the performance of the default and improvement, error
analysis and comparison data are presented in Section 4. Discussion of this study
is presented in Section 5. Finally, Section 6 describes a brief summary of study

conclusions.

2. Sources Data and Study Region

The hourly solar radiation on sunny days from 1 to 5® October 2015 and rainy
days from 1* to 5" June 2015 were obtained from an installed weather station in
Hera, Dili Timor Leste [12]. These data are used as observational analysis for so-
lar radiation. Meanwhile, 1 deg x 1 deg grid data downloaded from the national
center for environmental prediction (NCEP) website

(https://rda.ucar.edu/datasets/ds083.2/) were used as input data in the WRF

model to run solar radiation simulation. Figure 1 is Hera city which located

around 12.4 km in the east of Dili. This area was chosen as a study region as it
has a weather station and potential of high solar radiation for prediction pur-
poses in order to apply for large solar PV panel installation. This simulation used
Linux Ubuntu 16.04 LTS (Long Term Support) 64 bit operating running on In-
tel(R) Core(TM) i7-7700 CPU @ 3.60 GHz computer with 8 GB of RAM.

3. Methodology
3.1. WRF Model

In this study, the Weather Research and Forecasting-Advanced Research WRF
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Land cover of study area

oMM 2[3 4[5[6] 78] 910 12 151617 |

0 water 4 deciduous_broadleaf 8 woody_savannas 12 croplands 16 barren_or_sparse
1 evergreen_needleleaf 5 mixed_forests 9 savannas 13 urban_and_built_up 17 unclassified

2 evergreen_broadleaf 6 closed_shrubland 10 grasslands 14 crop_nat_veg_mosaic

3 deciduous needleleaf 7 open shrublands 11 permanent wetlands 15 snow and ice

Figure 1. Land cover of study area used in this study [12].

(WRF-ARW) model version 3.9.1 [13] was used to simulate solar radiation on
sunny and rainy days over Hera area in Dili Timor Leste. The WRF model is
widely and very well-known used by many researchers around the world to
make a prediction. This model is a numerical mesoscale meteorological model
consisting of the numerical scheme, dynamics, physics, and non-hydrostatic
primitive equations in the atmosphere. This model conducted a simulation using
initial and boundary conditions by applying NCEP analysis operational data at 1
deg x 1 deg resolution [14]. These analysis data are 6-hourly Global Data Assi-
milation System (GDAS) are collected from the Global Telecommunications
System (GTS) and boundary condition data includes the landuse of the United
States Geographical System (USGS) 24 category terrestrial, the elevation of ter-
rain in 2 minutes and vegetation fraction in 10 minutes data. In addition, this
model provides information regarding albedo, Direct Normal Irradiance (DNI),
Diffuse Irradiance (DIF), Global Horizontal Irradiance (GHI), longitude and la-
titude, cos zenith, topography, land cover, sea surface temperature, wind speed,
pressure, relative humidity, etc.

The high horizontal resolution of 9 km, 3 km, and 1 km were using in a three-two

nested domain in this study. Figure 2 and Table 1 are three initial conditions
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Figure 2. (a) Plotting of three two way nesting domain; (b) View of domain 03 at 1 km
resolution. Data of domain d03 were used for comparison purposes [12].

and main characteristics using in this simulation. This simulation experiment
uses Thompson and Eidhammer (2014) [15] as microphysics. This scheme uses
the cloud, double moment rain, cloud condensation which suitable for a
cloud-resolving grid in warm conditions. RRTMG radiation scheme [16] was
used in this present study for shortwave and long wave radiation. This scheme
can resolve clouds and clouds fraction and suites for modeling climate in re-
gional. Yonsei University Planetary Boundary Layer (PBL) scheme [17] was
adopted to consider non-local fluxes through a parameterized between interac-
tion land surface and PBL due to variations of the surface heat flux. Noah LSM
was used in this simulation for the land surface model [18]. Plotting for its grid
point uses NCL NCARG version 6.5.0 [19]. In this study, the shortwave coding
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Table 1. More WRF parameter configurations used in this simulation.

Rainy days: 1* to 5" June 2015

Period Sunny days: 1 to 5 October 2015
Input data NCEP FNL (6-hourly, 1° x 1°)
Nesting Two-way nesting
Map projection Mercator

Domain 1, d01 (9 km, 86 x 68 grids)
Domain Domain 2, d02 (3 km, 88 x 88 grids)
Domain 3, d03 (1 km, 100 x 100 grids)

Vertical layer 38
Geographic data resolution 10m,5m,2m
Microphysics Thompson and Eidhammer
Longwave radiation RRTMG scheme
Shortwave radiation RRTMG scheme
Surface layer MMS5 scheme
Land surface Noah land surface model
Planetary boundary layer Yonsei University scheme
Cumulus parameterization None

file under “phys/” folder of WRF default model was used to improve for better
understanding. Table 2 shows the details of the configuration of WRF default
and improvement coding for shortwave radiation where bold letter indicating
enhance coding.

Solar radiation which reaches the surface of the earth is formed from solar di-
rect and solar diffuse. Solar direct is the amount of radiation coming directly
from the sun and reaches the surface of the earth. Meanwhile, solar diffuse is the
scatter radiation on the sky which reaches to earth’s surface. The amount of solar
radiation reaches a given location varies in time because of the variation distance
between sun and earth. It is greater when the sun closer to the earth and when
the sun is located on the top of the atmosphere. As mentioned before, the sun
movement also determines by the time such as local time, apparent solar time,
universal time, Equation of Time (EOT), and Green Meridian Time (GMT). How-
ever, some variables are considered very important and become as main causes
for determining the available solar radiation. These variables are composed of
the day (Julian), albedo, latitude (xxlat), longitude (xlong), altitude, solar azi-
muth (csza), solar constant (soltop), zenith angle (coszen), solar declination
(declin), and solar hour angle (hrang). The sun’s angle is always dependent on
latitude including the time of day and year where during the daytime, sunrise
increase until noontime and decreases until sunset. In this present study, the
shortwave radiation of WRF default code under “Phys” does not contain any in-
formation regarding solar altitude. Solar altitude is the elevation angle on the

horizon and has been considered as one of the parameters to determine solar
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Table 2. WRF default and improvement shortwave code.

Default WRF shortwave code

Improvement of WRF shortwave code

REAL :: diffuse_frac, corr_fac, csza_slp

GSW=0.0
bext340=5.E-6
bexth20=5.E-6
SOLTOP=SOLCON

if (present(coszen)) then
csza=coszen

else
xt24=mod(xtime+radfr
*0.5,1440.)+eot

tloctm = gmt + xt24/60. + xlong/15.

hrang = 15. * (tloctm-
12.) * degrad

xxlat = xlat * degrad
csza = sin(xxlat) *
sin(declin) +
cos(xxlat) * cos(declin)

* cos(hrang)

end if

XMU=csza

SDOWN(1)=SOLTOP*XMU

REAL:: diffuse_frac, corr_fac, csza_slp

GSW=0.0
bext340=5.E-6
bexth20=5.E-6
SOLTOP=SOLCON

if (present(coszen)) then
csza=coszen

else

xt24=mod(xtime+radfrq
*0.5,1440.)+eot

tloctm = gmt + xt24/60. + xlong/15.

hrang = 15. * (tloctm-
12.) * degrad

xxlat = xlat * degrad
csza=sin(xxlat) * sin(declin)
+ cos(xxlat) *cos(declin)

* cos(hrang)

cszm=(cos(declin)*cos(xxlat)*tan(declin)+sin(xx
lat)*cos(hrang))/cos(csza)

end if
XMU=csza
XMM=cszm

SDOWN(1)=SOLTOP*(1+0.03344*c0s(0.9856*ju
lian-2.72))*sin(XMU) - cos(XMM)

GSW=(1-ALBEDO)*SDOWN(kte+1)
GSW=(1-ALBEDO)*SDOWN((kte+1)

Where: xt24 = the fractional part of simulation days plus half of radiation; xtime = forecast time in minute;
eot = equations of time; radt = radiation; tloctm = name of the variable apparent solar time (AST); hrang =
variable name indicating solar hour angle; xxlat = variable name indicating latitude; xlong = variable name
indicating longitude; declin = variables name indicating declination; XMU=csza = variable name indicating
solar azimuth; XMM=cszm = variable name indicating solar altitude; julian = variable name indicating day
of the year; 1-ALBEDO = full reflect of albedo; SDOWN = variable name indicating solar top; kte = tile ver-
tical end; GSW = ground short wave.

power from the sun. Based on this parameter, the shortwave radiation file from
the WRF model is used to add the equation of solar altitude for improvement

purposes of solar radiation in this study.

3.2. Error Metrics

The two equations from David et al [20] such as root mean square error (RMSE)
and mean bias error (MBE) were used to evaluate accuracy between the observed

data with the simulated data. These two error metrics are defined as below;
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RMSE = \/%Zl"_l( pred, —obs, )’ (1)
MBE =%-Zi”:1( pred; —obs; ) (2)

where pred represented results of the WRF, obs represented Dili weather station
observed data, and n is the number of the time step. All error estimation apply-
ing values of hourly for the considered period. MBE will quantify and detect if
the model will give overestimation (MBE > 0) or underestimation (MBE < 0).

On the other hand, error distribution will be counted by RMSE error metric.

4. Results

This section discusses the results of the model comparison between WRF default
and improving code of solar radiation, cloud cover from 1 to 6 km above ground
level (a.gl) including two error metrics analysis. Figures 3(a)-(f) showed the
results of cloud cover above 1 km to 6 km above ground level from the default
and improvement code on rainy days. Cloud cover from 1 to 6 km height above
ground level was chosen to analyze the performance of the cloud exist because
no clouds were observed from 7 km height. The blue line represented WRF de-
fault data and the red line represented the WRF improvement result. This study
showed some interesting values regarding the cloud presence in five days rainy
season. Small clouds around 80, 40, and 90 kg/m® were observed in 1%, 2", and
3 days in 1 km a.gl. Meanwhile, clouds values from 10 to 460 kg/m*® were
mostly observed in the 4" and 5" days. A large number of clouds improving
about 860 kg/m® at 2 km a.g.l on the 5™ day. No clouds in the 1* day at 1 km of
improvement WRF coding, clouds were started increasing in 2nd and 3rd days
about 220 and 30 kg/m’® which means that the decreasing of the cloud of im-
provement code. 4" and 5" day showed mostly increasing cloud existence as it
was observed about 350 and 860 kg/m>.

No clouds found at 3 km a.g.l from the default and improvement code in the
1** and 4™ days. Clouds were found decreasing in the 2™ and 3™ days about 130
and 260 kg/m’ but increasing about 20 kg/m? in different hours. Clouds found a
significant increase from 190 to 250 kg/m?® and 10 to 120 kg/m>. No clouds were
observed at 4, 5, and 6 km a.gl on the first day. In addition, no clouds were
found in the 3™ and 4™ days in 4 km height. Clouds were observed decreasing
about 260 kg/m® in some hours but increasing about 200 kg/m’ in different
hours for the 2" day and 5" days.

Clouds were found a significant increase in the 5 km a.g.l for the 2" day from
10 to 380 kg/m’ at noon time around 11 am to 5 pm. No clouds were observed
from the 3" to 5" days at 5 km height. Same as the 5 km height, clouds only ob-
served in the second day at 6 km height increasing from 0 to 240 kg/m? in the
morning time, but decreasing in the noontime about 320 kg/m’. The clouds con-
tinue increasing in the afternoon time from 20 to 290 kg/m? around 5 pm. In

this present study, no cloud results were plotting on sunny days as it was found
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Figure 3. (a) Cloud at 1 km height; (b) Cloud at 2 km height; (c) Cloud at 3 km height; (d) Cloud at 4 km height; (e) Cloud at 5
km height; (f) Cloud at 6 km height.

that almost no clouds were observed from 1 km to 6 km height a.g.l.

Figure 4(a) and Figure 4(b) presented results of solar radiation from the
default and improvement WRF coding in two seasons, rainy and sunny days,
respectively. The blue curve represents the WRF default code, the red curve

represents the WRF improvement code, and the green curve represents the

DOI: 10.4236/jpee.2021.92002 15 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2021.92002

J. M. S. de Araujo

1.2
(a) —WRF DEFAULT —WRF IMPROVE — OBSERVED

0.8

0.6

0.4

Solar radiation (kW/m”*2)

0.2

RN - i

2 JUN 2015 4 JUN 2015
1JUN 2015 3 JUN 2015 5 JUN 2015

Time

1.2
(b) —WRF DEFAULT —WRF IMPROVE —OBSERVED

TR RT

0.8

0.6

0.4

Solar radiation (kW/m”2)

0.2

o L { L

2 OCT 2015 4 OCT 2015
1 0OCT 2015 3 OCT 2015 5 OCT 2015

Time

Figure 4. (a) Solar radiation in rainy days, (b) Solar radiation in sunny days.

weather station observed data. Figure 4(a) and Figure 4(b) showed display the
good performance to each season in the horizontal resolution which implies that
the WRF model was able to provide more accurate solar radiation forecasting.
Figure 4(a) shows that on the first day of June of 2015, the solar radiation was
decreasing about 263 W/m?* morning time at 7 am, solar radiation around 129 to
158 W/m?* were found decreasing from 8 am to 4 pm. In addition, solar radiation
about 326 W/m? was observed decreasing at 6 pm on the first day of rainy seasons.

Solar radiation around 78 and 86 W/m? were decreasing in 2™ and 3" day,
and about 118 and 124 W/m? decreased in 4™ and 5™ days of June 2015. Mean-
while, on sunny days, the solar radiation was decreasing about 160 to 201 W/m?
the 1% and 2™ day of October, solar radiation around 143 to 184 W/m? were de-
creasing in 3" and 4™ day, and about 93 and 149 W/m? decreased in the 5" day
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of October 2015. Small solar radiation around 61 W/m? was decreasing in 2™
day at noontime and continuously decreasing about 2.79 to 71 W/m? in the af-
ternoon time. On the 3™ day, 62.08 W/m? were decreasing in the noontime and
it had different solar radiation around 9.15 to 307 W/m? in the noontime from 2
pm to 5 pm. Solar radiation becomes small about 74.1 W/m? in the noontime on
the 4™ day and it showed the decreasing values around 362 W/m? at the 5 pm.
124.2 W/m? of Solar radiation was found smaller in the noontime on the 5® day.
Various decreasing values were still decreasing in the afternoon time around 108
to 145 W/m? from 2 pm to 6 pm.

Figure 4(b) shows the plotting of solar radiation comparison on sunny days,
the solar radiation was decreasing about 160 to 201 W/m? the 1** and 2™ day of
October, solar radiation around 143 to 184 W/m? were decreasing in 3™ and 4"
day, and about 93 and 149 W/m? decreased in the 5" day of October 2015. The
improvement code has tested for two different seasons in Hera, Dili Timor Leste,
dry and wet, respectively. The performance improvement was mostly affected in
the dry season as it has close results with the observed data. Based on the surface
study, it can be analyzed that the influence of the existence of the cloud giving
significance affects the performance of solar radiation. In addition, the im-
provement of solar altitude of the coordinate such as latitude, longitude, altitude
also affects the performance of solar radiation forecasting.

The calculation of two error metrics between WRF default and improvement
coding for five days solar radiation of sunny and rainy was also presented in this
study. The MBE and RMSE were used as criteria for the comparison of the mod-
el. The error metrics of RMSE and MBE between default and improvement WRF
coding on rainy days are shown in Table 3. The RMSE of WRF default coding
was obtained 233 W/m? higher compared to 205 W/m? from the WRF im-
provement coding. In addition, the MBE of default WRF coding was obtained
0.06 higher than 0.03 from the WRF improvement on a rainy day. Meanwhile,
for sunny days, the results showed the same condition. Table 4 showed the error
metrics of RMSE and MBE between default and improvement WRF coding on
sunny days. The RMSE of WRF improvement was obtained 223 W/m? lower
compared to the 327 W/m? from the WRF default coding. In addition, the MBE

Table 3. WRF code default and improvement of rainy day.

Variable MBE RMSE
WRE Default 0.06 233 W/m?
WRF Improvement 0.03 205 W/m?

Table 4. WRF code default and improvement of sunny day.

Variable MBE RMSE
WREF Default 0.21 327 W/m?
WRF Improvement 0.13 223 W/m?
DOI: 10.4236/jpee.2021.92002 17 Journal of Power and Energy Engineering
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of sunny days was obtained 0.13 lower compared to 0.21 from the WRF default.
Based on these results, it can be analyzed that improving the shortwave radiation
code can successfully increase the performance of solar radiation forecasting for
the WRF model. The improved values found to be in good agreement with the
observed values. In this regard, shortwave radiation improvement coding gives a

suitable prediction of solar radiation for local necessary.

5. Discussions

Despite the clear understanding of solar radiation forecasting which recorded at
a local ground weather station at Hera city, the performance of solar radiation
prediction in the present study extremely process for renewable energy and solar
radiation applications for the effectiveness and sustainability of an investment.
With a care feature selection coding under the WRF model, the shortwave radia-
tion was chosen as the most important variable for improvement at 10 days pre-
dictions. The results show that WRF simulation performed the decreasing error
performance of solar radiation prediction and the improvement method in this
study can be used by other researchers in the field of climate and environment,
geophysics sciences, or energy sciences. Moreover, the results present in this
study may be interesting for engineers, stakeholders, including solar power in-
vestors to make predictions for solar radiation at the sites where local weather
stations are not available. In addition, this present study can be used also to de-
termine whether a project is economically suitable in the term of solar power

investment.

6. Conclusions

In this study, an improvement of WRF coding for shortwave radiation for five
days of simulation on sunny and rainy days was conducted in Dili, Timor Leste.
High resolution of 1 deg x 1 deg of a numerical weather prediction based on the
WRF-ARW model was used to simulate ten days of solar radiation. This paper
analyzed the frequency of clouds presence over the region from 1% to 5" June
and 1* to 5™ October 2015 which affected the solar radiation forecasting. The
results of solar radiation forecasting were comparing with the local weather sta-
tion data for further understanding. After improvement the shortwave coding
under WRF physics coding, the result of solar radiation for five days of sunny
and rainy days are getting close to observed data in the early morning time and
in the afternoon time. In addition, improving the shortwave code includes the
microphysics size and number distribution code of three particle types: cloud
water, cloud ice, and rain affected the decreasing and increasing of solar irra-
diance. This study showed that the significant decrease of solar radiation mostly
affected by the improvement of shortwave radiation code in sunny days where
the error of RMSE showed decreasing about 104 W/m? and 0.08 for the MBE
error metric higher than rainy days where 28 W/m? for RMSE and 0.03 for MBE

error metric.
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This study has identified some reasons for the simulation problem such as li-
mitation of local meteorological station, location, and no other variables (wind
speed, temperature, pressure) in the year 2015 for comparing purposes. Howev-
er, this study gave a significant understanding of comparing models through
only solar radiation and the results found that this improvement method can be
used to predict for a long term period. This paper contributes to the improve-
ment of solar radiation forecasting which based on WRF model coding to de-
creasing error forecasting. An understanding of decreasing error for solar radia-
tion forecasting will be expected to help understanding an accurate for solar PV
power generation, management, including planning for other renewable energy
sources.

Finally, this paper suggests that the objective described in weather forecasting
is very important in practical implications, not only for solar radiation forecast-
ing itself but how it gave influences the experiences with other weather variables

for forecasting purposes.
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