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Abstract

As the optimal numerical forecasting method for offshore wind resource
prediction, the atmosphere-ocean coupled model was proposed in this thesis.
Weather forecasting models such as Weather Research and Forecasting
(WRF), 5" generation Mesoscale Model(MM5) and Auto—Regressive
Integrated Moving Average(ARIMA) has been used for predicting wind
speeds, and especially atmospheric models are utilized for wind resource
forecasting. On the other hand, unlike on land, the mixing of seawater occurs
in the ocean with the change of solar radiation and wind conditions, which
leads to a change in the sea surface temperature during a short period of
time. Since spatio-temporal changes in sea surface temperature affect wind
conditions, the temperature are very important variables for forecasting
offshore wind power production.

In this thesis, the Weather Research and Forecasting—-Ocean Mixed Layer
(WRF-OML) model, an atmosphere-ocean coupled model, was used to reflect
the change in sea surface temperature, ocean surface heat flux with time and
then, the forecasting results were compared with those from the WREF model
which is a kind of the atmospheric model. Finally, predictions from the WRF
and the WRF-OML models were compared with offshore met-masts
measurements which is a reference in this thesis. In order to quantify the
accuracy of wind predictions from the two models, Root—-Mean-Square-Error
(RMSE) and bias were calculated. The offshore met-masts were installed off
the Daejeong and Kimnyeong regions of Jeju Island, respectively. The
measurements from 94 m on Daejeong offshore met-mast were analyzed in
term of electric power production as well as wind speed and wind direction,
while those from 68 m on Kimnyeong offshore met-mast were done. The

power production was derived based on the power curve of the 556 MW

_Xi_



WinDS5560 wind turbine model. The analyzed periods were both for one year,
from 1st Aug. 2015 to 3lst Jul. 2016 for Daejeong offshore met-mast, and
from 1st Dec. 2012 to 30th Nov. 2013 for Kimnyeong offshore met-mast.

As a result, for Daejeong offshore met-mast, the bias and RMSE of the
WRF model were 1.09 m/s and 2.88 m/s, respectively, while those of the
WRF-OML model were -0.07 m/s and 2.45 m/s, respectively. That is, the
WRF-OML model had higher accuracy than the WRF model.

As for Kimnyeong offshore met-mast, the bias of -0.57 m/s and RMSE of
441 m/s were found using the WRF model, while the bias of 0.16 m/s and
RMSE of 354 m/s were calculated using the WRF-OML model. The
WRFEF-OML model also performed better than the WRE model.

The frequencies of the wind direction and the directional wind power
density were both mainly from the north-west on the basis of the actual data
and the results of two models. For Daejeong offshore met-mast, the wind
frequencies from the north-west were 42.8 % from the actual data, 259 %
from WRF model and 264 % from WRF-OML model at the met-mast
position. The frequency of directional wind power density were 55.2 26, 35.6
9% and 39.3 %, respectively. As for Kimnyeong offshore met-mast, the wind
frequencies from the north-west were 409 96, 23.0 % and 33.8 26 from actual
data, the WRF model and the WREF-OML model at the met-mast position,
while the frequencies of directional wind power density were 54.4 %, 31.8 %
and 44.3 9%, respectively. This result means that the WRF-OML model
predicted more accurately than the WRF model for the frequencies of wind
direction and directional wind power density.

For the two offshore met-masts, the RMSEs of the WRF-OML model for
the monthly and the seasonal wind speeds as well as wind speed with lead
time were all lower than those of the WRF model. As for the wind power
production prediction, the WREF-OML model also had higher accuracy.

The AEP (annual energy production) estimation based on the predicted

- Xil -



wind speed from the WRF model showed an overestimation of 15.3 % and an
underestimation of 10.9 % at Daejeong and Kimnyeong offshore met-masts,
respectively. On the other hand, the AEP from the WRF-OML model showed
an underestimation of 59 % and 0.2 % at the two sites, respectively. In other
words, the WRF-OML model had better performance than the WRF model in

terms of AEP estimation as well as wind speed estimation.
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Table 1-1. Potential onshore and offshore wind energy in Korea and Jeju (As of 2017)

Onshore Offshore
Classification
Korea Jeju Korea Jeju
Theoretical 942,142 31,087 1,384,904 197,133
Power
production | Technical 755,771 30,653 1,175,786 193,349
(GWh/year)
Market 38,622 6,047 70,996 4,088
Theoretical 498.8 9.2 461.6 56.1
Facility
capacity Technical 352.3 9.0 386.6 55.0
(GW)
Market 16.7 1.9 22.0 1.2

. 5

o L’ﬂ.]

Fig. 1-1. Annual mean wind speed at (a) 50 m height and (b) 80 m height
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(Korea Meteorological Administration, 2007)
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Table 1-2. Current status of wind power forecasting models

Model Cooperation Operating Site Method

Previento University of Oldenburg, Germany Physical
Germany
WPPT . . IMM: Denmark Statistical
University of Copenhagen
. . Spain, Denmark, .

Predikktor Risoe Germany, USA Physical
PowerSight 3TIER USA Statistical

AWPPS Armines/Ecole des Mines Ireland, Creta, Statistical
(More-Care) de Paris Madeira Fussy-ANN

Zephyr,

Combination of Physical
WPPT and Rosoe and IMM Denmark Statistical
Prediktor

RAL
RAL Irel tatistical
(More-Care) reland Statistica
University Carlos 1II,
SIPREOLICO Madrid Red Electrica de Spain Statistical
Espana
Loca}lPred CENER La Muela., Soria, Physical
-Regiopred Alaiz
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Table 1-3. Number of Observation and Model data points at Daejeong offshore

met-mast
Number of data point

Period ) WRF WRF-OML
OBS. Filtered (recovery rate, %) (recovery rate, %)
Aug. 2015 744 696 1,392(0.93)(93.5) 1,392(0.93)(93.5)
Sep. 2015 720 384 768(0.53)(53.3) 768(0.53)(53.3)
Oct. 2015 744 624 1,248(0.84)(83.9) 1,248(0.84)(83.9)
Nov. 2015 720 696 1,392(0.97)(96.7) 1,392(0.97)(96.7)
Dec. 2015 744 504 1,008(0.68)(67.7) 1,008(0.68)(67.7)
Jan. 2016 744 648 1,296(0.87)(87.1) 1,296(0.87)(87.1)
Feb. 2016 696 672 1,344(0.97)(96.6) 1,344(0.97)(96.6)
Mar. 2016 744 696 1,392(0.94)(93.5) 1,392(0.94)(93.5)
Apr. 2016 720 504 1,008(0.70)(70.0) 1,008(0.70)(70.0)
May 2016 744 240 480(0.32)(32.3) 480(0.32)(32.3)
Jun. 2016 720 600 1,200(0.83)(83.3) 1,200(0.83)(83.3)
Jul. 2016 744 480 960(0.65)(64.5) 960(0.65)(64.5)

Sum 8,784 6,744 13,488 13,488

(recovery rate, %)  (100.0) (76.8) (76.8) (76.8)
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Table 1-4. Number of Observation and Model data points at Kimnyeong

offshore met-mast

Number of data point

Period WRF WRF-OML
OBS. Filtered (recovery rate, %) (recovery rate, %)
Dec. 2012 744 744 1,488(100) 1,488(100)
Jan. 2013 720 720 1,440(100) 1,440(100)
Feb. 2013 744 744 1,488(100) 1,488(100)
Mar. 2013 720 720 1,440(100) 1,440(100)
Apr. 2013 744 744 1,488(100) 1,488(100)
May 2013 744 744 1,488(100) 1,488(100)
Jun. 2013 672 672 1,344(100) 1,344(100)
Jul. 2013 744 744 1,488(100) 1,488(100)
Aug. 2013 720 720 1,440(100) 1,440(100)
Sep 2013 744 744 1,488(100) 1,488(100)
Oct. 2013 720 720 1,440(100) 1,440(100)
Nov. 2013 744 744 1,488(100) 1,488(100)

Sum 8,760 8,760 17,520 17,520

(recovery rate, %)  (100.0) (100.0) (100) (100)
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Table 1-5. Specification of the wind turbine used
Items Description
Model WinDS5560
Rated power 5.56 MW
Rotor diameter 139 m
Cut-in wind speed 3.5 m/s
Rated wind speed 13.0 m/s
Cut-out wind speed 25.0 m/s
Gear box type spur / planetary
Generator type synchronous permanent
6000 0.5
Power, P
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Fig. 1-2. Power curve and power coefficient of the wind turbine used
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Table 2-1. Classification of weather prediction according to wind speed forecast

lead time
Classification Lead time Methods
Farly sh.or't term some seconds - 30 min. statistical methods
prediction
- L physical methods +
Short term prediction 30 min. - 6 hours statistical methods
Medium term prediction 6 hours - 24 hours physical methods
Long term prediction 24 hours - 7 days physical methods
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(neural network),

X

R

regression),

Table 2-2. Classification of weather prediction methods

Classification

Methods

NWP
(Numerical weather
prediction)

Physical methods

GFS
MM>5
Prediktor
HIRLAM

Time series model

Statistical methods

ARMA

ARIMA

ARX

Grey Predictors

Linear Predictions
Exponential Smoothing

ANN
(Artificial neural network)
model

ADALINE

Recurrent

Multilayer Perceptron
Feed-foreward
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2.2. 344 718229 WRF

WRF 222 et 717449 71& o B2 de MMS 2aS e AozH,
A AAA R A9 B GHASo @He] AMgEe= Edolth o] HES
NCAR(National Center for Atmospheric Research)?] 7= % v]g= 7|4
(MMM, Mesoscale & Microscale Meteorology Division), W= 9 &l %t 7] Al E]
(NOAA, National Oceanic and Atmospheric Administration), ATA| 28| T4
(ESRL, Earth System Research Laboratory), "] 7]7%=(AFWA, Air Force
Weather Agency), T3]+ T4(NRL, Naval Research Laboratory), 7wl =
(FAA, Federal Aviation Administration) % T t]ste] #szrpso] zojste]
skt [64].
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Table 2-3. Overview of WRF as numerical meteorological model

Items

Description

Development

- NCAR/MMM

- NOAA/ESRL/GSD, NOAA/NCEP/EMC

- partnerships at AFWA, NRL, FAA

- collaborations with universities and other government agencies

Major
programs

- WPS (The WRF Pre-processing system) : include 1) defining

simulation domains, 2) interpolating terrestrial data to the
simulation domain, 3) degribbing and interpolating meteorological
data from another model to this simulation domain

- WRF Solver : key component of the modeling system, which is

composed of several initialization programs for idealized, and
real-data simulations, and the numerical integration program

- WPP (WRF Post-processor) and Graphic tools : RIP4(based on

NCAR Graphics), NCL(NCAR Graphics Command Language),
GrADS, VAPOR(Visualization and Analysis Platform for Ocean,
atmosphere and solar Researchers), MET(Model Evaluation Tools)

- WRF-DA : ingest observations into the interpolated analyses

created by WPS

Characteristics

- Suitable for use in a broad range of applications across scales

ranging from meters to thousands of kilometers

- Select and apply various schemes and physics options
+ Improvement of speed by parallel processing of large amounts of data
- Designed to be a flexible, state-of-the-art atmospheric simulation

system that is portable and efficient on available parallel
computing platforms

- Improvement of data assimilation system
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2.2.1. WRF9 983 54

WRFe] E2]42  vlA &2 34 (Microphysics scheme), 474745 2344
(Planetary boundary layer scheme, PBL scheme), A %™ &2 ¥4 (Land surface
model scheme, LSM scheme), 7154} &2 34 (Radiation scheme) 522 T4 5

o, e gtelael o] =84 S ARE S

1D "A=g3A

Az g SR BRlge] Ageta dstd =g AdMEFYH FES Re

]2+ Bulk scheme?] AM&o] 7}s3tH, g3 3+

ol
ol
N
=2
)
ot
ro
(ot
oo
0%,
iClal
AC)
1>
=2,

o

: WDM 6-class scheme, WSM 5 scheme, WSM 6 scheme, Kessler scheme,

Purdue Lin scheme, Single moment 3-class scheme
(2) IBAZT =234

YA (PBL)E A Gl o] A= di7] dRITez, dAHL o
7] Fz A oltel it 9&S wAY. zzl==, PBL Schemeo] A dhEW
FHA FAA E3o]l HHHoR o] Fo

Atk A4 gh5ol otk PBL Scheme® # £3HE A7F3 hgFolA 14

&3k profile?} Bd AFZolA FiHS AElste WS YERdT PBL schemeoll
webA PAAAAT =olvt AARFHERE g7 EHE Bo A ge] Rostr] fsiA =

X743 PBL scheme?] A#o] ZQ3}t},
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Table 2-4. Options of planetary boundary layer

Scheme PBL Mixing Entrainment PBL Top
treatment
MY] scheme K from art of
(Meller-Yamada-Ja prognostic PBE mixin from TKE
njic PBL scheme) TKE &
Ysu sche.me K profile + from
(Yonsei . . .
. A countergradient explicit term buoyancy
University term rofile
PBL scheme) P
MRF scheme
(Medium K profile + from
Range countergradient part .Of PBL critical bulk
Forecast term mxmng Ri
scheme)

@) Axd =834

AxH 5834 (Land Surface Model, LSM)2 A EW schemeol| A t7] %4 1.9}

EAF schemeoll Al HAF A9, vl &2 22 G5 schemeoll Al 4 A=, A xH

o

S84 AR TS AHESH dF 59, Noah LSM¥ 2& 48 b5

==

EgFo 91 Bz ¥ FE FAsG 44, U 5 ogdn gud A8
A3 gk AW m9e b g Ade] A,

: Noah LSM, 5-layer thermal diffusion, Rapid update cycle (RUC) model LSM

(4) W71 5A 2237

w=o] s A4 dn.
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A9 e 1249074 7% schemeolol, EPHe 7 /)5
AA3 HHo A 7% FAA AT, WREF 2o A AbgE = Bl Schemed &
He v g

RRTM Longwave scheme, GEFDL Longwave scheme, Dudhia shortwave

scheme, Goddard shortwave scheme
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Table 2-5. Prediction process of WRF

Process Description
- Static data to define terrain, land-use, soil state, etc. User
can input own static data in same easy-to-write format.
Data Input . Time- . . - .
ime-varying meteorological data — from internet (NCEP ftp
site, NOAA data portal, etc.
- Defines simulation domain area
- Produces terrain, land-use, soil type etc. on the simulation
domain
- Interpolate meteorological data to WRF grid horizontally
WPS - Real-data preparation for NWP runs
(WRF + Program for adding more observations to analysis
Pre-processing - Define model grid with a chosen map projection and
system) interpolate time-independent fields to the grid
- Convert time-dependent grib-formatted met data to simple
binary format
: Interpolate time-dependent met data to model grid, and
combine met data with geogrid data
- Initialization programs for real and idealized data
- Select physics options at run-time
- Numerical integration program
- One-way (or two-way) nesting in separate runs
WRE Solver - Creates initial and boundary condition files for real-data
cases
 Does vertical interpolation to model levels (when using
WPS)
- Performs time integration
: Outputs history and restart files
- Processes output from WRF
WPP - De-staggers variables
(WRF - Interpolates to pressure levels and user defined grid

Post-processing)

- Outputs in standard GRIB format, which can be read by

most graphical packages

WREF-DA
(WRF data
assimilation)

* Ingest observations to improve WRF input analysis
- Used in cycling mode for updating WRF initial conditions

after WRF run
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3.1.1. WA

Fig. 3-12 & =&olA AH&d aiddlels 5 oA sid71dEe $121(33.19 N,
12628 E)& HoFa vy dA 7138 dA sltellAl 1.5 km "ozl &4l
AAH o o, AA(Jacket) FEHO] sH-72E 1256 m #ol 8718 F&5A(Wind
anemometer)¢} 57011 FFA(Wind vane) 2 714 SA4S 4387 93 2=
(Thermometer) ¢} <5 %7 (Hydrometer)7F A X5 o] Qlt} 7|4 = EH o= Fold
gty 7 = A 714 E 94 m =olol AAE Thies first class £
Aot TFAZTH SAE volg7F AHEHAY. SFFEAY AAT AEH SA

o]l Table 3-13 Zt}.
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@® Met mast i
@ Neighboring wind farm £ : 4

Tamna offshore
wind farm L

Hankyeong
o wind farm Mt. Halla

k. 4_“-—\"‘@/:5 km

Daejeong
offshore
met mast

Daejeong

—1 10 km

Fig. 3-1. Location of Daejeong offshore met-mast

Table 3-1. Specification of wind sensors and measurement heights at Daejeong

offshore met-mast

Wind sensors

Items
Anemometer Wind vane
Model Thies First class Thies First class
Measurement range 0-75 m/s 0-360°
Accuracy 0.2 m/s 1.5°
Stating threshold 0.3 m/s 0.2 m/s
Operating temperature -50°C — +80°C -50°C — +80°C
9 m, 94 m, 88 m, 80 m, 94 m, 88 m, 80 m,
Heights 70 m, 60 m, 50 m, 20 m 70 m, 60 m
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sl g7 gl A58 1d 717H1 Aug 2015 - 31 Jul 2016) dle] €9} 27F

A REREE O dSHolE7F AFEE AT AHEE HolE = S E =o]Ql 94

=

HeolE 24, A SHele & Sddels e vugtoer 5 24

kel Aees Atz stk dHoly 3a&2 ASHolH = 100 %<9 W

W, mddelEE ¥ 2d BT 768 %9 8582 Ueith 49299 WRF
TES 99 27199 ol @A ATLE GFS ddoles} dagy, o
ol GFS HlolEl9] ‘reto] W Aol 1 Polth #A, mel P o]

dlol Bl ¢} RdldolE o] == Table 3-29 2t}

Table 3-2. Site and measurement conditions at Daejeong offshore met-mast

Items

Description

Remark

wind speed

Anemometer : 94m

Used data for analysis

wind direction

Wind vane : 94m

Averaging time

10 minutes

measurement period

1 Aug 2015 - 31 Jul 2016

366 days (8,784 hours)

Number of data points
(observation)

8,784 / 8,784

Data recovery rate : 100%

Number of data points
(modeling)

12,624 / 17,568

Data recovery rate :
76.8%
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3.1.2. A3 37 3H

Fig. 3-2v= & w2olA AHed sjddlely 5 #d a7 dse 9123334 N,
12647 E)E HoFa vk Ada 7w A4 alietelA 2.7 km gl 3ol
AAsol e, A (Jacket) FEIS] 73 E 120 m #1°l 6709 &% A(Wind
anemometer)9} 3709  FIFA(Wind vane) 2 &%= (Thermometer), %7
(Hydrometer)7} A2/ 5 o] St} oA71M = 373" Har £olQl 68 m Eolo A
2] Thies P610H F4 A9k NRG 200P FFAZH-E F4¥ vlolg 7} AL&5 3t
TETEAL AAT AFEI} s=ol= Table 3-33 24t

@® Met mast
offshore @ Neighboring village

Met-mast Gl

2.7 krnf '0
*
® s

Kimnyeong *

+
Hangwon*,
*
*

K|

Kimnyeong

Fig. 3-2. Location of Kimnyeong offshore met-mast
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Table 3-3. Specification of wind sensors of the met-mast at Kimnyeong

offshore met-mast

Wind sensors

Items
Anemometer Wind vane
Model Thies P610H NRG 200P
Measurement range 0-75 m/s 0-360°
Accuracy 0.2 m/s 1.5°
Stating threshold 0.3 m/s 0.2 m/s
Operating temperature -50°C — +80°C -50°C — +80°C
- ALATEL  emsmun

=wolAE 1d 717H1 Dec 2012 - 30 Nov 2013) &<t A7 4ge] =
ooy et 27b4] RdREE 9 o SHolH 7t AREH AT AHEE HolH = 68 mol

HolH 22X, dSdolHE SAuolE e nagtomsy & Bl 719

Jb

Aol £ %
AFeg A3 doly H58e A3dely 2L mudoly BT 100 %9 3

e Ut AT5RS 8l ASE dolHe FF 2 /1% AR A5

o
olel ¢} Eddo]H ] =+ Table 3-49F #Zt}.

Table 3-4. Site and measurement conditions at Kimnyeong offshore met-mast

Items Description Remark
wind speed Anemometer : 68 m
Used data for analysis
wind direction Wind vane : 68 m
Averaging time 10 minutes
measurement period 1 Dec 2012 - 365 days (8,760
31 Nov 2013 hours)
Number of data points Data recovery rate :
(observation) 8,760 / 8,760 100 %
Number of data points Data recovery rate :
(modeling) 17,520 / 17,520 100 %
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321 A" 71x FHALH}

ololE H#HHHE Ft7] Ydte HE=W(Maximum Likelihood Method,
MLM)< Ab&atlon, FE5A19F A7 59 Fold AAHo U= 374 =]
ZyzZyol| A o] ¢folE BXE v E = Fig. 3-39 YERNATE HEAS = 94 m,
0 m, 60 m =o] Z+Ztol A 760 m/s, 742 m/s, 7.34 m/sE& YElW o™, 37
T ki 94 m, 80 m, 60 m =o| Ztzel A 1.72, 1.72, 1.74=2 A9 FAFS @S H

0

0.12

—c— 94m height, C=7.60 m/s, k=1.72, v=7.70 m/s
—£3— 80m height, C=7.42 m/s, k=1.72, T=7.55 m/s
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Fig. 3-3. Weibull distribution at Daejeong offshore met-mast
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Fig. 3-4. Monthly wind speed variation at 94 m, 80 m, 60 m and 20 m heights

at Daejeong offshore met-mast
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Fig. 3-5. Diurnal wind speed variation at 94 m, 80 m, 60 m and 20 m

heights at Daejeong offshore met-mast

Fig. 3-62 uv}&hHl = (wind frequency)ol] W& vl u = 160912 EA 819
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(ENE, E, ESE)°] Hlw A ojn] Ql&= HFS A&t d5ADe] v 94 m,
80 m, 60 m =ololA zZ+zt 171 %, 169 %, 158 %E A3t o, &5 A
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Fig. 3-6. Wind rose at 94 m, 80 m and 60 m height heights at Daejeong

offshore met-mast

Fig 3-7 dUAUEE ®HoFrh Table 3-5% Fond TIFEZ vzl e}
AqUALEE HolFi vk ALEH AwfAel 5AF AE dtd2 NEx A
TEE AT HoloA RAFALY JUALEE 94 m, 80 m, 60 m Fo] ZHZd
54.3 %, 54.7 %, 52.0 %=M, A JUALDE T Ay oS AA T B oy
Rl HFAE 10 % o] HEE At ofFH AujHd FFAEY
v e vl o] Qe WEE Holx J=dH, 94 m, 80 m, 60 m =] Z}Ztol A
144 %, 138 %, 12.8 %=X, vl Eel v sttt % AFo] uhgh 9A] 94 m,
80 m, 60 m =o] Ztz el A 161 %, 164 %, 19.6 % =M, nhekul = o} v =84 e}
U gtk 38, BEEd delAE 94 m, 80 m, 60 m ol ZztelA 18 %, 1.4
%, 04 %=, ] it o 3 JUAELEE Holi 9t
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Fig. 3-7. Energy rose at 94 m, 80 m and 60 m heights at Daejeong offshore

met-mast

Table 3-5. Frequencies of wind direction and wind power density for significant

wind directions at Daejeong offshore met-mast

Wind frequency [%] Power production density [%]
Wind direction
94m 80m 60m 94m 80m 60m
NW-ly 40.1 42.4 38.2 54.3 54.7 52.0
E-ly 15.8 16.8 17.1 16.1 16.4 19.6
S-ly 17.1 16.9 15.8 14.4 13.8 12.8
NE-ly 2.9 2.4 2.0 1.8 1.4 0.4
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Fig. 3-8. Weibull distribution at Kimnyeong offshore met-mast
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Fig. 3-9. Monthly wind speed variation at 68 m, 58 m, 48 m and 38 m heights

at Kimnyeong offshore met-mast
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Fig. 3-10. Diurnal wind speed variation at 68 m, 58 m, 48 m and 38 m heights

at Kimnyeong offshore met-mast

Fig. 3-11& ul&¥ % (wind frequency)ol W& mtAnE 1699 R A8k o}
Bbl Ak Aol e i AR 37 o] EFoA F TS HBAT AEe
HEEH(NNW, NW, WNW)ol] 915 Zral Jom, 68 m, 58 m, 48 m o] Z}7}of A
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NE, ENE)¢] Hl%+& 68 m , 58 m, 48 m o] Zzto| Al 139 %, 194 %, 193 %
A8k 68 m Eold A= iAo R NETE et HAF AL niEe A9
il EE AL ALY vhe] HlwA on| e HTE AT FEAL
o] vFgH(SSW, S, SSE)2 68 m, 58 m, 48 m =oJol|Al Zt7Z} 13.0 %, 133 %, 13.6
%E 2AstaL o, sFAIE(ENE, E, ESE)9] vl 68 m, 58 m, 48 m =]
A A7F 207 %, 150 %, 178 %< WEE wolx gt tiAo] nls) H5T AL
MRS = =2 Holn, FEAIET TFALY vNlEE v Aol FEE
AL v diA@ S vseith dH, FASALe] nkEH(SSW, SW,
WSW)e M=+ g @A Yelya gl 68 m, 58 m, 48 m =o|dA 2+7} 26
%, 179 %, 14.0 %°]t}.
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Fig. 3-11. Wind rose at 68m, 58m and 48m heights at Kimnyeong offshore
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Fig. 3-12. Energy rose at 68 m, 58 m and 48 m heights at Kimnyeong offshore

met-mast
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Table 3-6. Frequencies of wind direction and wind power density for significant

wind directions at Kimnyeong offsore met-mast

Wind frequency [%] Power production density [%]
Wind direction

68m 58m 48m 68m 58m 48m

NW-ly 40.9 41.9 40.6 54.4 54.8 55.7
E-ly 20.7 15.0 17.8 19.5 11.4 15.4

S-ly 13.0 13.3 13.6 9.7 9.5 9.7
NE-ly 13.9 19.4 19.3 10.2 17.3 16.9
SW-ly 2.6 17.9 14.0 1.6 3.0 1.6
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o =R AgH  ti7|EdS National Center for  Atmospheric
Research(NCAR)o| A 7Htd 7% 29 WRFE ver. 391124, d+ 2 &9 &

S< 8 AAlE FA 73S R ] AlEd ol AlAFolt [37].

Fig 4-1& FA&A 949& Bt AFTE A% &t 2 55%F 3¢S 54
o=z ¥ HEE S EHdde= FAsAY. 74 99y FHEAARE
151 X 151(domain 01 - domain 04), 88 X83(domain 05)% TA3stR o™, A 1AL

™

2474 27,9, 3, 1, 0.3 kme| ¥¥E sAAAZ 748 domain 012 5-E o]
A= 2-way nesting 7|HE o] &35t dAERE 22 99 (domain 02 - domain

00)9] duE AT 4 Stk 57 =wl B 48AIte R o SA3FS A skl

Table 4-1. Domains of WRF

Grid No.
Domains Grid size Domain size
X Y

Domain 1 27 km 151 151 3,066 km x 4,004 km
Domain 2 9 km 151 151 1,235 km x 1,334 km
Domain 3 3 km 151 151 442 km x 451 km
Domain 4 1 km 151 151 152 km x 152 km
Domain 5 0.3 km 88 88 29 km x 29 km
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110°E 120°E 130°E 140°E

Fig. 4-1. Configuration of the two way nested domains of the WRF model.
Sizes of the domains are 27 km(domain 01), 9 km(domain 02), 3 km(domain 03),

1 km(domain 04) and 0.3 km(domain 05). Colors represent topography
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1) Egs4 AA

Table 4-2= WRF Edo|A FA4%F &2 4] (Physics scheme) &
t}. WRFY E#2]e 1A E 22 (Microphysics
boundary layer: PBL), A %W

radiation shceme), &3}&-AHLong wave radiation shceme) 5 ©]

94 g4 e 7

scheme),

T d(land surface model),

FAEL oy /A $HES st 9o, 1

A% AL Adste Hge AR,

Table 4-2. List of physical options applied to WRF model

Classification

Physical options

Microphysics

Kessler scheme

WRF Double Moment 6-class scheme
WREF Single Moment 6-class scheme

Eta microphysics
Goddard scheme
New Thompson et al. scheme

Planetary boundary layer

Meller-Yamada-Janjic scheme
Yonse University scheme
MREF scheme

Surface layer

Monin-Obulkhov-Janjic scheme
Eta similarity
MM5 similarity

Land surface

Noah-MP land-surface model
5-layer thermal diffusion
RUC land surface model

Longwave radiation

RRTM scheme
CAM scheme
GFDL scheme

Shortwave radiation

Dudhia scheme
GFDL scheme
CAM scheme
Goddard scheme
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B ERAAE ASHQ dold Hust 5@ /e A AREE 144 A%

stel Zlgmelnde] td B $4L A58 ¥ A3g A FAS AdE
Hol: Bel§Ae A4 AY A4 WRF RdzrHe F4 d3ge A
Zgh mastel, 74 $4W 2

A&S AA, BeRgER oxrt Mg e A4S
1

A
gaAew AAsdy. A4 713 2 ARgHolE = Table 4-3% %

®

Table 4-3. Test period for physical model optimization

site . .
Division Daejeong Kimnyeong
Spring March, 2016 March, 2013
Test Summer August, 2015 July, 2013
Period
Autumn November, 2015 November, 2013
Winter February, 2016 February, 2013
Microphisics

New thompson I -0
Goddard I 15
Eta I
WEM B-Clees I
WDM G-clees I &
Kessler I 5 S

0 5 10 15 20 25 30 35 40

Fig 4-2. Error rate in physical option for microphysics

_46_



Planetary boundary layer

uRE screme - | !
vorse: unversty [ >
eter-Yamaceteric | :7
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Fig 4-3. Error rate in physical option for Planetary boundary layer

Surface layer

s simizrey |
morim-Obuknow-sary' N 2
erasimiarrsy | >:

0 5 10 15 20 25 30 35

Fig 4-4. Error rate in physical option for Surface layer

Land surface

rc N :
s-iayer therma aifuson - | 30
Noar4ip land srface - | 25

0 5 10 15 20 25 30 35 40 45

Fig 4-5. Error rate in physical option for Land surface
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Longwave radiation

cro. I :°
v N ::
wrvic N 25
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Fig 4-6. Error rate in physical option for Longwave radiation

Shortwave radiation

Goddard - I 21
cAM I 37
Duchiz - I 2
GFOL I 3

0 5 10 15 20 25 30 35 40 45

Fig 4-7. Error rate in physical option for Shortwave radiation

Table 4-4%= 919 #AS Fsto] A EgsAdsot. mAEzEd
(Microphysics scheme)& WDM 6-class scheme [65]S At on sAAAZ=
T 2 (Planetary boundary layer scheme)< Meller-Yamada Janjic scheme(MY])
[66]= Ab&stith @9, AZHE
scheme [67]2 AFg&3tion, AwWR Y (Land surface)= Noah-MP land-surface
model [68]% A&ttt &t HAF 9 @b Ab= RRTMG 253 [69]14

Dudhia scheme [70]& 72} A4 3sto] AF-&-3F T

dl(Surface layer scheme)e Monin—-Obukhov
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Table 4-4. Physical options selected

Classification Physical option
Microphysics WDM 6-class scheme
Planetary boundary layer Meller-Yamada-Janjic scheme
Surface layer Monin-Obulkhov(Janjic) scheme
Land surface Noah-MP land-surface model
Longwave radiation RRTMG scheme
Shortwave radiation Dudhia scheme

2l AA AA= AES 2= A5 Y(hydrostatic-pressure) A& HEA S AFE S
. $HAE (G DR, dA4AE (G kR F9Y W59 9XE x,y, 7) = (4
X, j4y, kd n)2 AR, o= A=F ERAE] X9 A wix ) AAAAe 4
olRl Adnw AT os A AA Fom AREATE AFHAA B FIH AL

o) gro= ARsjol g,

] W, \7 1
» b i .
1 ' P W
Uniaps B | Uangn Bhs e | Ui
- 0. - . - By o | Y
[ ) EY
T"‘"_.- "'r-ur.n-.-
T W
u H, U, ., |u n u
Ay 4 = . = . e g et | U
AV Nerin Wiotens
1 X
*—__V__J

Fig. 4-8. (a) Horizontal grid and (b) vertical grid of WRF system
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W, p, = FEe AEARES vehth p o p = 47 83 A E A7)

o 718rS elmetn, o}714 p, = ARSI 50 hPaz AR AT

s Pht = constant

0
02— @ T
T~
04— —_—
.—f///-____ H\\H
06— —
08— S
Phs
1.0—

Fig. 4-9. Vertical 5 coordinate used in WRF model. Black lines between 0.0 and

1.0 represent 5 values
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embedded nest domain with a 3:1 grid size ratio
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Fig 4-113 2o] $AA4F 245 e P40 dvt FAARE A4%4Y ®

[€]

i=]

-
=
T

o

A
2

golrl, REAZCFNAA) el QXA ATk A2FE) FIH DX / Ao 3
2% WA oz gEeh shiel AAs gel vael A4S £

9or] WRFIA 2 $A4x= 4044 Wi $ds Tgs ook s 73
w294 @S ()E AAA E FAAAA, @ 2ol @A

U (Do 2ol WHeA TqEe Axe &X AAdd dolvh & =ZdlMe

4 FAAR 949 (@) B4 g

Fig. 4-11. Several nesting grid methods. (a) optical nesting grid, (b) same

parents grid, (c) overlay grid, and (d) intra sharing grid
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Fig. 4-12. Schematic of the one-dimensional ocean mixed layer model used in

the WRF model
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Fig. 4-13. Spatial distributions of Real Time Global Sea Surface Temperature
(RTG SST) used in the original WRF model at 00UTC 1 July 2016
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Fig. 4-14. Spatial distributions of Hybrid Coordinate Ocean Model Sea Surface
Temperature (HHYCOM SST) used in WRF-OML coupled model at 00UTC 1 July 2016
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processing)

{wind speeds and wind directions)

Fig. 4-15. Schematic diagram explaining the process of WRF and WRF-OML

models for offshore wind prediction experiments. The blue arrows and boxes are

for WRF process, and the red arrows and boxes for WRF-OML process, while
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the black arrows and boxes are for common process
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Table 4-5. Bias and RMSE of WRF model and WRF-OML model at Daejeong

offshore met-mast

Variable WRF model WREF-OML model
Bias [m/s] 1.0875 -0.0715
RMSE [m/s] 2.8775 2.4537
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Fig. 4-17. Scatter plots of simulated results using (a) WRF and (h) WRF-OML

(wind speed of 94m height) with observations at Daejeong offshore met-mast
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Fig. 4-18. Monthly mean wind speed of observations and predictions from two

models at Daejeong offshore met-mast. Wind speeds at 94 m height
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Fig. 4-19. Wind roses of observations and predictions from two models at

Daejeong offshore met-mast. Wind speeds at 94 m height
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Table 4-6. Frequency by wind directions of observations and predictions from

two models at Daejeong offshore met-mast

Met-mast WRF WRF-OML
Wind
direction Frequency Frequency Ratio Frequency Ratio
[%e] [%e]
N 0.103 0.206 201.3 0.165 160.4
NNE 0.002 0.086 4,970.0 0.093 5,351.6
NE 0.007 0.038 513.5 0.052 699.4
ENE 0.018 0.046 257.4 0.068 386.6
E 0.071 0.076 107.1 0.085 120.2
ESE 0.048 0.077 160.4 0.062 128.9
SE 0.052 0.050 96.3 0.043 83.3
SSE 0.042 0.039 92.7 0.038 91.6
S 0.063 0.040 63.7 0.040 63.4
SSW 0.057 0.021 37.7 0.023 41.0
SW 0.029 0.018 62.9 0.020 69.5
WSW 0.033 0.017 51.2 0.018 55.1
w 0.046 0.023 49.8 0.025 53.2
WNW 0.066 0.031 474 0.035 53.4
NW 0.182 0.071 38.9 0.072 39.7
NNW 0.180 0.157 87.5 0.015 87.2
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Fig. 4-20. Hourly mean wind speed of observations and predictions from two

models at Daejeong offshore met-mast. Wind speeds at 94 m height

_71_



Fig. 4-212 %43 Bias® RMSEE UYehU™, A9 A FilolA dAA o=
WRF-OML Zdo] WRF R4t} 2t x5 wola glth Biase 4% F =9
B AFE F(ess than 4 m/s)oll A el &t 9lom 20 m/s oS A<
3t BE 1ol Al WRF-OML Ede] § £& 4%S Hola 9t RMSEx F+ &
9 BF 4TS A a7t tAa AA el A4S Hola 9o, 6 m/s
- 16 m/s AbololA WRF-OML E2& ¢tg#el o3& s ¥, WRF 24
o & A5 Hola glvh @, AAFEA 130 m/s ol FE& kA #F
Hol Ao sk E&o] 7 =7] wfiol, o] FItell A9 AHFAA FE&HASF S wA

F ool S Fow qAL Brpm B 5 Yk

_—

8 6
— Bias_WRF
—- Bias_WWRF-OML
—— RMSE_WRF
— 6 —@— RMSE_WRF-OML )
8 -4 g
E E
Ll
& 4- 7
[ =
x
T 2 5
o
& 2 o
w Y
it
£ 2
= L0 =
2 . S
_2 T T T T T T T T T _2
2 4 6 8 10 12 14 16 18 20 22

Wind speed (m/s)
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Table 4-7. Monthly mean wind speed from the observation data and from

the models for the filtered data at Daejeong offshore met-mast

Met-mast WRE WRF-OML

Period Wind speed Wind speed Wind speed

[m/s] [m/s] Ratio [%] [m/s] Ratio [%]

Aug. 2015 5.60 6.52 116.4 5.71 102.0
Sep. 2015 7.45 8.57 115.0 7.48 100.4
Oct. 2015 7.12 7.88 110.7 6.92 97.2
Nov. 2015 8.06 9.56 118.6 8.34 103.5
Dec. 2015 9.16 11.00 120.1 9.41 102.7
Jan. 2016 10.09 11.64 1154 10.24 101.5
Feb. 2016 10.62 11.68 110.0 10.32 97.2
Mar. 2016 8.07 9.63 119.3 7.95 98.5
Apr. 2016 6.53 7.65 117.2 6.53 100.0
May 2016 8.85 9.36 105.8 8.13 91.9
Jun. 2016 5.91 6.11 103.4 5.45 92.2
Jul. 2016 6.71 7.14 106.4 6.44 96.0
Total 7.85 8.89 113.2 7.74 98.6
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Fig. 4-26. Monthly power production at Daejeong offshore met-mast
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Table 4-8. Monthly wind power production from the met-mast observation

data and from the prediction data of the models at Daejeong offshore

met-mast
Met-mast WRF WRF-OML
Period Power Power Power
production production  Ratio [%] production Ratio [%]
[kWh] [kWh] [KWh]
Aug. 2015 774.29 1062.87 137.3 724.95 93.6
Sep. 2015 831.77 959.53 115.4 784.92 94.4
Oct. 2015 1,271.69 1,386.24 109.0 1,102.76 86.7
Nov. 2015 1,729.84 2,196.71 127.0 1,749.55 101.1
Dec. 2015 1,623.35 1,954.01 120.4 1,643.49 101.2
Jan. 2016 2,306.01 2,586.51 112.2 2,402.99 104.2
Feb. 2016 2,502.44 2,784.71 111.3 2,406.58 96.2
Mar. 2016 1,769.73 2,058.19 116.3 1,611.97 91.1
Apr. 2016 866.58 1,102.16 127.2 801.11 92.4
Ma. 2016 716.08 730.40 102.0 551.74 77.1
Jun. 2016 837.99 823.95 98.3 616.03 73.5
Jul. 2016 855.70 900.81 105.3 733.62 85.7
Total 16,085.47 18,546.09 115.3 15,129.71 94.1
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1421

WRF 292 o /€& A9sta AWrygoz &9 biasE Hols HHA,

WRF-OML Ed& o g7]2 99 hias® £9 biasE H Yt}
RMSE+= WRF 292 441 m/s, WRF-OML E2-& 354 m/sZ4 WRF-OML

Rdo] 0.87 m/s %<& AE KA

Table 4-9. Bias and RMSE of WRF model and WRF-OML model at

Kimnyeong offshore met-mast

Variable WRF model WRF-OML model
Bias -0.5737 0.1616
RMSE 4.4140 3.5440
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Fig. 4-32. Monthly mean wind speed of observations and predictions from two

models at Kimnyeong offshore met-mast. Wind speeds at 68 m height
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Fig. 4-33. Wind roses of observations and predictions from two models at

Kimnyeong offshore met-mast. Wind speeds at 68 m height
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Table 4-10. Frequency by wind direction of observations and predictions from

two models at Kimnyeong offshore met-mast

Met-mast WRF WRF-OML
‘é\i]igiion Frequency Frequency Ratio Frequency Ratio
[%] [%]
N 0.083 0.133 159.3 0.059 712
NNE 0.036 0.081 225.7 0.043 120.3
NE 0.037 0.042 111.9 0.042 112.8
ENE 0.065 0.038 59.4 0.039 59.9
E 0.087 0.028 32.7 0.067 76.7
ESE 0.054 0.039 71.5 0.052 94.8
SE 0.026 0.047 177.5 0.049 187.9
SSE 0.032 0.051 157.0 0.040 122.5
S 0.093 0.096 103.2 0.069 741
SSW 0.004 0.086 2,217.6 0.050 1,297.1
SW 0.012 0.058 507.9 0.039 339.6
WSW 0.011 0.034 315.6 0.050 460.4
4 0.048 0.034 70.5 0.061 125.9
WNW 0.106 0.048 44.9 0.098 92.8
NW 0.133 0.070 53.0 0.128 96.2
NNW 0.169 0.112 65.8 0.111 65.6
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Fig. 4-34. Hourly mean wind speed of observations and predictions from two

models at Kimnyeong offshore met-mast. Wind speeds at 68 m height
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Fig. 4-36. Wind speed bias and RMSE with lead time at Kimnyeong offshore
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Table 4-11. Seasonal Bias and RMSE of WRF model and WRF-OML model at

Kimnyeong offshore met-mast

Bias RMSE
Season
WRF WRF-OML WRF WRF-OML
Spring -1.0368 0.3692 4.6708 3.4048
Summer 0.9378 1.0288 4.5655 3.6535
Autumn -0.9593 -0.2594 4.4312 3.9271
Winter -1.2556 -0.5203 3.9438 3.1317

Table 4-12% A9 714goA =49 E&3}
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Table 4-12. Monthly mean wind speed from the observation data and from the

models at Kimnyeong offshore met-mast

Met-mast WRF WRF-OML
Period Wind speed Wind speed Wind speed
[m/s] [m/s] Ratio [%] [m/s] Ratio [%]

Dec. 2012 10.99 9.72 88.41 10.04 91.32
Jan. 2013 9.75 8.14 83.50 9.05 92.83
Feb. 2013 8.87 8.03 90.49 9.03 101.80
Mar. 2013 8.57 8.57 99.95 8.52 99.38
Apr. 2013 9.82 8.36 85.08 10.47 106.60
May 2013 7.48 5.82 77.90 8.03 107.31
Jun. 2013 5.94 3.99 67.15 5.99 100.80
Jul. 2013 6.59 8.34 126.57 8.42 127.75
Aug. 2013 4.57 7.49 163.97 5.75 125.81
Sep 2013 6.80 6.78 99.67 7.27 106.93
Oct. 2013 9.42 741 78.55 9.08 96.24
Nov. 2013 10.03 9.23 92.05 9.14 91.11

Total 8.23 7.66 92.95 8.39 101.95
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Table 4-13. Monthly wind power production from the met-mast observation

data and from the prediction data of the models at Kimnyeong offshore

met-mast
Met-mast WRF WRF-OML
Period Power Power Power
production production  Ratio [%] production Ratio [%]
[kWh] [kWh] [KWh]
Dec. 2012 3,617.79 3,474.39 96.0 3,301.57 91.3
Jan. 2013 3,649.66 2,784.56 76.3 3,121.62 85.5
Feb. 2013 3,116.60 2,565.16 82.3 3,149.52 101.1
Mar. 2013 2,815.85 2,791.24 99.1 2,713.12 96.4
Apr. 2013 3,299.40 2,741.22 83.1 3,470.19 105.2
May. 2013 2,331.62 1,400.15 60.1 2,486.28 106.6
Jun. 2013 1,411.54 364.30 25.8 1,359.99 96.4
Jul. 2013 1,997.36 2,805.19 140.4 2,656.96 133.0
Aug. 2013 738.66 2,025.02 274.2 1,369.81 185.4
Sep. 2013 2,198.25 2,016.34 91.7 2,220.65 101.0
Oct. 2013 3,256.11 2,144.32 65.9 2,941.30 90.3
Nov. 2013 3,076.86 2,957.04 96.1 2,667.51 86.7
Total 31,509.71 28,068.93 89.1 31,458.52 99.8
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