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Abstract In this study, the accuracy of ocean analysis data, which are produced from the
Korea Meteorological Administration (KMA) Nucleus for European Modelling of the Ocean/
Variational Data Assimilation (NEMO/NEMOVAR, hereafter NEMO) system and the HYbrid
Coordinate Ocean Model/Navy Coupled Ocean Data Assimilation (HYCOM/NCODA, hereaf-
ter HYCOM) system, was evaluated using various oceanic observation data from March 2015 to
February 2016. The evaluation was made for oceanic thermal environments in the tropical
Pacific, the western North Pacific, and the Korean peninsula. NEMO generally outperformed
HYCOM in the three regions. Particularly, in the tropical Pacific, the RMSEs (Root Mean
Square Errors) of NEMO for both the sea surface temperature and vertical water temperature
profile were about 50% smaller than those of HYCOM. In the western North Pacific, in which
the observational data were not used for data assimilation, the RMSE of NEMO profiles up to
1000 m (0.49°C) was much lower than that of HYCOM (0.73°C). Around the Korean penin-
sula, the difference in RMSE between the two models was small (NEMO, 0.61°C; HYCOM,
0.72°C), in which their errors show relatively big in the winter and small in the summer. The
differences reported here in the accuracy between NEMO and HYCOM for the thermal environ-
ments may be attributed to horizontal and vertical resolutions of the models, vertical coordinate
and mixing scheme, data quality control system, data used for data assimilation, and atmo-
sphere forcing. The present results can be used as a basic data to evaluate the accuracy of
NEMO, before it becomes the operational model of the KMA providing real-time ocean analy-
sis and prediction data.
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Table 1. Comparison between NEMO and HYCOM for grid system and resolution, data assimilation method, atmospheric
forcing, vertical coordinate and mixing schemes and air-sea flux exchange parameterization method.

Ocean model

NEMO

HYCOM

ORCA 0.25° L75
(Madec, 2008)

Grid system & Resolution

Uniform 0.08° L40
(Bleck et al., 2002)

3DVAR
(NEMOVAR, Mogensen et al., 2009)

Assimilation scheme

3DVAR
(NCODA, Chassignet et al., 2007)

Atmospheric forcing

KMA-NWP N512 3hourly

NAVGEM v1.3 T425L50 lhourly

Vertical coordinate

Geopotential levels using the DRAKKAR 75 level set
(Bernie et al., 2005)

Hybrid (Halliwell, 2004)

Vertical mixing scheme

Turbulent kinetic energy (TKE) scheme
(Gaspar et al., 1990)

The K-Profile Parameterization
(KPP, Large et al., 1994; 1997)

Flux exchange

Bulk formula

Bulk formula

Table 2. Types and sources of data assimilated in NEMO and HYCOM.

Source
Type
NEMO HYCOM
NOAA-18, NOAA-19, MetOp-A,
Satellite SST NOAA-18, MetOp-B MetOp-B, GOES-13, GOES-15,
MeteoSat-9, Suomi-NPP VIIRS, COMS-1
In situ SST Ships, Drifting buoy, Fixed buoy Ships, Drifting buoy, Fixed buoy

Satellite altimeter

Jason-2, Cryosat-2

Jason-2, Cryosat-2, SARAL

Sea ice concentration OSI-SAF

DMSP-F13, DMSP-F14, DMSP-F15,
DMSP-F16, DMSP-F17, DMSP-F18

Profiles

Fixed buoy, Argo, XBT, TESAC (CTD)

Fixed buoy, Argo, XBT, TESAC (CTD),
Drifting buoy

sith, 2dlo] =22 % A= DRAKKAR (Bernie et al.,
2005) 718Ee] z-level AAE AHE3sHY 2 &34
Turbulent Kinetic Energy (TKE) schemes AF8-3tt}
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(KPP, Large et al., 1994) BF'H2 AR&3it}h, mdo] tof
71998 & 1A17F 7HA 9] NAVGEM (Navy Global
Environmental Model) /82 A3l HYCOME]
2A5Fst 3 FE3E AL 33k W7 7Rk
2] NCODAE A}&$thH(Cummings and Smedstad,
2013).
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=
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HYCOMe®] NEMOe° Bl 4u o] A5 & AEF
shol| AMgelA ok, 2AE F Bd BF AR Sy
SHA= R

22 HEXE W EAHHY

B delxes 2015 39RE 2016 297HA] &
197k 2+ ¥ NEMOSF HYCOMS| d#474-& A5}
5o vwalgith. B Ao A8E #EAEE E
o] el Y] TAO (Tropical Atmosphere Ocean project)
Folxtg, ¥ )74 (Japan Meteorological Agency,
IMA) #5490 B T2 0 A8, gt
= 238 71’4 (Korea Meteorological Administration,
KMA) 3 F7173-01(KMA H-ol) zpz o]t}
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o] drfaf el 7|$HstE FHAIstaL 5517 <
3 Ax]H F-olo]thi and Leetmaa, 1997; McPhaden

Atmosphere, Vol. 28, No. 1. (2018)



102 71”4 NEMO/NEMOVARS} 1|8l HYCOM/NCODAS] af % 4297

tlo

o8&

i3

[e=}
=

ks

gl

73

48 vl

Fig. 1. Locations of (a) TAO buoy, (b) JMA ship observation line and (c) KMA buoy.

Table 3. Locations and observation periods for the six JMA ship observation lines.

. Location Observation period
Cruise Start nd
line - ; a n
Latitude Longitude [YYYY/MM/DD] [YYYY/MM/DD]

Line A 24.0°N 129.5-142.4°E 2015/04/18 2015/04/23

Line B 40.0°N 143.0-162.3°E 2015/05/14 2015/05/22

Line C 3.0-33.6°N 137.0°E 2015/06/21 2015/07/13

Line D 1°S-35.0°N 165.0°E 2015/07/23 2015/08/16

Line E 24.0°N 140.2-165.0°E 2016/02/25 2016/03/04

Line F 13.0-25.8°N 149.0°E 2016/02/06 2016/02/11
et al., 2010; Chiodi and Harrison, 2017). TAO }-o]& 257 g & AAzte g vd 2853t YHAAF
oF 70097 A HolM d HAAEE AT, 2 F 2 AT F glo] ARFse] IS WA ¥ =
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Fig. 2. Comparisons between NEMO and HYCOM for mean
(a) Bias, (b) RMSE and (c) R at each TAO buoy. The black
and gray lines represent NEMO and HYCOM, respectively.
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Fig. 3. Time series for daily mean SST of NEMO, HYCOM, and buoy at the two TAO buoys, (a, ¢) 23 and (b, d) 10, from
March 2015 to February 2016 and the differences (c, d) between model and buoy.
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RMSE= 990l 7 2dar 1€ 7P & #g =2
Atk 2y ¥ mde] RMSESF #xtol A FE13 A
A9l W3l 542 Holx| gkttt

TAO H-ololA= SSTHY ofg} 7] 2 u)
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Fig. 4. Monthly variation of mean Bias (dashed line) and
RMSE (bold line) estimated using the total 24 TAO buoy data.
The black and gray lines represent NEMO and HYCOM,
respectively.
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Al ) €8 AHE-ETtHAn and Choi, 2012; Park et
al,, 2015; Jeong et al, 2016a). ¥ Ao E Nino
3.4 A $x]3 TAO H-ol4, 5, 6, 10, 19, 20, 21,
229)9] SST H+taks ol &3t F+ Rdo] A
o] 45s AR 2424, F 29 25 Nino
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3.2 SMEfT
A7 F 8] AFEEA] e BEAEHY IMA B34

=5 ARSI o] AR 3.4 £43F TAO
Fol ARHT ¥ 2L F4A(SF 2000 m7HA] A=E
2Atg0]7] wiol] Bdlo] AFTE AGEE A
ol &3t A2 &+ Utk & dFelX= &
go] g5 AAS 22 (potential temperature)E ©]
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Fig. 5. Comparisons between NEMO (black) and HYCOM (gray) for mean Bias (dashed line) and RMSE (bold line) at each
TAO buoy, which are estimated according to depth using vertical temperature profile.
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Table 4. Comparisons between NEMO and HYCOM for the mean RMSE, Maximum RMSE, and depths with the maximum

RMSE estimated using the TAO buoy data.

Buoy Mean RMSE [°C] Max. RMSE [°C] Depth with Max. RMSE [m]
number NEMO HYCOM NEMO HYCOM NEMO HYCOM
1 0.23 0.72 0.51 1.30 100 100
2 0.55 0.73 1.18 1.83 75 50
3 0.33 0.86 0.72 1.67 150 200
4 0.39 0.94 1.09 2.58 100 100
5 0.35 0.98 0.98 2.60 120 120
6 0.36 0.84 1.11 2.40 150 150
7 0.46 0.77 1.02 1.71 150 150
8 0.48 0.74 0.94 1.53 200 200
9 0.41 0.61 0.81 1.18 200 200
10 0.54 1.01 1.01 2.03 100 100
11 0.45 0.79 0.94 1.65 125 125
12 0.36 0.63 0.67 1.50 100 125
13 0.36 0.55 0.65 1.11 125 100
14 0.37 0.54 0.65 0.92 200 200
15 0.40 0.75 0.91 1.63 150 150
16 0.49 0.58 0.90 1.15 200 200
17 0.38 0.83 0.80 1.93 80 100
18 0.26 0.66 0.87 1.79 120 120
19 0.22 0.62 0.60 1.52 180 140
20 0.23 0.68 0.62 1.53 200 200
21 0.25 0.55 0.70 1.24 200 150
22 0.32 0.72 0.68 1.42 200 200
23 0.18 0.44 0.40 0.87 180 180
24 0.26 0.48 0.44 0.76 200 200

Fig. 6. Comparisons between monthly mean SST estimated
using eight TAO buoys located at Nino 3.4 region and
model-simulated mean SST at the same locations from
March 2015 to February 2016. The black and gray lines
represent NEMO and HYCOM, respectively. The open
circles present the TAO buoy.
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gslE I olt(Shuto, 1996; Yasuda, 1997; Min and
Yim, 2015). NPIW= H3F tf7] o|4bslebig 3) ol
5 - A t71e] 71THE S gl 71 -
BES wEbA] NPIW #|9e] Beo] Axjs 715 ¢
st mdo] A Hriel gy ARgdn &

FLe NPIWS| S&2awa B JFS
n)E W ool BAEE A 71 $HstE F4 5=
83 X B E A% 7] v &l (Kouketsu et al., 2007)
NPIW A HefjA] g=20f tjst mde] JeH7} A4



Fig. 7. Same as in Fig. 5, but at the six JMA ship observation
lines.
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Depth [m]
g

1000

, (b) , Diff. (NEMO minus JMA) rel,
E § | [
€& J » L
€ 500 t 0
[7]
=]

i.1
1000 = y . ; - . . : 2

Depth [m]

34 33 31 28 19 10 g 4
Latitude [°N]

Fig. 8. Distributions of (a) vertical water temperatures along
the JMA observation line C from June 20 to July 13, and
their differences with (b) NEMO and (c) HYCOM.
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g7le]l KMA F-olo] U SST AEE ©]&35}¢]
NEMOS®} HYCOM®] $Hit= 3] SST B9 A=
= H718I3tH(Table 6). ¥AZ23, F mde] 1dzk
A Ha RMSEE= 22t 0.61°C9F 0.72°CE & #Jo]
Z Ho|A ¢gtol}, Ao E ARkE o HYCOM
(-0.19°C)°] NEMO (0.03°C)E.T} SSTE #A& Ros}
= AFo] FEEHA yUelsth H3dog R, st
T oA Bde] o= ddl Bl YollA Kok d
Wb o2 IA yepdt) o)A gl #1X1s TAO
Folo vz Atel] X KMA Folof|A] 29

Table 5. Comparisons between NEMO and HYCOM for the mean RMSE, Maximum RMSE, and depths and bias when
RMSE is the maximum, which are estimated using the JMA ship measurement data from surface to 1000 m.

Cruise Mean RMSE [°C] Max. RMSE [°C] Bias with Max. RMSE [°C]  Depth with Max. RMSE [m]
line NEMO HYCOM NEMO HYCOM NEMO HYCOM NEMO HYCOM
Line A 0.34 0.65 0.73 1.57 -0.30 -0.61 78 62
Line B 0.73 0.86 3.19 2.86 -0.21 -0.61 51 63
Line C 0.79 1.27 1.35 2.04 -0.02 —-0.40 227 383
Line D 0.52 0.59 1.93 1.60 0.07 -0.20 163 181
Line E 0.28 0.57 1.02 1.66 -0.15 -0.56 103 104
Line F 0.28 0.44 0.73 1.28 -0.15 -0.49 112 113
Average 0.49 0.73 1.49 1.84 -0.13 -0.48 122.3 151
Atmosphere, Vol. 28, No. 1. (2018)
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Table 6. Comparisons between NEMO and HYCOM for mean Bias, RMSE, and correlation coefficient (R) estimated using the

KMA buoy data.
5 Bias [°C] RMSE [°C] R
uo
Y NEMO HYCOM NEMO HYCOM NEMO HYCOM
Ulleungdo -0.06 -0.08 0.29 0.51 0.99 0.99
Deokjeokdo -0.19 -0.14 0.64 0.61 0.99 0.99
Geomundo -0.13 -0.08 0.85 0.72 0.98 0.98
Geojedo 0.41 —-0.56 0.76 0.86 0.98 0.98
Donghae -0.17 -0.16 0.60 0.87 0.99 0.98
Pohang -0.13 -0.04 0.60 0.96 0.99 0.97
Marado 0.38 -0.22 0.82 0.71 0.98 0.98
Oeyeondo 0.09 -0.23 0.33 0.55 0.99 0.99
Average 0.03 -0.19 0.61 0.72 0.99 0.98
30 30

(@) Ulleungdo KMA

° Buoy —NEMO —HYCOM

(c) ‘Ulle'ung(;o r

ok ity b
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N

Model - Buoy [°C]
LS o
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Date [Month]

(b) Pohang
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Fig. 9. Time series for daily mean SST of NEMO, HYCOM, and buoy at the two KMA buoys, (a, ¢) Ulleungdo and (b, d)
Pohang buoy, from March 2015 to February 2016, and the differences (c, d) between model and buoy.
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127491 Wz 7] WjiEo 2 AlsHr).
Foldz x5 HwI|HH, 94%, AL, v
&= FolollA= HYCOMO| 12]al Y A] o] 5ol A
= NEMO?9| 22171 2HA YEttt 8719 Fo] Fof
RMSE7} 718 28 &5 % Foloh 71 IA vehd
X3 Ho|(53] HYCOM®I|A)] SST AlAIE s =g
I #AZ9] zolE A THFIg. 9). F EE 7+
FoloA 10~28°C7HA] WH3slsles 29 AdHETS
AmR oz & moldta gJoLt, HYCOMS 2317t
NEMOXt} ZA Yeth 53], 3l = 8§, 12,
190 HYCOM®] 237} 2°CE ZFste B$7t 2
2 LA A TH(Fig. 9d).

Yz mdo] Hil HES A% Ao A (Fig
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10), NEMOE= 7FEE1EYHA &9 HAE Ho|th
7t AgHol F4sM 22 AAE viH= AEAR
H3lo] 548 2 Yeplx k. 3], 29 #HAt
7P 2 1299 1€¢ll= NEMOS] RMSE® 7H &
e BT HYCOM 739 BE Ao 4 B
o] o] Yepgom (53] 9dol 7 22 AR
A YeR), NEMOSF 2] o532 (7~8)2 ¢l RMSE
7 7P ZA JERsTh

NEMO®] 7% 1€ A xe} ARk Foldir] o
zpe} A4 5oz 71 AA YERdt o] F A
A ALHEA2, 1, 2€) B9 SSTE A= vl
st A3K(Fig. 11), NEMO7}F Hubd o2 ALHe| SST
£ FH4 Boste Zlo] FElaA vehdth o] Az



Fig. 10. Same as in Fig. 4, but using the eight KMA buoys.

Fig. 11. Same as in Fig. 9, but at the two KMA buoys, (a)
Deokjeokdo and (b) Geomundo buoy, during the winter
season (December 2015 to February 2016).
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Fig. 12. Spatial distributions of SST from (a) NEMO, (b)
HYCOM and (c) FNMOC satellite on 20 January 2016. The

red X and O symbols represent the location of Deokjeokdo
and Geomundo buoy. The contour interval is 2.0°C.
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U= A9 o|th(Han et al., 2013). Hickox et al. (2000)
2 94 SST AEE o] &3t F XA ALE
F3lo] Yelhue dAe EAE Bash bk Q) o]
2A Ao dAske A9 IRl 2] s}
7v 27] Wl FEAE7E W NEMO 2 oA
= A g Aol met & expt AT e 3
ot 28y T B FRAERE ofyer A AR
A Al (z-levelZt Hybrid), 213 = (7552 405) &
2 A E3 scheme(TKES} KPP) So= x}o]7t A
o] 7 RdojA| ojgt XA H Qo] xfolE fHgh
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