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Abstract

This study investigates the accuracy of daily satellite-composit (OSTIA,
AVHRR, GISST, FNMONC-S) and model-reanalysis (HYCOM, JCOPE2,
FNMOC-M) sea surface temperature (SST) data in the coastal regions
around the Korean Peninsula (KP) using data observed from buoys and ocean
research station over 2011-2013. Analysis results reveals that among the
satellite-composit data OSTIA has the lowest bias (0.33°C) and RMSE
(0.94°C), respectively and FNMOC-S has the highest corrections (R=0.99),
while GI1SST, JCOPE2, and AVHRR have relatively larger RMSE (1.40°C,
1.69°C, 1.59°C, respectively). In particular, G1SST, which has the highest
spatial resolution (T1lkm), shows lower accuracy than OSTIA and FNMOC-S
with lower resolution. This suggests that the spatial resolution of data is not
a critical factor determining the accuracy of SST data in this region.
Comparing the results according to regions, the errors were large in the
western coastal regions of the KP where depth is shallow and tidal action is
strong (for example, Chilbaldo and Dukjukdo buoy), while the errors were
low in the East sea and open oceans where depth is deep (for example,
Donghae, Ullengdo, Marado). Among the model-reanalysis data, FNMOC-M
has the highest accuracy (RMSE=1.06°C, R=0.987) followed by HYCOM
(RMSE=1.38°C, R=0.978). JCOPE2 shows the lowest accuracy even though
JCOPE2 wused the largest data in the western North Pacific for data
assimilation (RMSE=1.68°C, R=0.969).

It is found that the main sources of large errors in the SST data around
the KP are from the rapid SST change during the event of tidal mixing,
upwelling, and typhoon—induced cooling. Tidal mixing breaking stratifications
in summer is known to produce large surface cooling in the western coast of
the KP where tidal current is very strong and depth is shallow. Particularly,
major errors of Chilbaldo located in the strong tidal regions occur during the
strong tidal periods (high and spring tides). During the passage of two
Typhoons, Bolaven and Tembin in 2012, a rapid SST drop of about 8C has

been observed at Mardo buoy. This is well simulated from the most data
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except JCOPEZ. From spatial distribution of GISST, however, we found
abnormal and unrealistic high SST in the regions where the typhoon-induced
large cooling occurs, which is thought to be a result of replacing the cooled
regions by using climatological SST data in their SST algorism. In Pohang
buoy, a significant SST drop (maximum 9°C decrease) was observed in July
2013 due to upwelling. This event is poorly simulated from most data
although HYCOM has a similar tendency (but not for magnitude). This
means that most SST data sets have problem to simulate upwelling in the
East Sea, which requires cautiones to use SST data in this region.

In general, daily mean SST data are widely used because of the nature of
SST with slow temporal and spatial variability and the lack of high
frequency ocean data. However, when (or where) the diurnal variation of SST
1s dominant, using the daily mean data may have significant limitations,
particularly in simulating and explaining weather phenomena varying with
short time scale such as torrential rains. The present study investigated the
characteristics of diurnal SST variations in the seas around the Korean
peninsula using the ocean buoys from the Korea Meteorological
Administration (KMA). The diurnal variations were the largest in summer
and the smallest in winter. Spatially they are large in the Yellow and South
Seas and small in the East Sea. Among all the buoys, Chilbal-do and
Geomun-do buoys reveal the largest wvariation, at which the magnitude
reached up to 8C in summer, while Donghae, Mara-do, and Ulleung-do
buoys show a rather small diurnal variation within 5C. The magnitudes of
diurnal SST wvariations are mainly related to the wvariations of solar radiation
with high and low peaks in 2-4 PM and 7-9 AM, respectively. In the Yellow
Sea and the South Sea, tidal mixing in summer contributed to additional
diurnal variations. These overall results suggest that an improved weather
prediction in Korea, particularly during summer, requires the consideration of

diurnal SST wvariation.

Keywords : Sea surface Temperature, Diurnal variation, Tides, Typhoon,

Upwelling
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1) AVHRR SST (OISST.v2 AVHRR)

AVHRR AlAM= 1978 TIROS—-N#A ol HAHHUA sjed2es 5431
HA7EA Asol FEEl o el gAEL vk wEbd AVHRR SST
1= Daily OISST)+= o8] $144 9 AVHRR AA=Z A% v 2m 9}
#5525 (Ships, Buoys)E Optimum Interpolation (OD7]H o2 A3}
o] 1981d 945 A A4l AA=R Abzd (Fig. 1(a). OI 7[H2 7
How a5 HAase F Sl WHoR vggd N EE 7 ARE 34
o Zo] AFEE = 7|Wolth. AVHRR SSTi= NCEPC T.Smith=4E Optical
Interpolation Sea Surface Temperature (OISST) WHHoZ 7| T lom,
o]% Richard W. Reynoldsell ¢J3&] 74 ¥o] “Reynolds SST” g3 &=t}
=7] A¥E AVHRR SST+= Al - 33t sid&=rF S3ta(1”, 7—days), °]%
Reynoldsell & 1/47 9] &7k sk Azt i3 =s b7 (Daily) = 7HA S
th. AVHRR SST+= 30dzF (19829 ~ 20119) 7|5 Htzakm9ke] ofwmie
= AAs] o]dA (error) & AATIAL T

w3k o] A= wlo]laRgel® (Micro Wave ; MW) AlAE o] &3sto] &
AasAwt 5o EA] thd AHE T = Advanced Microwave
Scanning Radiometer—Earth Observing System (AVHRR+AMSR-E) A5 &
20029 6€4%¢ 20119 9€ 744 A&k olF AMSR-EZ} 2011d 10€
AEYoR AYAS WH AVHRR+AMSR-E SST A% AArsA] E3h
AT 2012 5¢¥ AMSR—-24147F Global Change Observation Mission -
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2) FNMOC-S (FNMOC High Resolution SST/Sea Ice Analysis for
GHRSST)
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3) G1SST (Global 1km Sea Surface Temperature)
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1(c)). GI1SST+ =A% (Polar Orbit) 91/l Ar&¥ dFHLm A5
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dels AR ¥t MRS FAIL SRS AeEes ARE Qs B3t
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Fig. 1. Sea surface temperature based on satellite—observed data

(a) OISST.vZ AVHRR, (b) FNMOC-S, (¢) G1SST, (d) OSTIA.

Table 1. Specification of different SST products.

Name of Space Time . Period of data
. . Institute, county .
product resolution resolution available
A . U.S Naval Research January 2003 ~
HYCOM 0.08/0.03° lon/lat daily
Laboratory, USA Present
10km Japan Agency for Marine
. . ) January 1993 ~
JCOPE2 (at the Kuroshio daily Earth Science and Technol—
. Present
region) ogy, Japan
Fleet Numerical Meteorolo—
B June 2005 ~
FNMOC—M 1/6/1/8° lon/lat 24h gy and Oceanography Cen—
Present
ter, USA
April 2006 ~
OSTIA 0.05° lon/lat daily UK Met office, UK
Present
June 2010 ~
G1SST 1km daily NASA JPL, USA
Present
. . . September 1981 ~
AVHRR 0.25° /0.25° lon/lat daily NCDC/NOAA, USA
Present
Fleet Numerical Meteorolo—
June 2005 ~
FNMOC-S 10km 6h gy and Oceanography Cen—
Present

ter, USA




5) FNMOC—M (FNMOC High Resolution Ocean Analysis for GODAE)

FNMOC—M=> Global Ocean Data Assimilation Experiment (US GODAE)
oMM Agsk= m s FA 71 B oS AEY uENE s AR AR
(FNMOC—-M)o|t} (Fig. 2(a)). FNMOC—M-> FNMOC—S¢|| *x3tsl= 94 =t
g9 A in situ & TEIY, Argod R ZTZE3Y Conductivity,
Temperature, Depth (CTD), Expendable Bathythermograph (XBT), Y4 %
2 Z74 ¥ Surface Height Anomalies (SSHA), MODAS synthetic profiles
Three—dimensional multivariate optimum interpolation (3D MVOI) 7]|¥H <.
2 AuFgste] ATtk FNMOC-ME 24413k uEo]E F7]5 ztown,
AAZFOZHE AR o] ARE AHEE & vk FNMOC-S #A=ef e
FNMOC—-M=> 879 Azl s 7IA B2 30 asprt 29 =4 ¢dor, &
o] 6m/s H|TF AAFEFe] 100W/m? 2= ™ sid 914 dlolH = AFE3hA &
=t B3, FNMOC-S #Fgel Bla] sief 22 A857F v £ 5 o] 9l

slorel 54 weste] AL Al golsitt,
6) HYCOM (The Hybrid Coordinate Ocean Model)

HYCOM< =] &t A4 (U.S Naval Research Laboratory) o4 #| 33+
2dZM Rainer Bleck®o] 2l&] 7H¥ The Miami Isopycnic—Coordinate
Ocean Model (MICOM)$¢] Vertical coordinate®] A4S sdst7] $sl] 7l
e A AT SF =3 2ottt (Fig. 2(b)).

HYCOM< Mercator—curve linear® 3 ZX}2} 33719 z—levelsel t3]
Navy Coupled Ocean Data Assimilation—Three Dimension Multi—variate
Optimum Interpolation (NCODA—-3DVAR) A5 %3} A|AES AL 11 2AA]
A oS AlARlE AlFetal. 59 A AREA I 5Y ARARE AFESI
NCODA—-3DVARE 57FA 9] &k~ (Temperature, Salinity, Geopotential,
Velocity (u, v))& 23
Sz2tg el vmwste] € ofn-y], A 2}o], Root Mean Square Error

-
(RMSE), A# %9} Skill ScoreE AFE3dto] H 4 hu},



7) JCOPE2 (Japan Coastal Ocean Predictability Experiment 2)

22A e s Ao 34

|\

AL 7 Sl 48 s

ry

Al (Japan Agency for Marine—Earth Science and Technology

JAMSTEQC) ol A Al g3k slF=sl JCOPEZ (Fig. 2(c))+ 1/12° ¥3t S
£ 1993d 1€7H Alwstz glew, 2008dFE  Fisheries Research
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Fig. 2. Sea surface temperature based on oceanic numerical model :

(a) FNMOC—-M, (b) HYCOM, (c) JCOPEZ2.



Table 2. Input data and assimilation system of different SST products.

Name of Assimilation
Input data
product system
SST : GAC/LAC MCSST, GOES, Ship, Buoy
Profile : XBT, CTD, PALACE Float, Fixed Buoy, Drifting Buoy
HYCOM NCODA, 3D MVOI
Altimeter SSHA
SSM/I Sea Ice
SST : NAVOCEANO MCSST
SSHA : JASON-1, Geosat
JCOPEZ2 OI, 3D MVOIL
SubSST/Salinity : ARGO and Ship
FRDATA (FRDATA (Fisheries Research Institution DATA)
FNMOC-=S, In situ temperature, Salinity profiles from ARGO float,
FNMOC—M ) NCODA, 3D MVOI
CTD, XBT, SSHA, MODAS synthetic
OSTIA AATSR/Envisat, AVHRR/NOAA, AVHRR/MetOp, AMSR—E/Aqua, o1
TMI/TRMM, SEVIRI/MSG, OSI-SAF, In situ
AATSR/Envisat, AVHRR/NOAA, AVHRR/MetOp, AMSR—-E/Aqua,
G1SST MODIS/Aqua, Terra, TMI/TRMM, SEVIRI/MSG, GOES, 2D VAR
MTSAT-2, In situ
AVHRR AVHRR/NOAA, AVHRR/MetOp, In situ @)1
FNMOC-S AVHRR/NOAA, AVHRR/MetOp, GOES, SSM/I and SSMIS, In situ @)1
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Fig. 3. Bilinear interpolation scheme (Red point : in situ, black point :

grid point).
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Fig. 4. Location of ocean buoys around the Korean peninsular.

Table 3. Specification of different Buoy station.

N Buoy Latitude Longitude local depth Period of data
ame
number N ' E) (m) Avaliable
1996.07.01. ~
Deckjeck—do 22101 37.2361 126.0188 30
Present
2009.10.21. ~
Oeyeon—do 22108 36.2500 125.7500 51
Present
1996.07.01. ~
Chilbal—do 22102 34.7933 125.7769 33
Present
2001.04.01. ~
DongHae 22105 37.5442 130.0000 1518
Present
2011.12.28. ~
Ulleung—do 21229 37.4554 131.1144 2169
Present
2008.11.15. ~
Pohang 22106 36.3500 129.7833 320
Present
1998.05.01. ~
Geojeo—do 22104 34.7667 128.9000 84
Present
1997.05.01. ~
Geomun—do 22103 34.0014 127.5014 80
Present
2008.11.15. ~
Mara—do 22107 33.0833 126.0333 110
Present
2004.12.01. ~
leo—do - 32.1200 125.1700 56
Present
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Fig. 7. Scatter plots of satellite/model observed SST data versus in situ
SST data in the period of January 2011 to December 2013. (a)
FNMOC-M, (b) HYCOM, (c) JCOPE2, (d) FNMOC-S, (e) AVHRR, (f)
OSTIA and (g) GI1SST. Also shown are the correlation coefficients R,

Bias and RMSE from linear regression analysis.
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Fig. 8. SST (a) bias and (b) RMSE of data set at each station.
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Table 4. Statistical analysis of different buoy station. The bold fonts

shows the negative bias.

Statistical
FNMOC-M  HYCOM  JCOPEZ2 FNMOC-S AVHRR OSTIA  G1SST
Analysis

4 RMSE 1.1630 2.5388 2.4424 0.9425 2.4965 1.2600 2.5339
chilbel Bias 0.4326 1.4782 1.6540 0.4608 1.4198  0.5652 1.1161
@ R 0.9859 0.9579 0.9616 0.9918 0.9488 0.9846  0.9471
Deok RMSE 0.7538 2.1633 2.4528 0.6087 2.0078 0.7119 1.3043
jeok Bias 0.4003 0.8262 1.8137 0.4128 1.3094 0.4072  0.6658
do R 0.9962 0.9752 0.9768 0.9981 0.9792 0.9968  0.9897
RMSE 0.6951 0.7298 1.1772 0.5046 1.0331  0.5050 0.7784
Oeyeon Bias -0.2134 0.1405 0.1181 —0.1211 0.2130 0.1527 0.2358
@ R 0.9965 0.9956 0.9917 0.9980 0.9917  0.9981 0.9953
RMSE 0.7870 0.9827 1.1196 0.6530 1.0237 0.7896  0.9130
Pong Bias 0.067 0.1612 0.0114 0.0475 0.2516 0.1419 0.1524
hae R 0.9892 0.9833 0.9771 0.9927 0.9813 0.9888 0.9858
RMSE 0.5198 0.7387 1.0161 0.3777 0.7880 0.4674  0.5952
Ulleuns Bias —0.1300 0.0543 —0.3581 —0.0534 0.0755 0.0629 0.0521
@ R 0.9961 0.9917 0.9880 0.9979 0.9892  0.9963 0.9945
RMSE 1.1435 1.2332 1.7946 1.0542 1.3116 1.1033  1.2947
Pohang Bias 0.3901 0.2657 1.0397 0.3872 0.4215 0.2776  0.2931
R 0.9741 0.9663 0.9483 0.9779 0.9632 0.9728 0.9654
) RMSE 1.0905 0.9280 1.2394 1.0061 1.4657 0.7298 1.0388
Geoieo Bias 0.7088 0.1965 0.4480 0.6288 0.8753  0.1907 0.2542
@ R 0.9839 0.9800 0.9677 0.9858 0.9681 0.9878 0.9771
RMSE 1.5242 1.1665 1.9767 1.3844 2.3120 1.1875  2.0640

Geomun
Bias 1.2175 0.5341 1.5098 1.0852 1.9465 0.6885  1.2948
@ R 0.9815 0.9782 0.9643 0.9837 0.9639 0.9784 0.9521
RMSE 0.5261 0.5422 1.0176 0.4111 0.7061 0.4499 0.6354
Marado | Bias 0.2120 —-0.0006  0.1517 0.1518 —0.1305 0.0884 0.1090
R 0.9947 0.9932 0.9787 0.9966 0.9889  0.9956 0.9913
RMSE 1.9039 1.7542 1.9630 1.7908 1.6516 1.7448 1.8308
leodo Bias 1.1973 0.7650 1.1985 1.0174 0.6080 0.8527 0.8796
R 0.9748 0.9695 0.9731 0.9739 0.9717 0.9717 0.9684
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Fig. 9. Time series of monthly mean (a)Bias, (b)RMSE and (c)
Correlation coefficient of FNMOC—-M, HYCOM, JCOPEZ, FNMOC-S,
AVHRR, OSTIA and G1SST.
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Occurrence Mechanism

- Strong tidal current + shallow depth
- Break of stratified water (vertically mixed)
- Sea surface cooling

Tidal Current

—

Fig. 10. Occurrence mechanism of the SST cooling induce by the tidal

mixing.
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Time [Year/Month]

—Buoy—HYCOM—FNMOC-M—JCOPE2 —— AVHRR—FNMOC-S—OSTIA—G1SST

Fig. 11. Time series of SST during the period of rapid water temperature

changes which were induced by tidal mixing at Chilbal—do.
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Fig. 12. Distribution of (a) FNMOC-M, (b) HYCOM, (c) JCOPEZ2, (d)
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September 2013) during the rapid water temperature changes which were

induced by tidal mixing.
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Marado
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Fig. 14. Time series of SST during the period of rapid water temperature

changes which were induced by typhoon at Mara—do.
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2012) during the rapid water temperature changes which were induced by
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Fig. 17. Time series of SST during the period of rapid water temperature

changes which were induced by upwelling at Pohang.
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Fig. 18. Time series of the wind speed and wind direction during (a)

June, (b) July, (¢) August, 2013 at Pohang.
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SST during upwelling at Gampo, Pohang and Homigot.
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induced by upwelling.
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Amplitude of
maximum variation
0.6293
0.5306
0.9564
0.8776
1.4289
0.8529
0.5635
0.4667
0.9586

Month of minimum
variation
Dec.
Dec.
Jan.
Jan.
Nov.
Dec.
Feb.
Jan.
Jan.

Month of maximum
variation
Jun.
May
May
Aug.
Jun.
Jul.
Jul.
Jul.
Aug.

location

Deokjeok—do
Ulleung—do
Oeyeon—do

Pohang
Chilbal—do
Donghae
Geoje—do
Mara—do
Geomun—do

Buoy

Table 5. Month of maximum and minimum diurnal variation of SST,

amplitude of maximum variation.
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Fig. 24. Time series of Chilbal-do SST and Heuksan—do

level during August 2011.
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Fig. 25. Same as in Fig. 24, but during August 2012.
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Fig. 26. Time series of (a) SST and Tide level (Circle is SST cooling
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2, 2011, (b) daily mean solar radiation and (c) daily total cloud amount

during August 2011.
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Fig. 28. Time series of Chilbal-do SST and Heuksan—do tide
level during July 2012.

[2013.07]
Chilbal-do SST & Heuksan-do tide level
T T T T T

N
8
Tide level [cm]

Tide level [cm]

Tide level [cm]

21 22 23 24 25 26 27 28 29 30 31
Time [day]

Fig. 29. Same as in Fig. 28, but during July 2013.
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Fig. A. 1. Scatter plots of with iz sifu SST data and satellite—observed
SST (FNMOC-S, AVHRR, OSTIA, G1SST) during 2011-2013.
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_59_



Chilbaldo Chilbaldo Chilbaldo
35 35 35
FNMOC-M HYcom JCOPE2
.30 year=2011 30+ year=2011 30 year=2011
) = P
225 25 £ 25 ( )
g 4 © s
820 520 20 a
= aQ =]
515 157 D15
8 9 o =
: — g Chilbald
210 bias=0.1726 o bias=1.9908 g1 iIipaido
w 5 RMSE=0.6389 5 RMSE=2.5355 5
R=0.9950 R=0.9748
0 . . . .~ Number=268 0 . Number=268 0 " " . - Number=268
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Buoy Data [°C] Buoy Data [°C] Buoy Data [°C]
35 Chilbaldo 5 Chilbaldo 35 Chilbaldo 35 Chilbaldo
FNMOC-S AVHRR OSTIA
.30 year=2011 30 year=2011 30| year=2011 30
o oy — -
=25 P25 025 925
P s s b
820 F20] E 20 32
G615 15+ <15 =15
g 5
3 - o bias=0.4230 < a0 bias=1.4977 o1 LAY 010 bias=0.6056
5 RMSE=0.7242 5t RMSE=1.9682 5l 5
R=0.9955 R=0.9787 !
0 L L . Number=268 0 L L " . Number=268 0 L L " . Number=268 0 L L
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Buoy Data [°C] Buoy Data [°C] Buoy Data [°C] Buoy Data [°C]
35 Chilbaldo 5 Chilbaldo . Chilbaldo
FNMOC-M HYCcOM JCOPE2
.30 year=2012 30 year=2012 30 year=2012
13 9 g
<25 9 25| £.25
2 ] g
g 20 3 20 8 20
515 S5 g 15
o o ]
= t
g0 bias=0.2149 z° g
Lo RMSE=1.1891 5 5 .
R=0.9799 R=0.9321 R=0.9389
0 L L " . Number=245 0 " " " . Number=247 0 L L " . Number=247
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Buoy Data [°C] Buoy Data [°C] Buoy Data [°C]
chi Chi Chi Chi
35 5 35 35
FNMOC-S AVHRR OSTIA G1SST
30| year=2012 30 year=2012 30 year=2012 30| year=2012
o — . —
L2 S5 025 925
S2 £20 £20 £20
) Q a a
Q15 215 <15 515
g / z ? 2
= bias=0.2860 <107 bias=0.6379 o1 bias=0.3090 o010 bias=-0.0334
5 RMSE=0.8708 5} RMSE=2.5648 5 RMSE=0.9948 5 RMSE=1.7806
R=0.9901 R=0.9103 R=0.9869 R=0.9536
0 " . Number=247 0 " " " - Number=247 0 " " L - Number=247 0 . . - Number=247
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Buoy Data [°C] Buoy Data [°C] Buoy Data [°C] Buoy Data [°C]
Chilbaldo Chilbaldo Chilbaldo
35 5 35
FNMOC-M HYycom JCOPE2
.30 year=2013 30 f year=2013 30 year=2013
e N o o
=25 5,251 £.25
8 s 8
820 F20) 20
= 2 Q
15 g 15} o 15
Q o
H > 9
210 o bias=0.9429 z0 =R I bias=2.5327
Lol g RMSE=1.5297 5l 2 2. 5 RMSE=3.1106
’ R=0.9859 R=0.9693 R=0.9687
0 L L L - Number=241 0 " " " - Number=242 0 L L L . Number=242
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Buoy Data [°C] Buoy Data [°C] Buoy Data [°C]
Chil Chil Chilbald Chi
35 5 35 35
FNMOC-S AVHRR OSTIA G1SST
.30 year=2013 30 year=2013 1 30 year=2013 30 [ year=2013
3 S . — =
=25 ‘ 925/ 025 925
£ P [ 14
820 g2 £20 § 20
@ © -
615 Z15 <15 115
g z 3 5
1 bias=0.6808 0 bias=2.1316 o1 o 10 bias=2.8546
5 RMSE=1.1932 5 RMSE=2.9140 5 5 RMSE=3.9438
R=0.9905 R=0.9608 R=0.9536
0 . N - Number=242 0 . . . - Number=242 0 . . . - Number=238 0 " . - Number=242
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Buoy Data [°C] Buoy Data [°C] Buoy Data [°C] Buoy Data [°C]
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