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Abstract Quality Control Matchup Data

High-resolution sea surface temperature (SST) images are essential to study the highly variable small-scale

oceanic phenomena in the coastal region. Most of the previous SST algorithms are focused on the low or L @Bereoc Tem o[0 ral \Variation and Matchup #
medium resolution SST from the near polar orbiting or geostationary satellites. The Landsat 8 Operational o "

Land Imager and Thermal Infrared Sensor (OLI/TIRS) makes it possible to obtain high-resolution SST N | e 4 Figure 5. Examples T gl 45 b) m
images of the coastal regions. This study performed a matchup procedure between 276 Landsat-8 images o, | ~ of time series of In-situ N g a % ..

and in situ temperature measurements of buoys off the coast of the Korean Peninsula from April 2013 to oot secatemperature ("C)

@AterQC observed by KMA %

August 2017. Using the matchup database, we investigated SST errors for each formulation of the Multi-
Channel SST (MCSST) and the Non-Linear SST (NLSST) by considering the satellite zenith angle (SZA)
and the first-guess SST. The retrieved SST equations showed RMS errors from 0.59 °C to 0.72 °C. Smallest
errors were found for the NLSST equation that considers the SZA and uses the first-guess SST, compared
with the MCSST equations. The SST errors showed characteristic dependences on the atmospheric water
vapor, the SZA, and the wind speed. In spite of the narrow swath width of the Landsat-8, the effect of the il T
SZA on the errors was estimated to be significant and considerable for all the formations. Although the "

coefficients were calculated in the coastal regions around the Korean Peninsula, these coefficients are |

expected to be feasible for SST retrieval applied to any other parts of the global ocean. This study also W Wm

addressed the need for high-resolution, coastal SST, by emphasizing the usefulness of the high-resolution ST e ST e L ——.| — IODEEDZ

. . . . . 124°E 126°E 128°E 130°E 132°E
Landsat 8 OLI/TIRS data for monitoring the small-scale oceanic phenomena in the coastal regions. - Sequential tests to remove low-quality data and outliers; At least 10 SertempEstireCl) Winspesd B

measuremen’Fs _Within a day; Ths maximum_ and mini_mum SST A Figure 6. (a) The number of the matchup data for each KMA marine meteorological
difference within a day less than 4 “C. For the time-continuity test, the buoys in the seas around the Korean Peninsula, (b) the number of the Landsat 8 OLI/TIRS

StUdy Area and Data difference of SST from the daily mean should be less than three image acquisition from April 1, 2013 to August 31, 2017, and the histograms of the
standard deviations of the temperatures within 1 day and 4 days. The matchup data with respect to (c) sea temperature and (d) wind speed

55N o Tl SSN i standard deviation of SST within 4 days should be less than 2 °C.
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S Derivation of SST Coefficients Comparison of Landsat-8 SST and In-situ Temp.
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x| o sor) L0 Table 3. Coefficients of MCSST1, MCSST2, NLSST1, NLSST?,
. £ B ; 7, NLSST3, NLSST4, NLSST5, and NLSST6 algorithms and root-mean-
square error (RMSE) and bias error.
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Bias: -2.0428E-15°C »¢ Bias: 1.2879E-15°C | | & Bias: 3.7748E-16°C | ‘;r Bias: 1.4710E-15°C

# RMSE: 0.7214°C p"j RMSE: 0.6661°C c_.#; RMSE: 0.6110°C g RMSE: 0.6352°C
SI: 0.0450 SI: 0.0416 1 «F SI: 0.0382 T «F SI: 0.0397

i R: 0.9933 R: 0.9943 R: 0.9952 R: 0.9948

SN2 A , N af- 7 ’ « Figure 1. . (a) Location of the stud
. T — 10000 . T
120°E  125°E 130°E 135°E 140°E 145°E 120°cE  125°E 130°E 135°E 140°E 145°E I Coefficients
. . area with contours of the water depth Algorithm  Number RMSE (°C)  Bias (°C)
‘ ‘ » (M) In the seas around the Northeast a a, as a,

Asia including China, Japan, Korea, MCSST1 1.8362  0.0699 0.7214  -2.0428E-15

and Russia, which red box indicates the MESST —icssT2 17742 32.9868 0.7103  -3.5472E15

study area, (b) a schematic current map NLSST1 0.0824 1.4408 0.6661 1 2879E-15

with cold (blue) and warm (red) NLSST?2 00842 15122 06110 3 7748E-16 0 5 10 1520 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30

In-situ SST (°C) In-situ SST (°C) In-situ SST (°C) In-situ SST (°C)
currents  (Park et al., - 2013), ?nd NLSST3 0.0817 1.4808 0.6352 1.4710E-15 R —— l L
monthly mean of climatology SST (°C) e — L —

in the study area from 2002 to 2015 in NLSST4 0.0802 32.0333 0.6514  3.3973E-15 0 0.5 1 1.5 2 2.5 3
(©) Wintery(January) and (d) summer NLSSTS5 0.0819 323713 0.5982 1 1047E-15 A Figure 7. Comparison between satellite derived SST and in-situ temperature using (a, e)

NLSST6 0.0793 353699 0.6205 | 7764E-15 MCSST and (b, c, d, f, g, h) NLSST algorithms, where the color represents the percentage of
(July). - : : - the data to the total number of matchup points in a bin of 0.5°C x 0.5°C. Bias, root-mean-
square error (RMSE), scatter index (SI), and correlation coefficient (R) are given in each plot.
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Table 1. Marine meteorological buoy station

specification of Korea Meteorological Administration High-rESOIUtiOn SST

(KMA) in the seas around the Korean Peninsula

including the measurement heights of wind speed and : — ‘ ' . ' o — L The _Landsat 8 has an e>_<ceptional|y high spatial_ resolutio_n compared with other
3 * 4 satellites used for SST retrieval. Due to its low spatial resolution of AMSR-2 of about

sea temperature. i :
e L 4 25 km and the effect of land on microwave measurements, there were only a few pixels
O ——— e Longﬂ“;"““ﬁ"“mm WO':IS::IHSg“;“:p  Dateor N i P - rh » f, d with SSTs without any observations in the coastal area from 50 km to 100 km distance
R R ——— ” YR PLL - Te T (3= gow from the shoreline. On the contrary, the Himawari-8/AHI produced SSTs with relatively
Y2 Inchen  1352544°E 3TOS3ON 36 02 Dec.201s _a ; b DR £ high spatial resolution of about 2 km. The NOAA/AVHRR data with a spatial resolution
Vel Y OatMe BSISWTE SO0 s 2 o o e : 5 | | of about 1.1 km revealed more detailed structure of SST distribution including the
v Clibade  1S46ITE 346N 3 02 1996 - I . ] contrast differences of temperatures at the frontal region between the onshore and the
Y6 Shinan  126°1430°E  3444°00°N 3.6 0.2 Jun. 2013 “P v e offshore regions. Coastal SST patterns of the Landsat 8 (Figure 8f) illustrated detailed
St Chuado REOSISTE 33UTITN +0 0.1 Jan. 2014 | - | A— | - spatial structures as compared with those from other SST products (Figure 8a-e). This
o a s mevmr serms s T f | | demonstrated the capability and usefulness of Landsat-8 data at the coastal regions

region s4 Geomundo  127°30°05"E  34°00°05°N 3.6 0.2 May 1997 g ‘. f & 4 " including the estuarine regions.

S5 Tongyeong 128°13°30"E 34°23°30°N 3.6 0.2 Dec. 2015

S6 Geojedo 128°54°00"E 34°46°00°N 3.6 0.2 1998. 05. 5 {‘ 5 : t, § 7 ) R :E, . i § w
B e swen o4 Do R - <l o AL éff « Figure 8. Distributions of SST derived from (a) OSTIA SST daily composite on
B Uin  09S2aSE 36S625N 36 ot D aos e | - e . e ﬁ%? | 19 April 2016, (b) MURSST daily composite on 19 April 2016, (c) GCOM/W1
’ Sea E4 Donghae  129°5700°E  37°28'50"N 3.9 0.4 May 2001 o ‘ B ta By 2 o 7 AMSR-2 observed at 05 UTC on 19 Aprll 2016, (d) Himawari-8 AHI observed at
124°E 126°E  128°E  130°E  132°E ES  Ullewgdo 1310652°E 372720°N 39 04 Dec20l1 & ! & y 02 UTC on 19 April 2016, (¢) NOAA-19 AVHRR observed at 05 UTC on 19 April

Daily SST:. For estimating the coefficients using the | | - ‘ . R i | | , 2016, and (f) Landsat 8 OLI/TIRS observed at 02 UTC on 19 April 2016 using
A Figure 2. Distribution (black boxes) of the  NLSST formulation, the first-guess SST is needed and can S NLSST4 algorithm.
Landsat 8 OLI/TIRS images including the Korea pe gptained from the estimated MCSST or climatological

Meteorological ~ Administration  (KMA) ~ marine  gST, This study used the Operational Sea Surface - -
meteorological buoys from April 1, 2013 to August Temperature and Sea Ice Analysis (OSTIA) data provided EffeCt Of AtmOSpherIC MO'StU re EffECt Of SatEI |te Zenlth Angle

31, 2017, where the blue circles and the red text py the Met Office with 6 km spatial resolution and the

around the circles indicate the location and symbol of  njyti-scale Ultra-high Resolution SST (MURSST) data
the KMA marine meteorological buoys, respectively.  \yith 1 km spatial resolution, as the first-guess SST data.

Methods

| (a) MCSST2-MCSST1/| | (b) NLSST4-NLSST1 « | (c) NLSST5-NLSST2 | | (d) NLSST6-NLSST3

_— N W

(a) MCSSTI ' (b) NLSST1 (¢) NLSST2 (d) NLSST3
$-6-4-202 468 8642024628 8-6-4-2024628 8-6-4-20246 8

(¢) MCSST2 | ® NLSST4 (2) NLSST5. (h) NLSST6. SZA (degree) SZA (degree) SZA (degree) SZA (degree)

" ‘ A Figure 10. Comparison of enhanced percentage with satellite zenith angle (sza) (enhanced
[ RS | [ SRR [ & RI) | percentage: (SST by considering sza term — SST by neglecting sza term) / SST by considering

and R6 < 0.16 Calculate the threshold T(°C) for Split window technique
. sza term) using (@) MCSST2 and MCSST1, (b) NLSST4 and NLSST1, (c) NLSST5 and
NLSST2, and (d) NLSST6 and NLSST3, where the red dashed lines represent the 2nd order

0.05 if T10 < 261.10
(]
1.08x 1075 x T10* + 9.46 x 1075 x T10% +
0.24 > R4 > 0.18 and il T=
R4 > R5and R6 < R4 — 0.08
polynomial fitted lines.

740 x 107 x T10%2 + 393 x 1072 x T10+ if 261.10 < T10 < 290.77
x 0 06 1.2 18 24 3 0 06 1.2 18 24 3 0 06 12 18 24 3 0 06 1.2 18 24 3
R4 > R5and R2 < 0.30 and €S
’<_ SN . BT, -BT_ (K) BT, -BT_ (K) BT, -BT_ (K) BT, -BT_ (K . . .
e e tm ™ Bl r2m ) Bl =B g OO0 B = Bl (0 By = By () The maximum decrease was 0.75% in the range from -1 to 1 degree, and the maximum
N

Sd . ' Increase was 1.49% in the range from 7 to 9 degree. By adding the SZA term, the estimated
: A Figure 9. Comparison of residuals (Landsat 8 OLI/TIRS SST — buoy SST) SST was improved in the opposite direction based on 4 degrees, resulting in an increase of

’Rz ; : using (@) MCSST1, (b) NLSST1, (c) NLSST2, (d) NLSST3, (e) MCSST2, (f) about 0.1 °C in RMSE. The accuracies of the SSTs on the edges with high SZA of about -8 or 8
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NLSST4, (g) NLSST5, and (h) NLSST6 with brightness temperature difference degrees improved over 1% by reaching 3%. Other cases of the NLSST formulations also
between 11 um and 12 um, where the red points and bars represent the mean revealed improved capability of the algorithms in reducing the errors when the SST

sy sinfsina : value and standard deviation of SST errors for each interval, respectively. formulations included the SZA term. This implies that the SST formulation should include the
; No SZA to estimate more accurate SST from the Landsat-8 data in spite of its narrow swath width.

A Figure 3. Schematic diagram for geographic .

(Cloudy and cloud-contaminated)

definition relating the along-scan distance d to the AtmOSpheriC | mprint Conclusion

viewing angle a. (C Is the center of the Earth, S is A Figure 4. Flow chart of the pixel classification

the sub-satellite point, and T is the location of ) _ ) ) :
target pixel. R is the radius of the Earth and h is the algorithm into the cloud-free pixels, including snow,
iIce, and water bodies, and cloud pixels, including

satellite altitude :
) cloudy and cloud-contaminated.

A total number of 276 Landsat 8 OLI/TIRS images 11lum and 12um bands were used to
produce 320 matchup data for the period from April 2013 to August 2017. The RMSE ranged
from 0.59 K to 0.72K depending on SST algorithms. SST errors were greatly reduced in the

| | | case of the NLSST formulations by applying the SZA and the use of the proper first-guess
{«H ' HH{ }\H l}““ }\H HH g I\H E“ T SST.

The satellite-derived MCSSTs had a tendency to be underestimated at relatively high moist
condition of greater than 2 K. The SST errors revealed the quadratic dependence on the SZA
values from the nadir to the edge of the swath. The inclusion of SZA term in the SST
estimation moderately improved by less than 3% as compared with prior equations without

A ! < . the angle term. The SST errors were amplified as the wind speeds became weak at a range of
e in = SR - S oy “H“H A less than 2 m s,

When the SST coefficients calculated from the matchup data from April 2013 to August 2016

| | | were applied to the data from September 2016 to August 2017, the RMSE was less than

DRSS S RMIRE SR G PRIRE S8 E EAEE HSS S AT about 0.7 K. The SST coefficients derived in this study might be applicable to SST derivation

windspeslins ) YodSpEed(uE) muSpeEd(nsT)  wmd SpeRd.oms ) for other coastal regions of the global ocean as well, especially for the regions without any

NLSST2 SST = a1T11 + @3 52 (T11 — T1z) + ag local SST coefficients for the Landsat-8 data. For more extensive and operational use of the

NLSST3 SST = ayTy1 + aTspe3(Th1 — Th2) + as A Figure 11. Comparison of residuals (Landsat 8 OLI/TIRS SST — buoy SST) Landsat 8 OLI/TIRS derived SSTs, it is important to continuously monitor and understand

NLSST4 SST = a;Tyq + azTyser (Try — Tiz) + as(Toq — Trp)(secO — 1) + ay using (a) MCSST1, (b) NLSST1, (c) NLSST2, (d) NLSST3, (e) MCSST?2, (f) the error characteristics of the SST u_sing In-situ meqsgrements In diverse ocean regions_. It is

— NLSST4, (g) NLSST5, and (h) NLSST6 with wind speed, where the red expected that the present SST algorithms and coefficients could be further improved in the

NLSSTS SST = ayTi1 + ayTs5c2(T11 — T1z) + a3(T11 — Tip)(secO — 1) +ay points and bars represent the mean value and standard deviation of SST errors future and be extensively used for studying small-scale ocean phenomena in the coastal
NLSST6 SST = a1Ti1 + apTspe3(Ti1 — Tiz) + as (T — Tiz)(secOd — 1) + ay for each interval, respectively. regions including estuarine regions.

(@) MCSST1 || () NLSST1 || (¢ NLSST2 | (d)NLSST3

SST retrieval algorithms

Table 2. Formula based on MCSST and NLSST algorithms (T11 and T12: Brightness temperature at
11 um and 12 um (in Celsius), Tsfcl, Tsfc2, and Tsfc3: MCSST, OSTIA SST, and MURSST as first-
guess SST (in Celsius), 6: satellite zenith angle, al, a2, a3, and a4: regression coefficients).
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() MCSST2 || (PNLSST4 | (@ NLSST5 | (h) NLSST6

Algorithm Number Equation
MCSST]I SST = ayTy1 + a,(Ty1 — Typ) + a3
MCSST2  SST =a T + a,(Ty1 — Ty5) + a3(Tyy — T1)(sec8 — 1) + ay
NLSST1 SST = ayTy1 + ayTspeq (Tha — Th2) + ag

MCSST
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