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® Importance of sea surface temperature

® Brief historical overview of remote sensing SST
® Definition of “Surface” in SST

® How to measure SST from space

® Sentinel-3 SLSTR

® Characteristics of the Yellow and East China sea
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Why sea surface temperature

Heat is the main fuel of atmosphere and ocean dynamics
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SST can identify warm and cold
surface currents
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Why sea surface temperature

SST field influences many physical and ecological processes

Gult of Mexico - Iropical cyclone heat potential (|CHP)  08/28/2005

1.Hurricane intensification over warm =

surface waters (e.g. Hurricane Katrina
in Gulf of Mexico)

it SST Backward FSLE 2013-01-01 00:00

2.0cean fronts can affect
spatial distribution of
marine ecosystem (e.g.
more phytoplankton —
fish — fishing activity)
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Why sea surface temperature

SST is an essential climate variable: %] R :

used to monitor cycles and trends PR I = [ _—

1.EI-Nino southern oscillation z . i
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ENSO indices include
SST differences between
western and eastern

equatorial pacific
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Why sea surface temperature ‘_(g,m @ €Sa

Source: Intergovernmental Panel on Climate Change

SST is an essential climate variable: (IPCC: https://ipcc.chy)
used to monitor cycles and trends
2 GlObal Warm|nq Change in Sea Surface Temperature, 1901-2015
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Why sea surface temperature & dcesa

Example: Pacific ocean SST from numerical simulation

ROMS Model

12.5 km resolution

Real-time forcing: 1-day
(NCEP reanalysis 1950-2004)

Jet Propulsion Laboratory

2 (Courtesy of Yi Chao)
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file:///mnt/DATA/Meetings_and_Seminars/China_Nov2018/Movies_SST/Movie_fp_sstshade.mpeg
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Brief historical overview e Eesa

SST signature associated with certain
currents already well know in the past

EE0 N

b | ESKIMJAU_X'S v Laskwon Bl \

Example:
* Chart of North Atlantic currents

published by Benjamin Franklin and
Timothy Folger in 1770

* Gulf Stream indicated by surface flow as kot
well as by the associated temperature Gy,
gradients
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Brief historical overview

First satellite images of SST from Very High
Resolution Radiometer (VHRR) on the
NOAA-3 Satellite (ITOS/Tiros-M)

Example
Gulf Stream (seen as dark water)

April 28,1974

= Synoptic view provides much more details
than in-situ observation

(htt[ﬁq%'//wwvy.photolib.noaa. gov/htmls/spac0301.htm)
R - o

>
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Brief historical overview

Not only large scale currents
Satellite SST revealed also smaller scales
processes (e.g. mesoscale)

Example
Tropical instability waves (TIWSs)

Eastern Equatorial Pacific Ocean

(from Legekis et al., 1977)

Ll A . NECC g Equatorial front ‘
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Equator

19 November 1975

130°W 120°W 110°W

25 November 1975
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Brief historical overview

Same regions nowadays
New satellite missions and sensors: improved resolution and data quality

(e i n

Microwave sensoy
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Brief historical overview

Satellite passes combined to retrieve global maps
Example: 4-day composite map from Sentinel-3 SLSTR

sea surface skin temperature

15-19 Jun 2017 composite - Sentinel-3A / SLSTR WST NR [PB2.16]-
N = 1427346, min =-1.99 C, max = 36.71 C
= = ﬁ"

31.4

27.8

24.2

20.6

»—-
-~
o

sea surface temperature (in celsius)
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Brief historical overview

Improved coverage with

merged products (L4):

® Combine all available
satellites (polar and
geostationary)

® Merge different sensors
and resolutions

Examples:

1. Multi-sensor Ultra-high
Resolution (MUR) SST
(mur.jpl.nasa.gov)

2. Operational SST and Sea
Ilce Analysis (OSTIA)
(ghrsst-pp.metoffice.com)

I'.
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file:///mnt/DATA/Meetings_and_Seminars/China_Nov2018/Movies_SST/The%20Multi-Scale%20Ultra-High%20Resolution%20(MUR)%20Sea%20Surface%20Temperature%20(SST)%20Data%20Set%20Animation-1DNHRLgjLjA.mp4

What is “Surface” in SST?

Not a trivial definition:

=>Upper 10m of the ocean have complex and variable structure

= Impact of ocean turbulence and air-sea fluxes
RADIATION

1 Internal
Wive
- Radiation
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What is “Surface” in SST?

“Surface” definition varies depending on the platform of observation _

More than just satellites!!! =
| Argo

Satellites  ~ “Citizen'science  floats

et

“ Bio-logging Gliders

2 ADVANCED TRAINING COURSE IN OCEAN AND COASTAL REMOTE SENSING Hosted by 12 to 17 November 2018 | Shenzhen University | PR. China




What is “Surface” in SST? (o dcesa

5 definitions of SST adopted by the GHRSST

SST—SST;, 4 (K)

0 0.5 1.0 1.5 z'of\ 2.5

(Group for high resolution sea surface temperature)

. g - . B 1. Air-sea interface: cannot be masured (no
1mm - _::fk practical use)
2 10-20 pm: conductive diffusion-dominated sub-
- £ layer (measured by infrared radiometers)
E* o 3 1-2 mm: base of conductive laminar sub-layer
£ # 4}’ / (measured by microwave radiometers)
5] 55Tskin : sea surface skin
: g + o tempenture / 4. cm to m: turbulent sub-layer (measured by in-
Z i R // situ platforms)
= STt " »5.0(10)m: free of diurnal variability (depth varies
e + T a2t depending on local conditions)

From https://www.ghrsst.org
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What is “Surface” in SST?

SST—SST;, 4 (K)

0 0.5 1.0

1.5 2.0 2.5
L IJrlln l

10 m—

Night-time, or strong winds

<_

‘_(gm*cc ‘\\QQ‘ eSa

5 definitions of SST adopted by the GHRSST

(Group for high resolution sea surface temperature)
1. Air-sea interface: cannot be masured (no

4} SSTint : interface

+ 55Tskin : sea surface skin
temperature

<C>- S5Tsubskin :
%?’ S5Tdepth:

7/

+ 55Tfnd: sea surface foundation /

temperature

3 1-2 mm: base of conductive laminar sub-layer
(measured by microwave radiometers)

4 cm to m: turbulent sub-layer (measured by in-
/" situ platforms)

practical use)
2 10-20 pm: conductive diffusion-dominated sub-
layer (measured by infrared radiometers)

~5. 0(10)m: free of diurnal variability (depth varies

depending on local conditions)

For high-winds and at pre-

From https://www.ghrsst.org
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What is “Surface” in SST? ‘_(g,m @k eSa

(From the work of A. Stuart-Menteth) Examp'e: Da”v CVCIG of surface
315| _ omm | Arabian Sea WHOI Mooring i .
— m Data - Spring 1995 temperature at different depths
— = Em (1mm data estimated using Fairall er al. (1996)) Il i

O of I
o I
;’ =—=S8Tfnd (Foundation Temperature) || 'l,
)
e (L it
= sosf TN .
0 AL S " =>SSTfnd can only be estimated
= ' AFTH from in-situ observations
o *r | N /
= Anaysis procedures to convert
Iemperaures stalldepihs remote sensing observations
: collapse to the same value before
local sunrise to SSTfnd
504 5(13'5 5(;6 5(;? 5:)8 5(;9 510

Year Day (Image courtesy of Craig Donlon)
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How to measure SST from space

Earth emits energy because it has a temperature
Energy emitted according to Planck’s law (black body radiation):

BT 2hc? 1 K= Boltzmann const.
A (A, b) DY he A = Planck’s constant
e T _ 1 ¢ = speed of light

Emitted energy and peak of emission function of body temperature:
1. Energy decreases (rapidly) with decreasing body temperature

m)

(in Wim 2
g @

Radiative Flux

Sun (scaled by
a factor of 10°°)

Wavelength (3) in pm

1, = €T’
T, = brightness temperature

T =surface temperature
€ = emissivity (from 0 to 1)
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How to measure SST from space

TOA radiation measured in bands with high atmospheric transmittance
wiavelangth

Two main type of sensors:
1. Infrared radiometers

T50 Ton 650 600 550 500 450 350 {nm)

2. 1
. . -
10’ 100 10 100 i 10~ -

wavelength
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How to measure SST from space (o dcesa

TOA radiation measured in bands with high atmospheric transmittance

wavelength

Two main type of sensors:

1. Infrared radiometers
Wavelenghts: 1 to 10 um
High energy (near earth emission peak)

T50 Ton 650 600 550 500 450 350 {nm)

Wavelengths: 0.1 to 1cm
Frequencies: 4-11GHz)
Low energy 10’ 10 10 10 i 107 0° o
> Low resolution

> Sensitive to wind and rain (but no clouds)

. . atmospheric window
> High resolution otance by e
> Sensitive to clouds o 1 P croce b cane
2. Microwave radiometers oot | xmy Gamna | Coumie

g£22
F?
;
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How to measure SST from space

Global IR SST 4-day composite map (from Sentinel-3 SLSTR)

sea surface skin temperature

15-19 Jun 2017 composite - Sentinel-3A / SLSTR WST NR [PB2.16]-
N = 1427346, min =-1.99 C, max = 36.71C

35.0

9.8

31.4
27.8 _
=>Main circulation 22 2
features 206 5
represented o B
with high level 5
of details L

6.2

=>Gaps due to
cloud cover

2.6

-1.0

2 ADVANCED TRAINING COURSE IN OCEAN AND COASTAL REMOTE SENSING Hosted by 12 to 17 November 2018 | Shenzhen University | PR. China




How to measure SST from space

Global MW SST 4-day composﬂe map (from AMSR-2)

AMSR 2v8 Sea Surface Temperature 3-days endlng 2017/06/16 Global

> Reduced gaps due to
clouds

>Main ocean circulation i . oy M
features are resolved . J o r— [T

=>Much improved .
coverage in polar
regions

www.remss.com

Remote Sensing Systems §

SST: ice no data
-1
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How to measure SST from space @mygg @k eSa

Comparison of MW to IR at smaller scales (example Kuroshio extension; different dates!!!)

Aqua/AMSR-E Sea Surface Temperature
May 11 - 15, 2004

132 134 136 138 140 142 144

., 2005/05/04 (Aqua/MODIS)

Latitude

. e 3
27 - .
129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 [°c)
Longitude

IR is affected by clouds but much richer in details
(can resolve much smaller process _e g. eseddies and filaments)

12 to 17 November 2018 | Shenzhen University | PR. China
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How to measure SST from space

More on infrared measurements (used by SLSTR):
TOA IR Radiance

® SST derived from 3 Bands oyl g
100 50 25 20 15 10 8 | ¥ 8 5
(S7 t0 S9: 3.74, 10.85 and 12 ym) e e pee e e
® Region with little influence by other source/sinks... Ll P -
. . . . “.‘E 150 3,

® _.but gradients in emitted radiance /\\ Th e
o | eoretical blac
H g /{m%\ body emission curves
§ ol s0° ! P\\ ) /

L : . s =
L] 20C 400 a00 800 [[wele 1200 1400 1600 800 2000
WAVE NUMBER (cm’}
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How to measure SST from space

More on infrared measurements (used by SLSTR):
TOA IR Radiance
® SST derived from 3 Bands WAVELENGTH i)

100 50 25 20 15 10 8§ ] 7 & 5

(S7 1o S9: 3.74, 10.85 and 12 pm) R g S s

HP

m
g
=)
T
"

® Region with little influence by other source/sinks...

sectem Zar e
@
o
I’

® _..but gradients in emitted radiance
Cloud/areosols Thermal

Theoretical black
body emission curves

&
=3
T

RADIANCE [erg
e >
< (=]
’\-.'\..
e
%
Ls
0
g
'x
” —

-]

L] 20C 400 a00 800 [[wele 1200 1400 1600 800 2000
WAVE NUMBER (cm’}

400 500 Gﬂﬂ TI]U 800 900 . 1 2 3 4 8 9 1 1 12

Other 6 bands in the VIS and NIR field (S1 to S6):
Used to evaluate contributions other than from the ocean surface (cloud/areoslos)
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How to measure SST from space ‘@vm @k eSa

TOA Radiance contributions

T
“‘:‘.‘ h"
; 1

1) Useful signal (radiation from ocean surface only!!!)
2) Absorbed by atmosphere

3) Scattered out of field of view

1+2+3 = Signal received if no other sources

: 4) Emitted by atmosphere
;: ,.1; _ 5)Atmospheric scattering into field of view
242) K 6)Reflected into field of view

o

7) Surface ocean scattering into field of view
4+5+6+7 = Noise

> S7 to S9 to measure signal
= S1 to S6 to evaluate noise (IMPORTANT: noise can also be reduced by instrument design!!!)

Q\
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Sentinel-3 SLSTR

Sea and Land Surface Thermal Radiometer

SAR Radar
Altimeter

* Dual scan temperature radiometer
* Continuity from previous infrared radiometers:

ASTR (ERS-1) — ASTR-2 (ERS-2) — AASTR (ENVISAT)
* Equivalent baseline performance as AASTR

Full documentation at https://sentinel.esa.int/web/sentinel/user-guides/sentinel-3-slstr

I.
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Sentinel-3 SLSTR

SLSTR design

* Two onboard black bodies for calibration of each scan (levell processing)
* 9 spectral bands (two more than AASTR; also for fire detection)

* Dual view (Nadir and Oblique) for improved atmpspheric correction

* (Wider swath compared to AASTR)

Focal-Plane
Assembly

Radiator
panels

Stirling
cycle Oblique
cooler FoV
Baffle
SLSTR Control
and Processing
Electronics
(CDE & SUE)
Nadir
-Ys FoV
Baffle
"4Zs (earth view)  SLTR Optical
Scanning Unit
(SLOsU) Calibration
> S Black Body
-Xs, (flight direction) (10f2)
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Sentinel-3 SLSTR

SLSTR design
* Two onboard black bodies for calibration of each scan (levell processing)
9 spectral bands (two more than AASTR,; also for fire detection)

Dual view (Nadir and Oblique) for improved atmpspheric correction
(Wider swath compared to AASTR)

Focal-Plane
Assembly

E SLSTR

Radiator

panels
Stirling
cyclle gb\l/ique Direction
cooler 0 H
Baffle > of flight
SLSTR Control 1400 km SLSTR (nadir)
and Processing 740 km SLSTR (oblique)
Electronics 1270 km OLCI \
(CDE & SUE) W i
: b Madir swath
\ sca foatprint
- s Y et T‘ ‘\ml’:c{;::: [ldggi'mosvgtlh}
o ) footprint (740 km
Nadi 1 i th)
* Oblique swath 740 km wide
Baffle
_ * Nadir swath 1400 km wide
s SR,
(sLosv) Caliration * Nadir swath offset to match OLCI
-Xs, (flight direction) (10f2) Y
ST
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Sentinel-3 SLSTR

SLSTR dual view

Advantages

Multi-view atmospheric correction
technique (along-track scanning):

Same pixel viewed from two
different angles with different
atmospheric pathlengths

Differences between the two views
are due to atmospheric effects
(directly measured!!!)

! ! Video courtesy of M-H Rio
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Sentinel-3 SLSTR e Eesa

Processing chain

Level 0
- Process raw data (instrument counts) into instrument source packets (IPS) (Not for users)
Levell Levell instrument & image processing

- Compute calibration coefficients (slope and intercept):
1. for IR (S7 to S9) from the two black bodies (hot and cold)
2. for VIS/NIR/SWIR (S1 to S6) from diffuse calibration (VISCAL)
- Convert instrument counts to radiance/brightness temperature
- Time and geolocation
- Cloud masking
Level2
- Convert TOA radiance to SST:
5 algorithms available: N2, N3, N3R, D2, D3
(Dual or nadir view + # of bands used; e.g. S7 not used during day due to solar contamination)
- All based weighted combination of observed brightness temperatures
(coefficients from radiative transfer models)

2 ADVANCED TRAINING COURSE IN OCEAN AND COASTAL REMOTE SENSING Hosted by ::

12 to 17 November 2018 | Shenzhen University | PR. China




Sentinel-3 SLSTR

Final products

1. Level1l RTB (radiance and brightness temperature for each channel and view)
2. Level2 WST (best SST from the 5 algorithms; used in the practical)

sea surface skin temperature
15-19 Jun 2017 composite - Sentinel-3A / SLSTR WST NR [PB2.16]-

N = 1427346, min =-1.99 C, max = 36.71C

Resolution

* 1 km for IR bands
(S7 to S9)

* 500 m for VIS/NIR/SWIR bands
(S1 to S6)

SST accuracy: 0.3 degK

sea surface temperature (in celsius)

Sentinel-3 revisit time 27 days
with subcycle of 4 days
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Characteristics of East China Sea and Yellow Sea

———
andong 7
I Peninsulasr

36°N

33°N @‘@ :
Changjiang
Estuary

30°N

Jejd)iclanc)

+ “ i |

5 by 4
Ea“szlmﬁélsﬁj ]

27°N t~
>t
(b)
24°N -
123°E 126°E . szoter.com
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