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Requirements example for ocean colour missions

» The 5% uncertainty was originally defined for satellite derived Ly, (1)
in the blue spectral region to satisfy the 35% uncertainty in
chlorophyll-a concentration determined for a specific bio-optical
algorithm proposed for oligotrophic waters (Gordon and Clark 1981).

Image in courtesy of Curtis Mobley Ocean Optic book

» This uncertainty assigned to satellite derived L,,5(1) prompts the
need for uncertainties better than 5% for in situ Lyy(1) (still, in
oligotrophic and likely mesotrophic open sea waters in the blue-green Sensors I

N

spectral regions). This requires constraining individual sources of
uncertainty of in situ radiometric data to within 1-2 % (commonly -
referred as 1% radiometry). ® 3

Above water method
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Radiometer converts the incident radiation (light)
into electrical signals (voltage, current, charge
g ( g ) ’ g ) hV=hC/)\,

and/or digital numbers.
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Zeiss, Ocean Optics, Avantes, Hamamatsu, Ibsen, Wasatsch, ...




Above-wate:

water body




Radiometric ¢

. £ IYA
The basic quantity in radiometry is iC power input: '
(=radiant flux), measured in watts; 1 W= 1]/s. 2hv per second
"optical" in OC radiometry means <(300..1000) nm.

Spectral representation: power is measured separately

for each wavelenght (hyperspectral radiometry).

Integral representation: power is integrated over certain C @
wavelength range (multispectral radiometry). convetrsion '

efficiency
hyperspectral value

=responsivit |
is khown for ( P a4 Y) )Y\

B each wavelength

% output:

o area integral = e
multispectral signal volts or amps

wavelength
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Radiometric qu

Radiance L(g,0,4): power, emitted from the unit Irradiance E(/): total power,

area of the source into unit solid angle. emitted from the unit area.

Unit: W-m=>=sr! or W-m=2srlnm-1 Unit: W-m== or W-m>2nm-
2

E()=IIL(¢,6,2)dpd 6

Z

Y
Vo

For hemisphere: .Q=”dg0d6’:27z' Sr




Special case:

Radiance L(¢,0,1) does not depend on the polar angles ¢,
the surface is perfectly diffuse (e.g. white snow, Sun's surface):
EN=I[L(¢,0,2)ded6=nL()

Diffuse (Lambertian) targets are widely used for calibration
and characterization purposes.

integrating sphere




2 i
Radiance sensor accepts light Iradiance sensor accepts light
from narrow solid angle. from the full hemisphere.
Calibrated in radiance units. Calibrated in irradiance units.

‘ Q2=2r sr
\2(2..20) 2

—




Radiance input optics Iradiance input optics

lens or window

or aperture :
diffuser

— aperture —

light output
(to fiber or
entrance slit)




Instrumer

radiometric range

input type,

1 signal output
field of view

power &
control input

/

pixel count, ~ acquisition speed =

- spectral range -~

spectral
. resolution

Other: temperature range, power consumption, waterproofness, weight, dimensions, cost, software options ...
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Radiometers




TriOS RAMSES & H

TriOS RAMSES family Satlantic/Sea-Bird HyperOCR family

in-water

irradiance irradiance




TriOS

Parameter HypetOCR | RAMSES Unit
weight 1.2 0.9 kg
digital interface RS232 RS232 -
supply voltage i ) St Y \
power consumption 4 0.85 W
depth rating 250 300 m
temperature range -10..+50 +2..+40 36
tield of view 9 + .
integration time 4 8192 4..8192 ms
wavelength range 305..1100 305..1100 nm
wavelength step 5] o) nm
wavelength accuracy 0.3 0.3 nm
spectral bandwidth 9.5 9.5 nm
pixel count 256 256 -
NER @ 500 nm 1.4 0.5 uWm“nm'st
radiance responsivity (@ 500 nm & 1 ms 1.8 13 uW 'm’nmsr
mininum sampling interval 0.5 1 S

/| internal shutter yes no -
thermal control no no -
internal temperature sensor yes no -




Above-wat

MSDA_XE
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Output _

RAMSES HyperOCR

Data acquisition and file conversion: Data acquisition: "SatView",
"MSDA_XE", records binary records binary datafiles.

(MS ACCESS) or ASCII datafiles. Binary-to-ASCII datafile conversion:
All 256 pixel values are recorded, "SatCon'".

pixel number 0..255 shown in datafiles. Varying subrange of pixels is recorded
Temperature data only availabe and converted.

for second generation (G2) devices. Pixel number is not shown in datafiles.

Contains temperature data.
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- 111 Be careful when working with spectral data: pixel shift can easily happen !!!
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serial number

date & time —

comment —

integration time

— 256 pixel numbers =

and raw readings

[Spectrum]

Version =1

IDData = DB43 2007-10-10 10-47-55 599 050
IDDevice = SAM 8166
IDDataType = SPECTRUM
IDDataTypeSubl = RAW
IDDataTypeSub2 =
IDDataTypeSub3 =

DateTime = 2007-10-10 10:47:55
PositionLatitude =0
PositionLongitude = 0

Comment =

CommentSubl =

CommentSub?2 =

CommentSub3 =
IDMethodType = SAM Control
MethodName = SAIMSILENS
RecordType =0
[Attributes]

CalFactor = 1

IDBasisSpec =

IDDataBack = DLAB 2006-05-04 09-11-52 144 774
IDDataCal = DLAB 2006-05-04 09-59-07 917 979
IntegrationTime = 128

PathLength = +INF

Temperature = +NAN

Unitl = $05 $00 Pixel

Unit2 = $03 $05 Intensity counts

Unit3 = $f0 $05 Error counts

Unit4d = $f1 $00 Status

of [Attributes]

[DATA]
[END] of [Spectrum]




raw spectra [T— calibrated spectra
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Mote instr

Radiometric responsivity
Long term stability
Radiometric non-linearity
Dark signal
Signal-to-noise ratio
Wavelength scale
Spectral straylight
Thermal sensitivity
Angular response
Polarization sensitivity
Other:
Accuracy of integration times
Temporal response
Immersion factors
Pressure effects




Characteri:
Characterization is determination of the optoelectronical, mechanical and
environmental properties of the radiometer.
Characterization takes mostly place in the laboratory by using dedicated
light sources, environmental conditions and measurement procedures.
Characterization result: a correction factor or formula with uncertainty. This result
belongs to the radiometer regardless of the measurement task.
The uncertainty of the characterization result depends on the capabilities of the
radiometer and the characterization method.
The characterization result is used to correct any (laboratory or field)
measurement carried out with the radiometer.
The characterized instrumental property will interact with the measurement conditions:
the spectral and angular distribution and intensity of the radiation, temperature etc.
The magnitude and the residual uncertainty of the final correction depends
on these conditions.
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The characterization results shown below
belong to the real radiometers. |
Due to the interaction between the
characterization results and the field

raw reading /ADU

— N

0

COIlditiOIlS, we need to define the example 300 400 500 600 700 800 900
field spectra in order to evaluate the final et
corrections and residual uncertainties. 70 = 1400
< LT =
s 60 = m 200
The example field conditions: £ 50 ( ’\/ \"‘“‘\ = Eq o=
SZA 45 ©° § 40 o \“b 800 =
calibration temperature 20 °C E 30 \ \/\VI\ 600 g
ficld temperatite 30 °C 3 NS S
~ e 20 = 400 =
DOLP 0.4 (L; Sehr- == g
& 10 47 V= 15—
0.75 (L,) e .
maximum raw signal 30000 ADU T L R —

wavelength /nm




Radidni 't

Responsivity shows the ability of the radiometer to convert
the input radiant power into output electrical/digital signal.

Responsivity depends on the wavelength.

RAMSES
irradiance responsivity=output signal /irradiance
radiance responsivity=output signal/radiance

HyperOCR
irradiance responsivity=irradiance/output signal
- radiance responsivity=irradiance/output signal

[1/(mW-m>2nm)]
[1/(mW-m>2nmsr)]

[wW:cm?nm™]
[WW:cm?nm-lst!]
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Radiom :
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Ideal case: output signal* of the radiometer is proportional to the excitation.

Reality: deviation from proportionality, usually at higher signal levels.

70000 | | 1

D e proportional relationship

actual relationship / 0 @
50000 |

=
@)
< e
= 40000 ‘3 \\ E ’
5 A ;
(7)) 30000 A S = ° . o
> " tanf = responsivity ——
© Pz 1 — no linearity error
= 20000 — -2
e actual linearity error
10000 —2r°
m,»"‘,/ S '3 T T
0~ : 0 20000 40000 60000

excitation (radiance or irradiance) —— raw signal /ADU

—— - -l o x

*Dark is subtracted
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Measur
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For characterization of the radiometric non-linearity we need
a signal source with precisely controlled variable intensity:

i

T

x I

i: =| E~1/7
D I
point source radiometer

et the varying distance method

V'

- : F o
= - -




Measuring

‘
|

For characterization of the radiometric non-linearity we need
a signal source with precisely controlled variable intensity:

attenuating
filters % El E1 EZ
N/
"Q shutters
source beam % e radiometer
splitter = o
co-joiner

- the beam addition method

. -




Radidni 't

e,

Output raw signal* of the radiometer is proportional to the integration time.
We can replace the varying excitation with varying output signal level
by using different integration times.

The integration time ratios need to be precise.




Radidni 't

Empirical relationship, proposed by V.Vabson - sl s S
during the FRM4SOC Phase 1 project: /”"e
70000 | |
AS S — St SOOI proportional relationship I ]
= rue o - S actual relationship ‘
S S rue - o1 0101010}
true true <DE T AS
— 40000
Strue%; \ |
, - % 30000 =
Valid for RAMSES and HyperOCR 5 o 2 \
according to experimental results. /// 'S
_ | 10000 +——
S - = = 0 € ’

B

excitation (radiance or irradiance)
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Radiomet
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The nonlinearity can be easily demonstrated when measuring a stable source
with different integration times.
The non-linearity error for RAMSES and HyperOCR dependes on the wavelength.

1.01 different non-lineatity errors

1.00 He- / é/\

\\\
0.99 / S
— no linearity error \
actual signal ratio
— raw spectrum

0.98 | .

“equal signal levels — 350 —=A460==-500 050 5 0uaa-050
wavelength /nm

O —
e ©
© c
e o
Tg )
ks =
» S




Derivation

Calibration source is measured with two integration times 7 and £2:
- TR T T

/‘
S(tl) - Strue = - S
5 == ¥ 0.E+00 L%
_< frue -1.E-07 . b
SE2 s = § -2.E-07
g == true qu% -3.E-07
\_ true § -4 .E-07
> = -5.E-07
Will be solved for S, .and «, e
® -O.E-
both depend on the wavelength. E 7 E-07
S .8.E-07
= -9.E-07
et — -1.E-06

= —= e 350 =480~ 550=2"650==(50==-850
. : wavelength /nm




The CP_

The CP_RADCALX* file contains $(), S(2), lamp, panel etc. data, |
necessary for derivation of the cal factors and « with uncertainties.
Calculation details can be found in HyperCP documentation.

[ h expanded

s wavelen "

P ixel 8 1£ uncertalnty S( ﬂ) S( 12)

number , cal tactor , l 7 s

\ [CALDATA] / X

0 D 4 0.00 12 0.000000 64 0.00 32 0.00
e 307.55 0.299505 6.36 T iy N M b 855 L i Lo T 0.69 ool 1512
2 RS 0.382907 4.82 0.015494 0.022285 116.91 0.63 116.68 T4
255 1143.49 0.000000 141.27 0.016136 0.023577 -4.09 0.72 -3.99 T

=

[END OF CALDATA]




Corfipaf;
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The integration time method was compared b ) : o iR
to the more traditional beam addition method. 1.E-07 e
The integration time method was modified by = s s e
using monochromatic source. NEE
R 8
Non-linearity coefficient was determined at D
: = o
different sensor temperatures. o -4 E-07 :
F
— 3 8 q
-5.E-07 ErRRE
b = M -6.E-07 e |
e e e o ——— YT
e T e e 300 400 500 600 700 800 900
= < S e D wavelength /nm




Radiometr

.
-l |

Individual characterization preferred because easy to perform during calibration.
Correction not recommended below 450 nm because of the noisy «.

family limits
-2.E-07

—— individual

L -4.E-07
') =
< ot

o -6.E-07 | —

-8.E-07

S -1.E-06
400 500 600 700 800 900 &=
wavelength /nm




Non-linea
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Each individual raw spectrum® can be corrected for radiometric non-linearity:

S

lincorr

1.02

linearity correction

= 1 I \/1 L 4aSmeas
2
/f' - //‘“\.--/}\A\
- ,.(W \‘Mv’” < T My
o = =
: \’\;\\:\\\:\ \\“"\,\_ /ﬁgf:f;},{,,
—=EE p s =
=== N‘\j\ng/’/l = =0
= N : //
—
by
400 500 600 700 800

-

wavelength /nm

*Dark is subtracted

900

example case

residual uncertainty /%

=

1
| |
— LT
0.8 Li
M =
0.4 ‘\\ L/\'\
e B2
. A 3
Kbﬁmwﬂumzzx;’ﬁégjﬂw
0 i By T
400 510]0) (10]0; 700 800 10]0]

~ "

wavelength /nm




Dark signal

Due to the constraints in optoelctronics and signal processing,

the radiometer shows output signal even when the optical signal is blocked.
The optical signal can be blocked with the internal (HyperOCR)

or external (RAMSEYS) shutter.

Dark signal depends on the temperature and the integration time.

Dark signal shall be subtracted from the target signal

before any further processing.

Dark signal origins from the light sensor and from the front-end electronics.
Dark signal shall be measured as close as possible to the target signal

and with the equal integration time.

Dark signal is often handled by the acquisition or data conversion software.
Using of the stored or modelled dark signals is not recommended.

Dark signal can be used to derive the radiometet's internal temperature.




Dark sign

50000 .
a\ —— QTH lamp
X D 40000 7 ]
\\_ .. ——dark
= / A
— 30000 \\
c
2 % 20000 / .
Dark spectra at 20 °C 2 // \\
e 1010]0]0) / -
3000 7 5
O = Sl
300 500 700 1010) 1100
:D: <300 wavelength /nm
g 1500 .
8192 ms
g 2000 = 512 ms \ — QTH lamp
2 D 1400
2 —4ms s \ — dark
S 1500 — 1300
c ==
e = e % 1200 T e e 5'/\/;#
1000 E 1100 \ /
K10[0) 500 700 900 1100 - /
wavelength /nm = /

. .= 1000
e e ——— 220 230 / 240 250 260
X e i pixel number

. RAMSES opaque pixels

P —




Dark signa

At short integration times,
behaviour of the front-end
electronics becomes evident.

Photodetector dominates the dark
signal at longer integration times.

Temperature dependence of the Front-end electronics: amplifiers,
photodiode 1s typically exponential. ADC, voltage references etc.

> 30000 B

<DE =

< 0

= 25000 <1050

520000 : £ ==

(q\|

= / / <+ 1000 e

(00

15000 ' ® 'i

c25)10000 f/ = =

S /é?/ @ B

G Z ~ 900 —

: —c — =
RS —— 850 i

5 15 25 I5 45, ey 5 15 25 35 45

temperature /°C _ temperature /°C




Dark S1g

1300 i i i i
—— good signal possibly faulty
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100 120 140 160 180 200
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Dark signal can be sometimes used
to detect hardware problems.

No special equipment needed.
Immunity to the electromagnetic
interferences can be examined.

petfectly random dark signal

dominating periodic component
means noisy electronics or
noisy environment
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Ty - .
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— e




Uncertai

During characterization we establish possible uncertainty of the applied dark level.
HyperOCR: thermal drifts between the target and dark acquisitions;

RAMSES differences between the modelled and real darks at higher temperatures
and longer integration times (up to 50 ADU) + leak into the opaque pixels.

The uncertainty depends on the temperature, integration time and signal level.

(0))

LN

P high uncertainty due to the low raw
signal levels of the natural targets

N

standard uncertainty /%
I

o
l
!

350 450 550 650 750 850
wavelength /nm




Signal-to-n
Noise is random change of the output signal when measuring constant input.
Origin: fundamental processes in the underlying opto-electronical componets.
Noise magnitude depends on the signal level and temperature.

raw signal /ADU

15470 Fone .
\ — QTH lamp
15460 S é 1400 N = =
= — 1300 A S
15450 B e A e 1 ey e - - g \ /\/’\/
) % 1200 ‘*W‘v‘*‘mw&
=
15440 / g o
+o

15430 a s

0 10 20 30 220 230 240 250 260

time /s - pixel number

—= time domain spectral domain




Sigﬁa -t

e 0.0160

raw signals : R _ 3
\m\; - > «+—— measured data
(o]

=\ e e
SNR — Ilghf dark :D) e o]
< 0.0158 =
(U (=)
lzght =5 Gdark > o -
; 0.0157 &= —
(U (o]
standard dev1at10ns / | =
0.0156
standard
Be aware of temporal drifts when using deviation 0.0155
standard deviation of the mean: -~ with auto- 00:00 01:00 02:00 03:00 04:00 05:00
- - . time, /mm:ss
S —— o EBEumee T cotrelation
SN O — e e s - .
— e 3 /nf -~ . Drift of the time series shall not exceed

; - = ~ 10% of the standard deviation. Otherwise,
nf effective degrees of freedom, typically smaller
=3 take autocorrelatlon into account.

than the number of averaged values. = e -

— - - - et
e~ . — — -

s S %o LN

- - a - -




SNR's correspond to the 30-fold averaging.
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Uncerta
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| >
SNR of individual field signals*® Standard uncertainties due to the SNRE*
g ‘
25000 | 1 | /
e S = =y / /j
20000 | \\ / \\\ i — 08 = /’
y\ /_,/ \ \\\ —Ed = s =0 [
15000 i /}m_\ = 206 _ R
; il
10000 +—FH — 20.4 ///, i
100020 |\ g /| s
5000 /Y - T 302 - Y /
ol \\\:: < (= /]
7 [ S e L e
0 - — — 0 N TN I R i
_ 300 400 500 600 700 800
= wg\(/)eqengtﬁcl)r?m T —— wavelength /nm
e : i — T s — 7

< - -y T - - 5 e -

*assuming averaging of 30 spectra ' = - —




Wavelength

-
L e

Use a spectral line source (discharge lamps, gas laser) to establish
relationship between the wavelength and the pixel number.

I - wavelength /nm
300 400 500 600 700 800 900
l radiometer 50000 | |
point source S 40000 — Hg-Ar
= Kr
<
— 30000
)
=
@ 20000 |
15000 ||
i UV | A |
0 i i
0 K10) 60 90==420"150-=160

Pen-Ray lamp low pressure pixel number
(K, Ar, Hg, ...) Hg lamp
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Wavele

Strong lines are detected first,

based on the tabulated spectral data.
The peaks are detected with

sub-pixel resolution.
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A low-order polynomial is used
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Uncert:

The wavelength scale of RAMSES
and HyperOCR was determined

in the +(5..40) °C temperature range,
uncertainties stay within £0.3 nm.
Uncertainty of radiometric quantities
depend on the slope of the spectra.

Example uncertainty due to the wavelength

80

Li(mW/m2nmsr)
n o)
o o

N
o

e < i

| | =
s

—

uncertainty

A2 LN - AN — S
e
\ :
“\""\....\/
&\/""'*"-\ ........
=2
350 450 e 650 750 850

=

wavelength /nm

g Tt N

L

D “ e

standard uncertainty /%




SAMIP pix

The Inclination/Pressure module inside the RAMSES SAMIP devices
occasionally intetferes with the data communication.
Detection and correction algorithm available.

Pixel 31 has bogus signal

20000 \\ 1250
2 1 e
S 15000 / = 1200 §
C_CU _W K C_U
© 10000 = 1150 &,
& 7 [
Q < —
(@)) —
ESOOOL,——” 1100 8

0 1050

350 375 400 425 450

SieFnlImIeH Rest of the pixel values are

shifted by 1 position.




Spectral stray light

Ideal case: each pixel records signal at the pixel's wavelength.

Reality: certain amount of the pixel's signal is caused by other wavelengths.

Monochromator

plane mirror  grating

input \
slit \ ’
exit slit

-

collimators

Zeiss MMS1 module

focusing grating
linear image _

SENnsor -

fiber end

N

focusing /

grating glass body




Spect;al st1

-

For stray-light characterization, we use tunable monochromatic source
to directly measure the line spread function (LSF) for each pixel.
Tunable laser can be used instead of monochromator.

monochromator

radiometer

X
broad-b and-

~SOUfCe ==

—

1.E+00
1.E-01
(=0 )
1.E-03
1.E-04
1.E-05
1.E-06
1.E-07

normalized output signal

example LSFs
| s
N ==
7 ="
Wy, I*"“"’"“'\"‘l"'"'v
Pt
300 500 700 900

wavelength /nm




Spectral

Line spread functions (LSF) are combmed into stray 11ght matnx (SLM)
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LSFs in columns
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Spectral str

Spectral stray light re-distributes unwanted radiant flux between the sensor pixels.
Accordingly, output signal is re-distributed to the wrong pixels.

This process is mathematically called "convolution.

In matrix formalism: multiply raw spectrum™* by the SLM.

true signal (unknown)

o

= [ SLM (2~ A)S,,.(A)dA

true true

S (A)=SLM*S

/

—— distorted signal (measured output) = —

*Dark is subtracted




Stray light

i F's
Stray light matrix (SLM) can be used to correct individual raw spectra.
The correction is mathematically called "de-convolution'.
De-convolution is an iterative process: search for the input spectrum S,
to give the measured spectrum S, .. after the convolution with SLM.
Two methods implemented in HyperCP:
de-convolution [Slaper 1995]

matrix method [Zong 2006]

Correction scheme:

raw cal subtract linearity stray light calibration
Ly L, E, dark correction l correction factors
raw field subtract linearity stray light ——— calibrate

L, L,E, dark correction correction L, L,E,

calculate

R

rs
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Example uncertainty:
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Thermal

‘
ol |

Expected temperature range during the field work is +(2..40) °C.
The instrumental parameters change with temperature.

Most significant are the changes in dark signal and responsivity.
Measure the dark close to the target signal and with the same integration time.
Responsivity change is caused by the detector, front-end electronics
and thermal expansions of the opto-mechanical subsystem.
Responsivity change depends on the wavelength.




Measurement s

Thermal characterization is a lengthy process: relaxation times of ~1 h are required.
This puts high demands on the temporal stability of the source and the alignment.
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Thermal cha

Measure temporarily stable source at different radiometer temperatures
to determine thermal coefficients of the radiometric responsivity.
Combine the experiment with characterization of the non-linearity,
dark signal, wavelength scale, polarization sensitivity etc.

Thermal coefficients are evaluated separately for each pixel.
Measurement results are referenced to certain temperature, typically +20 °C.

1.10

° 40(|) nm o
05 L 500 e Thermal coefficient
S o 850 nm | o— Cc —
£1.00 — =S
g e Correcting the field spectra:
= ST, )=S(h D1+ (T-T,,)c(A)]
p—— r!ef\ _ o \ /t > .

- = temggrature /%0 = raw or calibrated signal




Thermal re
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Thermal characterization results are stored in the CP_*_THERMAL_* files
and processed by HyperCP.

family average c;(4) and expanded uncertainty individual c; (1) and expanded uncertainty
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Theting

Validation of the thermal characterization

method: TO vs. JRC vs. Sea-Bird.

Fast temperature change:

temperature sensor signal does

not follow the responsivity.
Uncertainty will increase.

Dark signal is good temperature proxy.

o 0.006 1.10

= JRC / ambient temperature

< 0.004 —TC > |
. = e

.g | Sea-Bird : / 2> 1.05 “gark signal

& 0.002 2 '

e 2
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Uncerta

L]

Error caused by 10 °C difference between
the calibration and field temperatures.
L, L., and E,radiometers belong to

the same family.
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Angular reéd ]

Angular response can depend
on the azimuth plane.

Zero azimuth is marked

with a red dot on the
radiometer's body.




Angular re

Lamp and lens form a collimated beam.

Incident angle is changed by rotating the radiometer.
Characterization result: normalized responsivity vs. incident angle for each pixel.
Angular response is currently measured in two perpendicular principal planes.
Results stored in the CP_*ANGULAR_* files and processed by HyperCP.

The corrections are currently not applied, but the uncertainty is evaluated.




Angular

FOV of the IiAMSES and FOV of the modiﬁeci RAMSES

HyperOCR radiance sensors sensor in two principal planes

1.2 .\n =5
> = 1n-water > A/\/\
£ 1.0 /,___h “ HypetOCR = > 1.0 v /v\\
(= (==
§ / above-water % ( \
< 0.6 i : OCR = 0.6
8  RAMSES \ )( ypet g \
= 0.4 =0 = 0.4
(4]
E e \ | 2= I
S 0.2 S 0.2
— / e - S
0.0 ——‘/ ) L 1.0 — ——
S5 =0 - -3- 0-— 3— 6~ “O=i2=15 Sl =) 2 = 0 1 2

incident angle /° = incident angle /°




Angular r
For uncertainty estimation we need direct-to-diffuse ratio of the downwelling irradiance.
Uncertainty component for R, is close to the integral cosine error

(which is close to the cosine error around 45° incident angle).

8 I I [ 6
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Polarizati
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L] L] L] L] - . ’ !
Optical radiation is a e

1 -
e

Electromagnetic waves at c and magnetic vectors

are perpendicular to the direction of wave proﬂagation.
In the case of unpolarized light, all vector directions have equal probability.

Light detectors average the electric vector magnitude into electrical signal.

electrlc Vectors
energy flow

(light beam)
.

length and direction
changing fast

- linearly polarized light: only one

q «——— direction for the electric vector

(example: laser beam)




Polarization
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Scattering and reflection cl D1 .Eegree of pblarization.

partially

polarized unpolarized

light

radiometer




Polarizatic

v
|
=

Polarization state of the radiation is described by Stokes vector.

Interaction with the polarized light is described by the Mueller matrix.
[Kostkowski: Reliable spectroradiometry]

Characterization of radiometers: determine responsivity at different angles Z.
[Talone 2016]

Diffuser of the irradiance sensors de-polarizes the input radiation.
Characterization of the radiance sensors is needed.




Measuremen

Output radiation of the sphere is unpolarized.
Polaroid is rotated around the optical axis
and the radiometer's output signal recorded.
Angle of the maximum responsivity is
referenced to the "red dot".

_polarizer provides nearly




Polarizati

—

Because the detector acts on the magnitude of the electric vector, responsivity
shows two maxima and minima per full rotation of the polarization plane.
Polarization sensitivity dependes on the wavelength.

Amplitude and phase angle of the signal change are reported in CP_* POLAR_* files.

device-specific phase angle -
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Uncertaint

Degree of linear polarization (DOLP) of the OC signals are needed to evaluate
the uncertainty due to the polarization sensitivity of the radiance sensors.

[Mobley 2015, D'Alimonte 2016, Voss 2010]

Uncertainty of R, corresponds to the "worst case' scenario.
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standard uncertainty /%
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Conclusio

The instrument characterization results cannot be directly converted into the
uncertainty of the OC products as the measurement conditions and properties
of the measurand affect the result.

Radiometric calibration, linearity angular and thermal sensitivity contribute the
most.

The number and the motivation of the labs regarding the opto-electronical
characterizations are insufficient

Cooperation with manufacturers to improve the instrument parameters

Develop a reference radiometer




	Slaid 1
	Slaid 2
	Slide 3: Requirements example for ocean colour missions 
	Slaid 4
	Slaid 5
	Slaid 6
	Slaid 7
	Slaid 8
	Slaid 9
	Slaid 10
	Slaid 11
	Slaid 12
	Slaid 13
	Slaid 14
	Slaid 15
	Slaid 16
	Slaid 17
	Slaid 18
	Slaid 19
	Slaid 20
	Slaid 21
	Slaid 22
	Slaid 23
	Slaid 24
	Slaid 25
	Slaid 26
	Slaid 27
	Slaid 28
	Slaid 29
	Slaid 30
	Slaid 31
	Slaid 32
	Slaid 33
	Slaid 34
	Slaid 35
	Slaid 36
	Slaid 37
	Slaid 38
	Slaid 39
	Slaid 40
	Slaid 41
	Slaid 42
	Slaid 43
	Slaid 44
	Slaid 45
	Slaid 46
	Slaid 47
	Slaid 48
	Slaid 49
	Slaid 50
	Slaid 51
	Slaid 52
	Slaid 53
	Slaid 54
	Slaid 55
	Slaid 56
	Slaid 57
	Slaid 58
	Slaid 59
	Slaid 60
	Slaid 61
	Slaid 62
	Slaid 63
	Slaid 64
	Slaid 65
	Slaid 66
	Slaid 67
	Slaid 68
	Slaid 69
	Slaid 70
	Slaid 71
	Slaid 72
	Slaid 73
	Slaid 74
	Slaid 75
	Slaid 76
	Slaid 77

