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Introduction!

While radiance is the fundamental property, for 
measurements, an irradiance detector is easier to 
understand, so I will build from irradiance to radiance.!
Outline!

1) Spectral resolution of Detectors!
2) Plane irradiance measurements!
3) Scalar irradiance measurements!
4) Radiance and Radiance 

Distribution measurements!



Detectors!

Two (maybe three) classes of detectors/
instruments if defined by spectral resolution!

	  1)	  Mul'-‐channel	  instruments	  
	  
	  
2)	  Hyperspectral	  instruments	  
	  
3)	  PAR	  (or	  other	  broadband	  for	  example	  UV-‐A)	  sensor	  

	  	  



Detectors!

Narrow band, multi channel instruments!
1)	  Typically	  channels	  have	  spectral	  bands	  of	  10nm	  wide.	  

	  a)	  Most	  ocean	  op'cs	  parameters	  do	  not	  have	  sharp	  features.	  
	  b)	  May	  try	  to	  match	  some	  other	  spectral	  shape	  (SeaWiFS	   	   	  
	  bands).	  

	  
2)	  Spectral	  channels	  defined	  by	  filters,	  typically	  interference	  filters.	  

	  a)	  Filters	  have	  some	  spectral	  shape,	  defined	  by	  band	  center	  and	  
	  the	  width.	  
	  b)	  Have	  to	  be	  careful	  of	  out-‐of-‐band	  effects	  (looking	  at	  different	  
	  “color”	  sources)	  

	  



Detectors!

FWHM	  =	  (λ50%+	  -‐	  λ50%-‐)	  
Band	  Center	  =	  (λ50%+	  +	  λ50%-‐)/2	  
	  



Detectors!



Detectors!

Hyperspectral Detectors!

1)	  “con'nuous	  spectrum”,	  really	  channels	  every	  1-‐10nm.	  
	  
2)	  Typically	  gra'ng	  or	  prism	  dispersive	  elements.	  
	  
3)	  Can	  build	  integrated	  channels,	  match	  satellite	  sensor	  channels,	  etc.	  
	  
3)	  Be	  careful	  of	  various	  effects	  

	  a)	  similar	  to	  out-‐of-‐band	  effects,	  have	  scaZered	  light	  effects	  
	  b)	  resolu'on	  limits	  (entrance	  slitwidth,	  dispersion,	  imaging	  ability)	  	  	  
	   	  just	  because	  there	  is	  a	  detector	  every	  1	  nm,	  doesn’t	  mean	  it	  tells	  	  
	   	  you	  anything.	  Example:	  WISP	  reports	  every	  0.3	  nm,	  BW	  5	  nm.	  

	  

Light	   Slit	   Dispersive	  elements	  

Pixels	   Dispersion:	  cm/nm	  



Detectors!

Laser DataLaser Data
�� Stray light is light scattered off optical Stray light is light scattered off optical 

surfaces surfaces 
�� Three contributing factors: haze , Three contributing factors: haze , 

diffuse and reflections.diffuse and reflections.
�� One laser scan tells us how light at this One laser scan tells us how light at this 

wavelength affects the CCD detectorswavelength affects the CCD detectors
�� What we want is how light at any/all What we want is how light at any/all 

wavelength affects one part of the CCD wavelength affects one part of the CCD 
(wavelength).(wavelength).

�� A single pixel A single pixel responsivityresponsivity is the is the 
function that defines this effect at one function that defines this effect at one 
measurement wavelength.measurement wavelength.

�� Matrix for the entire CCDMatrix for the entire CCD

Incident
Ray Specular

Surface
Diffuse

Haze

Haze

Diffuse

Specular Beam

Modeled Single pixel responsivity (SPR)

Quick overview of Stray light problemQuick overview of Stray light problem

From	  Stephanie	  Flora	  
Moby	  project	  



Detectors!
Why Stray light correctWhy Stray light correct

�� Because otherwise we have a Because otherwise we have a 
spectral bias = wrong answerspectral bias = wrong answer

�� Problem caused because  calibrate Problem caused because  calibrate 
with a white source and measuring with a white source and measuring 
a blue source.a blue source.

�� The evidence is blue and red The evidence is blue and red 
spectrographs do not meet in the spectrographs do not meet in the 
overlap (black line = 620 nm).overlap (black line = 620 nm).

�� The matrix created from laser data The matrix created from laser data 
removes the stray light from the inremoves the stray light from the in--
water and system response data.water and system response data.
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Detectors!

PAR	  or	  other	  broadband	  (UVA,	  UVB,	  etc.)	  
	  
PAR:	  	  

	  1)	  photosynthe'cally	  available	  radia'on,	  try	  to	  count	  photons	  in	  the	  range	  
	  from	  400-‐700	  nm,	  equal	  weight	  to	  each	  photon.	  

	  
	  2)	  Silicon	  detector	  through	  photoelectric	  effect,	  should	  sort	  of	  do	  this:	  
	   	  Each	  photon	  generates	  one	  photo-‐electron	  (perfect	  quantum	  efficiency)	  

	  
	  3)	  Problems	  due	  to	  scaZering	  in	  detector,	  reabsorp'on	  of	  photo-‐electrons,	  	  
	   	  spectrally	  dependent	  reflec'on…break	  down	  this	  rela'onship	  	  which	  then	  
	   	  causes	  calibra'on	  to	  be	  difficult	  (different	  colored	  sources).	  	  Physically	  not	  
	   	  a	  “nice”	  measurement,	  but	  easy.	  

	  



Irradiance!

Definition of plane Irradiance :  !
!
!
Perfect detector would be a hole, with a 
detector right behind that collects all the light 
which passed through the hole:!
!

( ) ( ) ( ) φθθθλφθθλλφθ
ππ

ddLdLE
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d sincos,,cos,,,
2

0

2/

0
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Hole	  
Filter	  
Detector	  
	  

Problems:	  
1)	  Filter,	  typically	  interference	  filter,	  has	  	  
an	  angle	  dependence	  on	  spectral	  transmission	  
2)	  Detectors	  also	  have	  angular	  dependence	  on	  	  
their	  response	  
3)	  Invariably	  need	  some	  sort	  of	  window	  in	  front	  	  
of	  hole,	  which	  then	  has	  a	  reflec'on/transmission	  
coefficient	  which	  varies	  with	  incident	  angle.	  
Typically	  2-‐3	  decrease	  with	  increasing	  incidence	  
angle.	  

⎥⎦
⎤

⎢⎣
⎡

ΔΔΔ
Δ≡

nm m
W 2λAt
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Irradiance!

Real Irradiance detectors try to enhance response 
to light at large incidence angles. Typical design 
shown below:!

Plas'c	  Diffuser	  material,	  raised	  on	  edges	  
to	  enhance	  area	  exposed	  to	  large	  incidence	  
angles.	  

Filter,	  back	  from	  diffuser,	  to	  reduce	  varia'on	  	  
In	  angles	  

Detector	  

hole	  



Irradiance!

center wavelengths corresponding to the sensors po-
sitioned in the center of the faceplate of the OCI-200
and of the OCR-507 radiometers, and for which mul-
tiple characterizations of cosine errors were made.
The uncertainties were determined as the standard
deviation, !, of the three curves of cosine errors in-
dependently produced with the three sequences of
angular measurements performed in six different az-
imuth planes. Uncertainties are generally lower than
0.5% below 65 degrees, and, as expected, the largest
values (i.e., higher than 1%) are observed at incidence
angles above 80 degrees.

An additional uncertainty, not included in the
former analysis and only applicable to those sensors
asymmetrically positioned with respect to the center
of the radiometer faceplate, is due to the adoption of
off-axis geometries for the cosine error determina-
tion. In fact because of the measurement configura-
tion, all the sensors not located in the center of the
radiometer faceplate receive the light from the source
with a constant tilt of approximately 1 degree with
respect to the rotation axis. Combining this tilt with
the value of the incidence angle at the center of the
radiometer faceplate, the resulting angle does not
exhibit any appreciable deviation from the actual in-
cidence angle itself above 10 degrees (while below 10
degrees the dependence of measurements on the in-
cidence angle is assumed negligible). This suggests
that the determination of the angular response for
the off-axis sensors of the considered radiometers
should not be markedly affected by additional mea-
surement uncertainties when compared to the on-
axis sensor. An experimental estimate of this source
of uncertainty was made by comparing the cosine
error determined for the same collectors operated off-
axis (as during the regular measurement) and on-
axis after their alignment with the aid of the X-Y
translation unit. Results showed differences within
the variations observed for the on-axis measure-
ments.

The former results suggest that the uncertainty in
the experimental determination of the cosine error
can be reasonably assumed lower than 0.5% below 65
degrees incidence angles and up to 1% between 65
and 80 degrees.

B. Interchannel Variability

The interchannel variability of fc!!, "" exhibits quite
diverging results with " as # increases. These results
are mostly explained by the different geometries
(thickness and shape) and materials used for the var-
ious collectors at the different center-wavelengths,
and are similar to those presented by various authors
for a variety of in-air irradiance sensors [9,10,18].
Figure 3 summarizes the average cosine errors f!c!!, ""
for the radiometers considered in the study. These
values were determined by averaging the experimen-
tal angular responses of the different sensors at each
center wavelength. Results show values of f̄c!!, ""
generally lower than #3% below 80 degrees incidence
angle. Some of these values are, however, higher than
the limits given by current ocean optics protocols
which require deviations lower than 2% between
0–65 degrees and 10% above [1]. In particular large
deviations, varying from approximately 4% (abso-
lute) at 50 degrees to 20% (absolute) at 80 degrees,
are observed at the 412 and 443 nm center wave-
lengths which are relevant for the accuracy assess-
ment of atmospherically corrected data used for the
determination of pigments concentration and colored
dissolved organic matter.

An index of the quality of the cosine response of
irradiance sensors can be computed following the
DIN 5032 standard from the German Institute of
Standardization [19] by integrating the absolute
f̄c!!, "" values between 0 and 85 deg, with angles in
units of radians, through

#$f!c!""$$ %%
0

0.47&

$f!c!!, ""$sin!2!"d!. (2)

Values of #$f!c!""$$ determined with the average co-
sine errors f̄c!!, "" presented in Fig. 3, are given in
Table 1. They vary from 0.9% at 683 nm to 4.4% at
412 nm and are within the range of those determined
for commercial UV instruments [10,18]. Clearly the
f̄c!!, "" curves shown in Fig. 3, and the #$f̄c!""$$ val-
ues given in Table 1, highlight the existence of mark-
edly different interchannel angular responses for the
sensors of the radiometers considered.

Fig. 3. Average cosine errors f̄c!!, "" determined at various center
wavelengths.

Fig. 2. Standard deviation, !, of cosine errors fc!!, "" determined
for multiple characterizations of the same sensors.

5532 APPLIED OPTICS & Vol. 46, No. 22 & 1 August 2007
Zibordi	  and	  Bulgarelli,	  AO,	  pg:5529-‐5538	  (2007)	  

Note:	  this	  is	  in	  air,	  not	  water,	  but	  is	  typical	  



Irradiance!
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 651 

Figure 3. Angular distribution of radiance as a function of depth in SBC on September 652 

22, 2008. Graphs are the radiance distribution in the solar principal plane. The first and 653 

second columns are fish-eye images of the in-water and sky downwelling radiance 654 

distribution, respectively. All images have been rotated to place the sun on the top of the 655 

figures. In the graphs, positive zenith angles are towards the sun.  Vertical lines at  ±48° 656 
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Irradiance!

Upwelling	  Radiance	  	  distribu'on	  

Low	  Chl	  
High	  Chl	  

Error	  due	  to	  cosine	  collector	  much	  more	  significant	  



Irradiance!

Should	  men'on	  one	  more	  factor:	  Immersion	  coefficient,	  30-‐40%	  correc'on.	  
	  
Cosine	  collector	  efficiency	  different	  when	  opera'ng	  in	  air	  or	  water	  

Detector	  (in	  air,	  hopefully)	  
Outside	  medium	  
Air	  or	  water	  

Just	  drew	  normal	  incidence,	  really	  all	  over	  the	  place.	  	  When	  in	  air,	  larger	  index	  of	  	  
refrac'on	  difference	  between	  medium	  and	  plas'c,	  harder	  for	  light	  to	  escape.	  	  In	  water	  
more	  light,	  aoer	  being	  diffused	  in	  detector,	  can	  escape….so	  collec'on	  efficiency	  is	  less.	  
Immersion	  factor	  corrects	  for	  this.	  	  Is	  spectrally	  dependent,	  and	  collector	  	  
design	  dependent	  (including	  plas'c),	  so	  must	  be	  measured.	  	  Paper	  by	  Hooker	  and	  Zibordi	  

	   	  2005.	  



Irradiance!

Blue	  water	  sta'on	  (Data	  from	  Marlon	  Lewis,	  Satlan'c)	  



Irradiance!

Green	  water	  sta'on	  (Data	  from	  Marlon	  Lewis,	  Satlan'c)	  



Irradiance!

Greatly	  simplified,	  but	  to	  calibrate	  this	  sensor…set	  up	  in	  lab	  with	  known	  source	  of	  
irradiance:	  

	  	  
	  

Known	  
Source,	  typically	  
NIST	  lamp	  

Specified	  distance	  (typically	  50	  100	  cm),	  note	  1/r2	  dependence	  

Instrument	  



Scalar Irradiance!

Definition of Scalar Irradiance:!
!
!
Want to collect all light coming to a single point, 
regardless of angle.  Perfect collector would be 
as shown earlier, with the limit of the radius 
going to zero:!
!
(from Curt’s !
Book)!

 !
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Scalar Irradiance!

Problems:!
!
!
!
Would	  like	  shield	  below	  the	  ball	  to	  be	  zero	  (to	  measure	  
total),	  or	  infinity,	  to	  measure	  Eod.	  	  If	  you	  want	  total	  then	  
how	  to	  handle	  horizon	  from	  a	  combina'on	  of	  Eod	  and	  Eou	  
in	  this	  case?	  
	  



Scalar irradiance!

Depth	   Ed(z)	   Eod(z)	   Eu(z)	   Eou(z)	   μd(z)	   μu(z)	  

20.0	  m	   16.7	   23.1	   0.488	   1.29	   0.72	   0.38	  

24.8m	   9.34	   13.0	   0.330	   0.852	   0.72	   0.39	  

29.9m	   6.29	   8.78	   0.212	   0.550	   0.72	   0.38	  

44.8m	   1.73	   2.31	   0.0658	   0.160	   0.75	   0.41	  

49.6	   1.56	   2.07	   0.0512	   0.129	   0.75	   0.40	  

Ed,	  Eod,	  Eu,	  Eou	  all	  in	  units	  of	  μW	  cm-‐2	  nm-‐1	  
	  

upwelling	  measurements	  at	  505	  nm	  
Downwelling	  measurements	  at	  503	  nm	  

μ	  =	  Ed	  /	  Eo	  

Average	  cosine	  of	  downwelling	  points	  to	  44	  deg,	  while	  upwelling	  is	  67	  deg	  



Radiance!

Definition of Radiance:  !
!
!
As shown earlier, basic concept for 
radiometer is a Gershun tube:!
!
!
!
!
!
!

( ) ⎥⎦
⎤

⎢⎣
⎡ =

ΔΩΔΔΔ
Δ≡

nmsr  m
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Radiance!

Most often Radiance measured with some sort 
of Gershun tube device in a single direction 
(typically upwelling nadir).!
!
But to use radiance in all the other equations, 
need radiance distribution.  Either measure 
many individual directions (such as Tyler, 
1960) or many directions at once with a 
camera and lens of some sort (Fisheye, Smith 
et al. 1970).!



Radiance!

Example instruments, Tyler :!



Radiance!



Radiance!

More	  modern	  instrument,	  NuRADS	  



Radiance!

Example	  Nadir	  Radiance	  

Blue	  water	  sta'on	   Green	  water	  sta'on	  

Data	  from	  Marlon	  Lewis	  



Radiance Distribution!
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Figure 3. Angular distribution of radiance as a function of depth in SBC on September 652 

22, 2008. Graphs are the radiance distribution in the solar principal plane. The first and 653 

second columns are fish-eye images of the in-water and sky downwelling radiance 654 

distribution, respectively. All images have been rotated to place the sun on the top of the 655 

figures. In the graphs, positive zenith angles are towards the sun.  Vertical lines at  ±48° 656 
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Radiance Distribution!

1	  m	  

30	  m	  



Radiance Distribution!

Clear	  water,	  Hawaii	  

4	  m	  

17	  m	  

25	  m	  

50	  m	  



Radiance Distribution!



Radiance!

Upwelling	  Radiance	  	  distribu'on	  

Low	  Chl	  
High	  Chl	  



Radiance!

Calibra'on:	  Look	  at	  a	  source	  of	  known	  Radiance	  
	  
Either	  bounce	  light	  from	  a	  lamp	  off	  of	  a	  plaque,	  or	  look	  into	  an	  integra'ng	  sphere.	  
	  

lamp	   Plaque	  (spectralon)	  

Instrument	  

Instrument	  

Integra'ng	  sphere	  

Note	  how	  radiance	  works	  from	  plaque,	  L=	  E/π	  



Calibration problems!

Different	  light	  levels	  between	  field	  and	  lab	  
	  
Different	  colored	  sources	  between	  field	  and	  lab	  
	  
Different	  temperatures	  in	  lab	  and	  field	  (varia'on	  in	  field	  temperatures)	  
	  
ScaZered	  light	  in	  lab	  
	  
Geometrical	  setup	  in	  lab	  
	  
Drios	  in	  calibra'on	  sources	  
	  
Etc…..	  
	  



RRS techniques!

Want	  something	  to	  relate	  to	  satellite	  measurements,	  and	  is	  an	  apparent	  op'cal	  
property	  (rela'vely	  dependent	  on	  water	  proper'es,	  less	  on	  illumina'on	  condi'ons:	  
	  
Remote	  sensing	  reflectance	  
	  
Rrs	  =	  Lw/Es	  
	  
Lw….water	  leaving	  radiance	  (above	  surface)	  
	  
Es….downwelling	  irradiance	  
	  



RRS techniques!

Above	  water	  techniques:	  
Rrs=	  Lw/Es	  
	  
Rrs	  =	  (Lmeasured-‐Lg)/Es	  
Lg=	  Lsky	  *Reflec'vity	  of	  surface	  
	  
Reasonable	  Reflec'vity	  is	  0.028	  of	  sky	  measurement	  with	  a	  geometry	  of	  
nadir	  angle	  40	  deg,	  azimuth	  135	  from	  sun,	  wind	  <5	  m/s	  (around	  10	  knts)	  
(Mobley,	  1999)	  :	  
	  
References:	  	  
Mobley,	  Es#ma#on	  of	  the	  remote-‐sensing	  reflectance	  from	  above-‐surface	  
measurements,	  Applied	  Op#cs,	  7442-‐7455,	  1999.	  
	  
Lee	  et	  al.,	  Removal	  of	  surface-‐reflected	  light	  for	  the	  measurement	  of	  
remote-‐sensing	  reflectance	  from	  an	  above-‐surface	  plaEorm,	  Op#cs	  
Express,	  26313-‐26324,	  2010.	  
	  
Garaba	  et	  al.,	  Comparison	  of	  remote	  sensing	  reflectance	  from	  above-‐water	  
and	  in-‐water	  measurements	  west	  of	  Greenland,	  Labrador	  Sea,	  Denmark	  
Strait,	  and	  west	  of	  Iceland,	  Op#cs	  Express,	  15938-‐15950,	  2013	  
	  



RRS techniques!

In	  water	  techniques:	  
	  
Rrs	  =	  Lu(z)	  Taw	  /(Es*T(z))	  
	  
Measure	  upwelling	  radiance	  at	  some	  depth	  (Lu(z))	  
	  
Propogate	  to	  the	  surface	  T(z)	  =	  exp(-‐KL(z))	  
	  
Propogate	  through	  the	  air-‐water	  interface,	  Taw	  (0.975/n2	  =	  0.543)	  
	  
Measure	  Es	  above	  the	  surface	  
	  
Reference:	  many…one	  example	  Voss	  et	  al.,	  An	  Example	  Crossover	  Experiment	  
for	  Tes'ng	  New	  Vicarious	  Calibra'on	  Techniques	  for	  Satellite	  Ocean	  Color	  
Radiometry,	  JAOT,	  2010.	  
	  
Also	  protocols	  



RRS techniques!

New	  Lee	  technique	  
	  
Shade	  surface,	  measure	  above	  the	  water.	  	  Should	  be	  directly	  Lw/Es	  
	  
Lee	  et	  al.	  Robust	  approach	  to	  directly	  measuring	  water-‐leaving	  
radiance	  in	  the	  field,	  Applied	  Op'cs,	  1693-‐1701	  (2013).	  
	  
	  
Another	  factor:	  
Normalized	  water	  leaving	  radiance	  
	  
nLw	  =	  Lw/Es	  *	  Eo/r^2	  
	  
Eo	  extra	  terrestrial	  solar	  irradiance	  
	  
r	  =	  earth	  sun	  distance	  
	  
Lee	  et	  al.	  Robust	  approach	  to	  directly	  measuring	  water-‐leaving	  
radiance	  in	  the	  field,	  Applied	  Op'cs,	  1693-‐1701	  (2013).	  


