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sharing experiences with in situ and satellite data with the goals of you …

leaving with an appreciation for the interconnectedness of in situ and 
remote sensing data (in situ data are pervasive!)

keeping this interconnectedness in mind when interpreting your results
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In situ data inform empirical relationships

In situ data inform semi-analytic retrievals
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empirical (adjective):  based on, concerned 
with, or verifiable by observation or 
experience rather than theory or pure logic
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Rrs maximum band ratio

X = log10[ Rrs(443 > 490 > 510) / Rrs(555) ]
log10(chl) = a0 + a1X + a2X2 + a3X3 + a4X4

O’Reilly & Werdell 2019, Rem. Sens. Environ. [after O’Reilly et al. 1998, J. 
Geophys. Res.; O’Reilly et al. 2002, NASA TM, Werdell 2005, NASA OceanColor Web, others]

developed using a “global” dataset of in situ Rrs(l) and chl

Valente et al. 2022, Earth Syst. Sci. Data
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SeaBASS (NASA in situ archive) holdings by year: 2006-2009
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Szeto et al. 2011, J. Geophys. Res.
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Rrs line height (baseline subtraction)
Chlorophyll Index (CI) from Hu et al. 2012, J. Geophys. Res. and Hu et al. 2019, J. Geophys. Res.
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original modified difference
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inverse (adjective):  opposite or contrary in 
position, direction, order, or effect



Rrs(l) ➞ forward model ← IOP(l)[chl, whatever] 

Rrs(l) ➞ inverse model ➞ IOP(l), chl, whatever

one sentence summary of this inversion paradigm:  How much of 
each absorbing and backscattering component is needed (in a least 
squares sense) to reconstruct the measured reflectance spectrum?

𝑟!" 𝜆 = 𝐺 𝜆
𝑏#$ 𝜆 + 𝐵#%𝑏#%∗ 𝜆

𝑎$ 𝜆 + 𝐴%'𝑎%'∗ 𝜆 + +𝐴()𝑎()∗ 𝜆
➞ ➞
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∝

what combination of these …… can reconstruct this?

one sentence summary of this inversion paradigm:  How much of 
each absorbing and backscattering component is needed (in a least 
squares sense) to reconstruct the measured reflectance spectrum?
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In the broadest sense, approaches built on each other or experienced 
convergent evolution, such that they differed in common and key places …

𝑟!" 𝜆 = 𝐺 𝜆
𝑏#$ 𝜆 + 𝐵#%𝑏#%∗ 𝜆

𝑎$ 𝜆 + 𝐴%'𝑎%'∗ 𝜆 + +𝐴()𝑎()∗ 𝜆
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you live in a consumer’s market!

𝑟!" 𝜆 = 𝐺 𝜆
𝑏#$ 𝜆 + 𝐵#%𝑏#%∗ 𝜆

𝑎$ 𝜆 + 𝐴%'𝑎%'∗ 𝜆 + +𝐴()𝑎()∗ 𝜆

Werdell et al. 2018, Prog. Oceanography
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you live in a consumer’s market!

𝑟!" 𝜆 = 𝐺 𝜆
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Werdell et al. 2018, 
Prog. Oceanography
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you live in a consumer’s market!

𝑟!" 𝜆 = 𝐺 𝜆
𝑏#$ 𝜆 + 𝐵#%𝑏#%∗ 𝜆

𝑎$ 𝜆 + 𝐴%'𝑎%'∗ 𝜆 + +𝐴()𝑎()∗ 𝜆

Werdell et al. 2013, Applied Optics
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In situ data inform empirical relationships

In situ data inform semi-analytic retrievals
one algorithm or dataset CANNOT always 
represent all conditions (and this is ok)

Degrees of separation between in situ and 
satellite data vary by product suite



satellite measured 
Rrs(𝜆)

in situ measured 
Rrs(𝜆)

satellite measured 
Rrs(𝜆)

in situ measured 
Chl, IOPs

satellite modeled 
Chl, IOPs

satellite modeled
Chl, IOPs

in situ measured 
Chl, IOPs

satellite modeled 
PFTs/PSCs

satellite measured 
Rrs(𝜆)

in situ inferred
PFTs/PSCs

20

degrees of separation in data products

in situ measured
PFTs/PSCs



consider a question
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microscopy
genetic/molecular methods
flow cytometry
coulter counters
video imaging (IFCB, FlowCam)
continuous plankton recorder
spectroscopy
optics (bb, c spectral slopes)
HPLC pigment analyses
etc.

satellite modeled
Chl, IOPs

in situ measured 
Chl, IOPs

satellite modeled 
PFTs/PSCs

satellite measured 
Rrs(𝜆)

in situ inferred
PFTs/PSCs

in situ measured
PFTs/PSCs

Given what you know about the in situ methods and the satellite 
algorithms, how would you prepare the in situ data for a validation 
satellite exercise to get as close to apples-to-apples comparisons as 
possible (e.g., common units, observational space, etc.)?

unitless (derived from rw(l))
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In situ data inform empirical relationships

In situ data inform semi-analytic retrievals
one algorithm or dataset CANNOT always 
represent all conditions (and this is ok)

Degrees of separation between in situ and 
satellite data vary by product suite

meaningfully relating in situ and satellite 
variables is an area of ongoing research 
(and this is ok)

Atmospheric correction is riddled with in situ data
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aerosol lookup tables (AERONET)
NIR correction (black pixel assumption)
out-of-band correction
pure seawater
foam and whitecap mask/correction
BRDF correction
( others I’m forgetting )

ancillary data
atmospheric pressure
water vapor
relative humidity
wind speed
ozone
NO2
SST, SSS
sea ice
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In situ data inform empirical relationships

In situ data inform semi-analytic retrievals
one algorithm or dataset CANNOT always 
represent all conditions (and this is ok)

Degrees of separation between in situ and 
satellite data vary by product suite

meaningfully relating in situ and satellite 
variables is an area of ongoing research 
(and this is ok)

Atmospheric correction is riddled with in situ data

Data treatment / compositing changes the answer

in situ data are embedded into 
almost 100% of ocean color



For your consideration:
- horizontal resolution
- temporal resolution
- vertical resolution 

understand how data processing changes the “answers”



one MODIS scan at ~45 degrees scan angle

jeremy.werdell@nasa.gov
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two MODIS scans showing overlap of pixels

jeremy.werdell@nasa.gov
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multiple MODIS scans showing pixel overlap

jeremy.werdell@nasa.gov
28



bin boundaries overlaid on pixel locations

jeremy.werdell@nasa.gov
29



For your consideration:
- horizontal resolution
- temporal resolution
- vertical resolution 

understand how data processing changes the “answers”



For your consideration:
- horizontal resolution
- temporal resolution
- vertical resolution 

understand how data processing changes the “answers”



For your consideration:
- horizontal resolution
- temporal resolution
- vertical resolution 

understand how data processing changes the “answers”

first optical depth
0.37 = exp(-Kd z) 
-1 =-Kd z



For your consideration:
- horizontal resolution
- temporal resolution
- vertical resolution 

understand how data processing changes the “answers”
0.5 mg m-3 1.25 mg m-3

average

0.95 mg m-3

optically
weighted
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In situ data inform empirical relationships

In situ data inform semi-analytic retrievals
one algorithm or dataset CANNOT always 
represent all conditions (and this is ok)

Degrees of separation between in situ and 
satellite data vary by product suite

meaningfully relating in situ and satellite 
variables is an area of ongoing research 
(and this is ok)

Atmospheric correction is riddled with in situ data

Data treatment / compositing changes the answer

Validation should consider in situ uncertainties

in situ data are embedded into 
almost 100% of ocean color

Consideration of scales and resolution 
is critical to interpret differences



Question: 
Based on horizontal distance (D) between the blue 
and red dots, which pair(s) below would you 
consider to be different: 1, 2, or 3?

Answer: D is the same for all (stop wasting our time!)

(1) (2) (3) 
O1 O2 O3M1 M2 M3

35

D1 D2 D3



Question: 
Based on horizontal distance (D) between the blue 
and red dots, which pair(s) below would you 
consider to be different: 1, 2, or 3?

Answer: (a) yes, (b) no, (c) somewhat.

This time, we’ll consider measurement uncertainty and draw a probability 
density function around each point …

(1) (2) (3) 
O1 O2 O3M1 M2 M3

36

D1 D2 D3



Validation metrics
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𝑚𝑒𝑎𝑛 𝑏𝑖𝑎𝑠 =
1
𝑁
+
"#$

%

𝑀" − 𝑂" 𝑀𝐴𝐸 =
1
𝑁
+
"#$

%

|𝑀" − 𝑂"|

MAE: mean absolute error



A method to account for overlapping PDFs

Oi Mi

pm(mi)po(oi)

Oi,min Oi,maxMi,min Mi,max

For mean bias and MAE, we compute the difference 
between the satellite observed (Oi) and in situ 
measurement (Mi) data pairs:

Di = Mi – Oi

We correct difference with correction factor (CF): 
CFi = 1 – DOi

(DOi) is the degree of overlap metric proposed by 
Harmel et al (2010) (see paper for calculus).

Corrected difference is:
D’i = CFiDi
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A method to account for overlapping PDFs

Oi Mi

pm(mi)po(oi)

Oi,min Oi,maxMi,min Mi,max

For mean bias and MAE, we compute the difference 
between the satellite observed (Oi) and in situ 
measurement (Mi) data pairs:

Di = Mi – Oi

We correct difference with correction factor (CF): 
CFi = 1 – DOi

(DOi) is the degree of overlap metric proposed by 
Harmel et al (2010) (see paper for calculus).

Corrected difference is:
D’i = CFiDi
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• Less weight is applied when DO i approaches 1

• For completely overlapping po(o i) and pm(m i), w
here DO i= 1, no 

difference can be discerned



Validation metrics
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𝑚𝑒𝑎𝑛 𝑏𝑖𝑎𝑠 =
1
𝑁
+
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%

𝑀" − 𝑂" 𝑀𝐴𝐸 =
1
𝑁
+
"#$

%

|𝑀" − 𝑂"|

MAE: mean absolute error

Corrected validation metrics

𝑚𝑒𝑎𝑛 𝑏𝑖𝑎𝑠′ =
1
𝑁
+
"#$

%

𝐶𝐹𝑖(𝑀" − 𝑂") 𝑀𝐴𝐸′ =
1
𝑁
+
"#$

%

|𝐶𝐹𝑖(𝑀" − 𝑂")|
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In situ data inform empirical relationships

In situ data inform semi-analytic retrievals
one algorithm or dataset CANNOT always 
represent all conditions (and this is ok)

Degrees of separation between in situ and 
satellite data vary by product suite

meaningfully relating in situ and satellite 
variables is an area of ongoing research 
(and this is ok)

Atmospheric correction is riddled with in situ data

Data treatment / compositing changes the answer

Validation should consider in situ uncertainties

Move beyond scatter plots

in situ data are embedded into 
almost 100% of ocean color

Consideration of scales and resolution 
is critical to interpret differences

in situ uncertainties contribute to the 
differences realized with satellites 
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population statistics:  long-term distributions and time series residual histograms and scatter plots

Zeta-score plots
𝜁

𝑀! − 𝑂!
𝑢(𝑀!)" + 𝑢(𝑂!)"
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Taylor and target diagrams confusion matrices

star plots
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In situ data inform empirical relationships

In situ data inform semi-analytic retrievals
one algorithm or dataset CANNOT always 
represent all conditions (and this is ok)

Degrees of separation between in situ and 
satellite data vary by product suite

meaningfully relating in situ and satellite 
variables is an area of ongoing research 
(and this is ok)

Atmospheric correction is riddled with in situ data

Data treatment / compositing changes the answer

Validation should consider in situ uncertainties

Move beyond scatter plots

in situ data are embedded into 
almost 100% of ocean color

Consideration of scales and resolution 
is critical to interpret differences

in situ uncertainties contribute to the 
differences realized with satellites 

any one figure CANNOT reveal all meaningful information 



what about environmental conditions?

45



46


