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Supplementary material 
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Table S1. Examples of currently available sensors to measure IOPs, including pros and cons for each type of sensor. 
 

Sensor types Example Sensor Pros Cons 
Absorption (a) Absorption and attenuation  sensors (e.g., 

Sea-Bird Scientific ac-s) or absorption 
sensors (e.g., TriOS OSCAR) 

Sensors can be used for laboratory and/or in-situ 
absorption and/or attenuation measuring including 
profiling 
  
Sensors can be calibrated for water quality attribute 
measuring 
  
ac-s is a spectrophotometer providing hyperspectral 
absorption and attenuation whereas OSCAR is a 
flow-through online hyperspectral integrating cavity 
absorption meter providing accurate absorption 
  

Sampling location specific calibrations can be 
needed for water quality attribute measuring 
  
Different instrument designs and approaches to 
account for scattering can lead to different 
measurement accuracies 
  
Pathlengths optimized for oceanic waters may 
be too long for turbid waters resulting in low 
signal. 
 
Degassing OSCAR in situ can be challenging 

Backscatter (Bb)  Scattering sensors 
(e.g., Sea-Bird Scientific ECO and ECO 
Puck, Sequoia Scientific Hyper-bb, IMO 
SC6 (all used for bb measuring)), Sequoia 
LISST-VSF 

Sensors can be used for bbp measuring 
representative of particle abundance 
  
ECO Triplet sensors can be customized for bb, bb-
based, and/or fluorescence-based water quality 
attribute measuring in up to three channels 
  
ECO Puck sensors are specifically designed for use 
in AUVs, profiling floats, and Slocum gliders 
  
Hyper-bb can be used for hyperspectral bb 
measuring and addresses the limited spectral 
coverage of existing bb sensors 

Default gains of ECO sensors can lead to 
channel saturation in some waters 
  
Sampling location specific range adjustments or 
calibrations can be needed for bb- and 
fluorescence-based water quality attribute 
measuring 
  
Some sensor calibrations are challenging and 
sensors used for bb measuring are typically 
serviced at the manufacturers 
  
LISST-VSF is single wavelength 

Beam attenuation 
(c) 

Absorption and attenuation sensors (e.g., 
Sea-Bird Scientific ac-s) or transmission 
and attenuation sensors (e.g., TriOS 

Sensors can be used for laboratory and/or in-situ 
absorption and/or attenuation measuring including 
profiling 
  

Different instrument designs including different 
fields of view (FOV) and approaches to account 
for scattering at angles smaller than the FOV can 
lead to different measurement accuracies 

https://doimspp-my.sharepoint.com/personal/davouris_usgs_gov/Documents/Documents/UCM_Manuscripts&amp;Reports/WQValidationWorkshop/2.3%20Existing%20In%20Situ%20Technology.docx#_msocom_25


VIPER, Sea-Bird Scientific C-Star, and C-
Rover, Sequoia Scientific LISST-Tau) 

ac-s is a spectrophotometer providing multispectral 
absorption and attenuation whereas VIPER is a VIS 
transmissometer providing hyperspectral 
attenuation 
  
Other sensors include transmissometers targeting 
single wavelength transmission and/or attenuation 

 
 
 
  



Table S2. Examples of sensors used to measure AOPs, including pros and cons for each sensor. 
 

Sensor types Example Sensor Pros Cons 
Reflectances (e.g., 
Rrs) 

Multispectral radiance and irradiance 
sensors (e.g., BSI C-OPS and XRR 
(for profiling), CIMEL CE318-TV12-
OC and LC (for automated above-
water measuring)) 

Sensors have consolidated technology, are generally 
little affected by stray light and polarization, and use 
reliable optical-filter technology 
  
Sensor bands are distributed across a spectral range 
  
C-OPS is a radiometer system providing 
simultaneous in-water radiance and irradiance in 19 
spectral bands and can be used for shallow-water 
profiling 
  
CE318-TV12-OC   and LC (SeaPRISMs for 
OceanColor and LakeColor) are automated 
photometers providing sequential above-water 
radiance and irradiance using 12-filter optical-filter 
wheels and can be used for fixed station measuring 

Number of spectral bands is limited 
  
Sensor bands can need to be shifted to satellite 
sensor central bands in the data processing 
  
Proprietary data acquisition and processing 
software 
  
Sensors are typically serviced at the manufacturer 

  Hyperspectral radiance and irradiance 
sensors 
(e.g., Sea-Bird Scientific HyperOCR, 
TriOS RAMSES, IMO USSIMO(for 
all types of measuring), ASD 
FieldSpec 4, SVC HR and XHR, 
Spectral Evolution PSR+, PSR1100f 
and SR-3500, Ocean Insight SR4, 
AvaSpec CompactLine (for above-
water and near-surface in-water 
measuring (via fiber optics)),  Water 
Insight WISP-3 (for above-water 
measuring) and WISPstation (for 
automated above-water measuring)) 
and IMO DALEC and SBE 
HyperSAS (for above-water) 

Sensors have consolidated technology, are generally 
little affected by stray light and polarization, and use 
reliable optical-filter technology 
  
Sensor bands are distributed across a spectral range 
  
Number of spectral bands is expansive 
  
Sensor bands can be matched to satellite sensor 
central bands in the data processing 
  
HyperOCR and RAMSES are radiometers with a 
fully characterized cosine response providing 
accurate radiance or irradiance for all types of 
measuring whereas most others are associated with 
specific types of measuring 
  
DALEC and HyperSAS have pointing capabilities to 
ensure optimal geometry is maintained. 

Sensors can lack a full optical characterization 
including straylight analysis and characterization 
  
Proprietary data acquisition and processing 
software 
  
Sensors are typically serviced at the manufacturer 
  
Deployment strategies must avoid self-shading. 
  
Single spectrometer measurements require a 
spectralon reflective plaque which must be kept 
clean. 



Diffuse 
attenuation 
coefficients (K- 
functions, e.g., 
Kd) 

Multi- or hyperspectral radiance and 
irradiance, or quantum sensors 
(e.g., BSI C-OPS, XRR, and QCP, 
Sea-Bird Scientific HyperOCR and 
ECO PAR, TriOS RAMSES, LI-COR 
Biosciences LI-192, YSI EXO PAR 
System with LI-192 sensors, IMO 
USSIMO, IMO MS9) 

Sensors used for radiance and irradiance measuring 
in profiling applications can provide the 
corresponding diffuse attenuation coefficients from 
the same data 
  
Underwater quantum sensors are specialized sensors 
and can provide PAR and its diffuse attenuation 
coefficients using silicon photodiodes and optical-
filter technology to create a uniform sensitivity to 
light over wavelengths from 400 to 700 nm 
  
Underwater quantum sensors are routinely used in 
water quality monitoring programs and can provide a 
simple measurement of underwater light availability 

Sensors are typically serviced at the manufacturer 

 
 
  



Table S3. Examples of sensors used to measure various water quality parameters, including pros and cons for each sensor type. 
 

Sensor types Example Sensor Pros Cons 
Turbidity NIR bb-based turbidity sensors 

(e.g., Sea-Bird Scientific ECO and 
ECO Puck) 

Sensors are commonly used for nearshore and open 
ocean water quality monitoring 
  
Sensors can be used for bb-based turbidity measuring 
providing an alternative to 90° IR scattering-based 
turbidity sensors 
  
ECO sensors can be customized for bb, bb-based, 
and/or fluorescence-based water quality attribute 
measuring in up to three channels 
  
ECO Puck sensors are specifically designed for use 
in AUVs, profiling floats, and Slocum gliders 

Default calibrations of ECO sensors can lead to channel 
saturation in some waters 
  
Sampling location specific range adjustments or 
calibrations can be needed for bb- and fluorescence-
based water quality attribute measuring 
  
Comparability to turbidity measurements using 90° IR 
scattering-based turbidity sensors can be limited 

  90° IR scattering-based turbidity 
sensors (e.g., TriOS TTurb, Eureka 
Water Probes Trimeter and 
Manta+, Turner Designs C3, C6P, 
C-FLUOR, and Cyclops-7F, YSI 
EXO, ProDSS, and ProSwap + 
probes/sensors) 

Sensors are commonly used for inland water quality 
monitoring 
  
Sensors adhere to national and international 
standards for turbidity measuring 
  
Multiparameter probes find widespread use and can 
include temperature, depth, turbidity, fluorescence, 
and other sensors 
  
Individual and multiparameter probes can be used 
with in-situ deployment options ranging from hand-
held sampling and profiling to autonomous profiling 
and mooring 

Comparability to turbidity measurements from NIR bb-
based turbidity sensors can be limited 

Particle size 
distribution 

Particle size analyzers (e.g., 
Sequoia Scientific LISST-200X 
and LISST-HAB) 

Sensors are commonly used in ocean optics 
  
LISST-200X can be used for particle size, 
concentration, beam attenuation, VSF, depth, and 
temperature measuring 
  

Sensors might exceed practical needs for most satellite 
data validation studies in inland waters in terms of 
measured IOPs and water quality attributes and 
associated costs 
  
VSF is measured at a single wavelength 



LISST-HAB is based on the LISST-200X and 
integrates Turner Designs Cyclops-7F fluorometers 
for additional PC, PE, and Chla measuring 
  
Sensors can be used with different in-situ 
deployment options including complementing CTDs 

Chla, PC, PE, 
and CDOM 
  

Absorption and attenuation sensors 
(e.g., Sea-Bird Scientific ac-s),  
absorption sensors (e.g., TriOS 
OSCAR), or attenuation sensors 
(e.g., TriOS VIPER) 

Sensors can be used for laboratory and/or in-situ 
absorption and/or attenuation measuring including 
profiling 
  
Sensors can be calibrated for water quality attribute 
measuring 
  
Sensors can be used for many water quality attributes 
beyond bb- and fluorescence-based sensors including 
for NO3-N, TOC, and DOC measuring 
  
Some sensors are adapted to online water quality 
monitoring 

 

  Fluorescence sensors 
(e.g. Sea-Bird Scientific ECO and 
ECO Puck, TriOS matrixFlu VIS 
and nanoFlu, 
Eureka Water Probes Trimeter and 
Manta+, Turner Designs C3, C6P, 
C-FLUOR, and Cyclops-7F, YSI 
EXO + probes/sensors, bbe 
Moldaenke FluoroProbe and 
PhycoProbe) 

Sensors are commonly used from nearshore and open 
ocean to inland water quality monitoring 
  
Sensors can be used for Chla, PC, PE, CDOM, 
fluorescence and 
rhodamine (tracing applications) measuring 
  
Sensors can be re-calibrated by users via software if 
sampling location specific 
calibrations are desired for increased accuracy 
  
Re-calibrations of most sensors are more 
straightforward than for absorption and attenuation 
sensors 
  
Some individual and multiparameter probes can be 
used  in wired or wireless configurations 

 



Table S4. Example table to evaluate the appropriate time frame for validation of satellite 
retrievals in coastal waters (please note that values presented here are shown as examples and 
not supported by peer-reviewed research).    

  Tide 
range 
(m) 

River 
source 

Current 
speeds 
(m/s) 

Spatial 
variability 

Accessibility Satellite 
spatial 
resolution 
(km) 

1 <0.5 Low <0.2 Homogenous Difficult >1 

2 0.5-1.5 Medium 0.2-0.8 Mixed Moderate 1-0.1 

3 >1.5 High >0.8 Heterogeneous Easy <0.1 

Score             

 
  



Table S5. Example table to select an appropriate time frame for validation of satellite 
retrievals in coastal waters (please note that values presented here are shown as examples and 
not supported by peer-reviewed research).  

Total Score Suggested time frame (+/- hr) 

6-9 3 

10-13 2 

14-18 1 

 

  



Text S1: Additional Specific Research Opportunities 
 

1. Validating Rrs 

Based on current databases, there is a clear lack of validation data of Rrs for inland and 
coastal waters. To promote the validation of Rrs, we suggest:  

• Researching the advantages and disadvantages of different system and sensor set-ups 
and associated uncertainties. 

• Promoting radiometric measurements as standard environmental monitoring 
parameters by: 

o Development of more cost-effective sensor technologies. 
o Developing training materials (guides, videos, etc.) for data acquisition, data 

processing and uncertainty measures. 
o Developing easy and practical ways to check the calibration of sensors in the 

field 
• Promoting awareness to the community of the occurrence of instrument 

characteristics such as non-linearity of response, straylight, angular response, among 
others, and the need to account for such effects in the uncertainty budget of 
measurements - and if possible, correct for them. 

 
Specifically for Rrs, in situ validation data would benefit from: 

• Capturing different solar zenith and azimuthal angles encountered at different times of 
the year and/or latitudes. 

• Capturing the optical variability representative of the diversity in environmental 
conditions within or across waterbodies. 

• Capturing different atmospheric states and aerosol influences under varying degrees 
of adjacency effects. 

• Prioritizing data quality over quantity, minimizing the time difference between data 
collection and satellite overpass. 

• Ensuring proper sensor set-up and calibration to reduce systematic biases, although 
further studies of the specific needs for inland and coastal waters are needed. 

• Simultaneously recording and reporting information to assess known interfering 
conditions and issues:  

o For illumination conditions: cloud fraction, viewing geometry, and 
(optionally) photos of the sky in the cardinal directions.  

o For potential bottom reflectance: first optical depth or Secchi depth and water 
depth. For potential adjacency effects: distance from nearest shore.  

o For the air-water interface: wave height and surface roughness.  
o For potential instrument/sensor shading: instrument type, viewing geometry, 

platform specifics, and distance from the platform or other structures. 



2. Validating water quality attributes 
This section refers mainly to parameters that are more commonly or traditionally 

measured in environmental monitoring of inland and coastal waters. Hence, to expand the 
validation of water quality attributes, we suggest:  

 
Specifically for water quality attributes, in situ validation data would benefit from: 

• Covering the typical range of environmental variability of the water bodies of interest. 
Practically, this means collecting data from a variety of environments and waterbodies 
for global validations or capturing the seasonal and inter-annual variability within or 
across waterbodies for regional validations. 

• Considering the interactions between different water constituents for a robust 
validation of bio-optical models or algorithms. Measuring the three major optically 
active constituents in inland and coastal waters is essential: Chl a, SPM, and CDOM. 

• Reporting the specifics of the measurement approach to characterize the uncertainty 
associated with it, including the sensor manufacturer and model. 

• Following an established protocol, when possible, and report it in the metadata. 

• Ensuring proper sensor/instrument calibration, including site-specific calibration 
when needed (for example, for in situ fluorometry), and correction of measurements 
for interfering conditions (e.g., for pheophytin when using laboratory 
spectrophotometry or fluorometry to measure Chl a; NPQ, and CDOM fluorescence 
for in situ fluorometry of Chl a, etc.). 

3. Validating less targeted products 
We believe promoting the characterization of (all) optically active constituents is 

important to understand the dynamics of inland/coastal aquatic systems and associated water 
reflectance spectra. Ideally, this includes collecting data of IOPs, PCC, and identifying 
cyanobacteria species (responsible for freshwater HABs).  However, in situ sensor 
technologies to measure IOPs in inland and coastal waters present important limitations, as 
described in Section 3.4. Therefore, for an appropriate validation of IOPs, we suggest: 

• Improving/developing in situ sensor designs to measure absorption and scattering 
coefficients that work well in highly attenuating/scattering mediums, which are often 
common in inland and coastal waters. Sensor capabilities can be carefully considered 
and discussed with the manufacturer.  

• Meanwhile, when using available ac meters (to derive absorption coefficients), 
ensuring appropriate length of the flow tube (although not always possible), and 
appropriate scattering correction, although significant residual errors can remain 
regardless of the correction. Likewise, when using available bb meters (to derive 
backscattering coefficients), ensuring proper pathlength correction, although further 
analyses/research of these corrections are needed for some of the commercial sensors.  

• Conducting more research and measurements of estuarine, coastal, and freshwater 
particle assemblages to derive backscattering coefficients from in situ measurements 
at a single scattering angle (e.g., under near-monospecific bloom conditions). 

• Carefully considering the co-deployment of several instruments to ensure all 
necessary data corrections can be applied during data processing, as correction 



procedures often need coincident data of several IOPs. In addition, comparing 
modeled (using measured IOPs and a radiative transfer model) with in situ 
measurements of Rrs is desirable as a “closure experiment”, in which good agreement 
indicates accuracy in measured IOPs. 
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