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The problem: sensors are too expensive to be deployed at large 
quantities on the scales of interest to coastal populations (e.g. 
resolve tides, weather and beaches, be deployed in the developing 
world).

=> limits significantly the relevant and available data.

Why is it so?

1. Pressure-resistant housing (most in-situ sensors are rated to 
600m).

2. Accuracy requirement (e.g. to trace deep water masses).
3. Limited market.
4. Limited resources for some research groups and communities.



What can we do to change this situation?

1. Much of the data of interest is near surface.

2. Near the surface natural variability is large.

3. Bringing in industry (aquaculture, fisheries, tourism) creates a 
much larger market than science.

4. There are inexpensive but robust alternatives in some cases.



Additionally, a revolution is going on è cheap electronics processors, 
communication and sharing.

1. Cheap microprocessors such as Arduino and Raspberry Pi have made 
building a sensor and/or a sensing platform a Lego-like activity.

2. Communication via cell-phone, Wi-Fi and sat-com, provide near-real time 
data (e.g. for QC and adaptive sampling and incorporation to forecast).

3. Sharing of ’recipes’ and ideas within/across communities allow for fast 
evolution and bug fixes (e.g. GitHub, instructables, Make magazine).

4. However, it is critical that uncertainties be associated with all 
measurements. Better to have no measurements than bad ones.

5. Full sensor characterizations essential for any custom device.



Attenuation (c) from horizontal vis with a black disk





Zaneveld and 
Pegau (2003)

V = 4.8/a
a = photopic attenuation
a = cpg(532)*0.9 +0.081



Smith and Davies-Colley



<1.6 horizontal vis has been 
official Ministry for the 

Environment criteria for safe to 
swim in NZ since 1994

https://environment.govt.nz/assets/
Publications/Files/microbiological-
quality-jun03.pdf

alert
action

<1% samples fall 
in high E. coli, 
high vis quadrant

Journal of Water and Health
2018



Ministry for the Environment 1994. “Water Quality Guidelines No. 2: Guidelines for the
Management of water colour and clarity”. Ministry for the Environment, Wellington, N.Z

Tube with black disk











Kilroy and Biggs (2002)
NZ safe to swim: >1 m vis with black disk in tube



Secchi disk depth: theory
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Preisendorfer (1963), Duntley (1976) but work originated in 1940’s; extensively validated
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Secchi disk depth: theory
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= exp[-cr + K(q,f,z) rcos(q)]

Contrast reduction theory for detecting target for any direction:

At some range, contrast between a target and background will 
no longer be discernible, i.e., the limiting contrast threshold will 
have been reached:

𝐶( ≡
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, and

V  = -ln (CL) / [c - K(q,f,z) cos(q)]  

For Secchi disk: ZSD = -ln (CL) / [c + K]



Issues ….
• When ZSD, c, and K are determined, large range observed in -ln (CL) 
• White vs black vs black/white quadrants

• Size of disk
• Shady side vs sunny side (i.e., glint)

• Cloudy vs sunny
• Wavy surface

• Sun elevation

• Scattering albedo (b/c) 
• Eye adaptation to ambient lighting

• Observing altitude above water

All noted by Secchi in 19th century (Pitarch 2020)

For Secchi disk: ZSD = -ln (CL) / [c + K]

-ln (CL) typically varies 
from ~5-10 (Bukata 2005) 



Printable Secchi disk:



David Smith, Director of Aquatic Studies, New York City’s DEP, https://acwi.gov

Using a view box



Some 
controversy….



Lee et al. (2015) 

1. Questions path radiance being same over target vs adjacent background
• Background path radiance will be brighter directly adjacent to a white disk target, but this effect 

diminishes to nil near secchi disk depth
• Makes an exception for horizontal viewing: “This may occur because most of the surrounding 

light over the target and the background are strong radiances in the horizontal directions as 
demonstrated with field observations (Zaneveld and Pegau, 2003).”

2. Questions contrast definition as [LT – LB]/ LB
• This is Weber contrast definition that has been validated extensively throughout many disciplines
• Suggests we should be using absolute radiance differences only

Justification given as size of disk relative to spatial resolving capability of human eye
• “Due to this extremely fine resolution of the human eye, the relationship between the pixel size 

of the collected image and the size of a target will depend on the distance (z) and the size of the 
target”
• This is spatial frequency (Hou et al. 2007)
• But doesn’t obviously explain reasoning for 1+2 (at least for me)



Visibility ranges from modulation transfer function (MTF) 
imaging theory
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Looking up: 𝜃𝑣 = 0 deg
Looking horizontal: 𝜃𝑣= 90 deg
Looking down (Secchi): 𝜃𝑣= 180 deg

Using relationships from Hou, Lee, Weidemann (2007), the following can be derived:

Source modulation (contrast)
Equal to 1 for black/white

Limiting contrast of detector
(~0.02 for human eye)

total 
scattering

disk 
size

term for 
near forward 

scattering

Consistent with Contrast Reduction Theory but includes terms for disk contrast and size

Note:
a = K�̅� (Gershun’s Eq) 

and
c = a + b
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It works



Forel-Ule color scale

• Pitarch et al. (2019)
• Can derive Kd
• Other parameters with 

increasing errors…



Deploy over white Secchi disk



Pitarch et al. (2019) RSE

Bold traces outlining gray areas are 25%-75% of cases

As an example, can derive light profiles for PAR with reasonable accuracy



Recap - derived optical parameters

can potentially solve for: 
• Attenuation c
• Diffuse attenuation Kd

• Absorption a
• biogeochemical properties via proxies 

(or measure directly…)

Note:

a = K�̅� (Gershun’s Eq) 

c = a + b

Kd ~ a + bb





Inexpensive digital sensors



Holographic imaging with cell phone

Particle size distributions

Photo: Ozcan Research Group/UCLA

3D printed accessory
~$10



acsnano
2013



Cheap sensors that are smart



• Spin off from an undergrad class project



Comparison with commercial sensorCharacterization of out of band response to particles



2018

2018

>8000 downloads (free).

A water-quality 
application for 
the phone.



Characterization of phone cameras

Comparison with commercial sensor for Rrs

Turbidity vs. Rrs(red)



Improving phone apps using raw data



Measuring attenuation at RGB



Validation of radiance

Reproducibility



Turbidity sensors



Fluorometers:



Calibration for fluorometers:



Imaging systems:



Software based datalogger.
Time stamps and logs data from analogue 
and digital sensors.
Graphical interface – real time data.
Works on PCs, Macs and Linux.
Used to log: AC-S, LISST, Eco-bb3, Seapoint
fluoromter, Hyper-bb, CTD…. All 
simultaneously on the same computer.
https://inlinino.readthedocs.io/en/latest/

2020

Using  IoT tools to broadcast data 
to phones/tablets

DIY-Oceanography section in the Oceanography Magazine



Buoy systems:



Wrap up
• Robust analog methods exist for potentially determining c and K… a, b, 

bb may also be potentially derived
• An ongoing revolution in inexpensive electronic and optical components 

provides new opportunities to develop inexpensive, robust sensors
• Validation and closure between methods is highly desirable to quantify 

uncertainties
• Analog methods are useful if expensive optical sensors are not available 

for research, but can also be very useful metrics as a gut check on 
highest quality measurements
• Many applications relating to water quality and imaging can 

accommodate larger uncertainties associated with many of these 
methods


