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The problem: sensors are too expensive to be deployed at large
guantities 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).
. Limited market.

4. Limited resources for some research groups and communities.

W



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 =2 cheap electronics processors,
communication and sharing.

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

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).

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

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

Full sensor characterizations essential for any custom device.
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Figure 2. Mutual relationshaps of visual clanty, tusbidity (Hach 2100A) and suspended sediment concentration in
97 New Zealand nivers (each niver site sampled up to three times—n = 274 i total), Panel A tarbadity versus
suspended sediment. B. turbadity versus black dasc visibality, C. black dasc visibility versus SSC. (Figure 3 of
Davies-Colley and Close, 1990—used with permissson)

Smith and Davies-Colley



Faecal contamination and visual clarity in New Zealand
rivers: correlation of key variables affecting swimming

suitability
Rob Davies-Colley, Amanda Valois and Juliet Milne
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<1% samples fall
in high E. coli,

high vis quadrant

action
— alert

Journal of Water and Health
2018

<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




Tube with black disk

Depending on
arm length, one
POrson can take
a canty tube
reading (far
nght), o 1 may
be exsier with
WO peopie

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



Equipment list

Clarity tube method

- .

bucket clarity tube magnets












520 New Zealand Joamal of Marine and Freshwater Research, 2002, Vol, 3
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Black disk visibility {cm)
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Fig. 1 SHMAK clarnty tube for measaring waser clanity, (Photoe Helen Rickens.) Tube mulw (m)

Fig. 4 Black disk seadings (logasithmic scale) versus
charsty bebe readings (y,,, verves v, ) (black background)

yap = 7.28 x 100, /62]

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



Secchi disk depth: theory

Contrast reduction theory for detecting target for any direction:

viewing angle

apparent .
contrast of attenuation relative to
target coefficient straight up
CT(01¢)T) I I
= exp[-cr + K(0,¢,z) rcos(0
Co0.p0)  SxPl (8,0,2) rcos(0)]
inherent _
contrast of range diffuse
target attenuation
coefficient

Parameters are for photopic spectral response

Preisendorfer (1963), Duntley (1976) but work originated in 1940°s; extensively validated



Secchi disk depth: theory

Contrast reduction theory for detecting target for any direction:

CT'(01¢1Z)
CO (Qrd)rZT)

= exp[-cr + K(0,0,z) rcos(0)]

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

CL Cr(9,¢,Z)

Co@pp)  2nd

V' =-In(Cp)/ [c - K(8,0,2) cos(6)]

For Secchi disk: Zy, =-In (C,)) /[c + K]




Issues .... For Secchi disk: Zg, =-In (C;)/ [c + K]

* When Z, ¢, and K are determined, large range observed in -In (C))
* White vs black vs black/white quadrants
* Size of disk -In (C,) typically varies

* Reflectivity of disk Jrom ~5-10 (Bukata 2005)

* 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 19t century (Pitarch 2020)




u SENSoOrs Printable Secchi disk: @sﬂ

Article
A Printable Device for Measuring Clarity and Colour
in Lake and Nearshore Waters

Robert |. W. Brewin “*** Thomas G. Brewin *!, Joseph Phillips **, Sophie Rose *4,
Anas Abdulaziz >, Werenfrid Wimmer ®, Shubha Sathyendranath ? and Trevor Platt !



Using a view box

Secthi ﬂwilh%t box im)
A SRR o] W

' Secchi depth with naked eye (m) 10

Figure |. Relaticaship between Secchi depth measurements made wath the aid of a viewer box and the
naked cye. The open and closed symbols refer to measurements made on the sunny and shady side of
the boat, respectively.

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



Reenote Seviing of Eavorsreet 169 [2015) 1351480
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Remote Sensing of Environment

journal homepage: www. elseviat . com/locate/rae

Secchi disk depth: A new theory and mechanistic model for
underwater visibility

Woen

ZhongPing Lee **, Shaoling Shang ", Chuanmin Hu *, Keping Du ¢, Alan Weidemann ¢, Weilin Hou *,
Junfang Lin *, Gong Lin®

LIMNOLOGY

and

Some OCEANOGRAPHY
controversy....
depth relationships
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Secchi disk depth: A new theory and mechanistic model for @C,M,J,k

Lee et al. (2015) anderwter iy

ZhongPing Lee **, Shaoling Shang ®*, Chuanmin Hu €, Keping Du ¢, Alan Weidemann ¢, Weilin Hou ¢,
Junfang Lin 2, Gong Lin ®

1. Questions path radiance being same over target vs adjacent background

e 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 [L; — L;]/ Lg
* 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

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

Limiting contrast of detector total disk
(~0.02 for human eye) scattering  size
\ k / Note:
a = Ki (Gershun’s Eq)
1 C, bd
Vo= —In|——] + and
¢ — cos(6,)K 2M, 410, c=a+b
Looking up: 6, =0 deg / I
Looking horizontal: 6 = 90 deg Source modulation (contrast) term for
K near forward

[ i): 0 = E 1 [
Looking down (Secchi): 8 ,= 180 deg qual to 1 for black/white scattering

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



horizontal uplooking

downlooking
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Forel-Ule color scale

* Pitarch et al. (2019)

e Can derive Kd

e Other parameters with
increasing errors...




X Deploy over white Secchi disk



Pitarch et al. (2019) RSE
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As an example, can derive light profiles for PAR with reasonable accuracy



Recap - derived optical parameters

can potentially solve for: Note:

* Attenuation ¢
* Diffuse attenuation K,
* Absorption a

* biogeochemical properties via proxies c=a+b
(or measure directly...)

a = Ki (Gershun’s Eq)

K,~a+b,



Published: October 2003

Horizontal sighting range and Secchi depth as
estimators of underwater PAR attenuation in a coastal
lagoon

Mantin A Montes-Hugo, Sadl Abarez-Borrege B3 & Alma D, Giles-Guzman

Estugries 26, 1302-1309 (2003) | Cite this article
159 Accesses | 10 Ciations | Metoks

Abstract

Attenuation of photosynthetically available radiation (PAR) measured using a light meter, was
related to Secchi disk, horizontal black disk and horizontal sighting ranges observed in a
coastal lagoon of the Southern California Current System. Vertical attenuation coefficient
(Kpap) was calculated from radiometric PAR profiles. Vertical (Zp) and horizontal (HS)
sighting ranges were measured with white (Secchi depth or Zgp, HS ) and black (Zgp, HS g)
targets. Empirical power models for the Kpap-Zsp (Kpap=1.47 Zsp ™), Kpar-Zgp (Kpar=0.98
Zgp “**9), Kpag-HS 1 (Kppp=1.22 HS y ~**%) and Kp,g-HS 5 (Kppp=0.73 HS 5 ~*97)
relationships were developed. The parameters of these models may not apply to other water



Inexpensive digital sensors

An ongoing revolution in inexpensive electronic and optical
components, and 3D printing provides new opportunities to develop
inexpensive, robust sensors.

For example:

AOPs, I0Ps, turbidity, fluorescence, micro-imaging

Moorings/buoys, underway systems, citizen science

Much of the concept and content inspired by or borrowed from Emmanuel Boss



[ KduPRO low-cost DIY moored instrument for Kd ]
ORIGINAL RESEARCH article

Front, Mar. Sci., 16 December 2022

Sec. Ocean Observation

& frontiers ‘ Frontiers in Marine Science

Volume 9 - 2022 | https://dol.org/10.3389/fmars 2022 1004159

Operational monitoring of water quality with
a Do-lt-Yourself modular instrument

Carlos Rodero™” Raul Bardaji’ Estrella Olmedo” 0 Jaume Piera’ k

~100 EUR parts per irradiance instrument
https://git.csic.es/kduino/kdupro

https://www.icm.csic.es/en/staff/carlos-rodero-garcia-1860



https://git.csic.es/kduino/kdupro
https://www.icm.csic.es/en/staff/carlos-rodero-garcia-1860

TCS34725 RGB

Sensor with IR filter 2 Foam black

30 mm x 30 mm,
with square hole of
20 mm x 20 mm

3 Foam black
30 mm x 30 mm,
with circular hole of
16 mm diameter

r

\
N

PTFE (polytetrafluoroethylene) tape
20 mm x 60 mm

5 Transparent glass methacrylate plate
28 mm x 20 mm




2,5-1)

Photosynthetic Photon Flux Density (uMol-m

s LI-COR (model LI-192)
s HOBO (model U20-001-01)

— KdUPRO module 1
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KduPRO (counts)

Comparison of
instrument against LI-COR

Can use as profiling
instrument or deploy
in a customizable array
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Article

The HydroColor App: Above Water Measurements of
Remote Sensing Reflectance and Turbidity Using a
Smartphone Camera

O

Gray Card

https://www.mdpi.com/1424-8220/18/1/256#



https://www.mdpi.com/1424-8220/18/1/256

Characterization of phone cameras
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HydroColor

https://play.google.com/store/apps/details?id=com.h2optics.hydrocolor
https://apps.apple.com/us/app/hydrocolor-water-quality-app/id816427169



https://play.google.com/store/apps/details?id=com.h2optics.hydrocolor
https://apps.apple.com/us/app/hydrocolor-water-quality-app/id816427169
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% remote sensing (mpP1

Article
Is Ocean Reflectance Acquired by Citizen Scientists

Robust for Science Applications?

Mounted Hyper-SAS on BC ferry, compared against

Yuyan Yang *, Laura L.E. Cowen ! "' and Maycira Costa ? ) .
HdroColor data from trained and untrained users

“The main findings show that the HydroColor citizen data are
accurate compared with hyperspectral instrument data for
most bands and band ratios; however, citizen level of training
and environmental conditions play a role in the data quality.”

https://www.mdpi.com/2072-4292/10/6/835



https://www.mdpi.com/2072-4292/10/6/835

PYSAS

AUTONOMOUS SOLAR TRACKING SYSTEM FOR SURFACE
WATER RADIOMETRIC MEASUREMENTS

By Nils Haéntjens, Kyle Forsythe, Bradley Denholm, James Loftin, and Emmanuel Boss

https://doi.org/10.5670/
oceanog.2022.210

https://github.com/
OceanOptics/pySAS

FIGURE 1, Scihu

FIGURE 2.


https://doi.org/10.5670/oceanog.2022.210
https://doi.org/10.5670/oceanog.2022.210
https://github.com/OceanOptics/pySAS
https://github.com/OceanOptics/pySAS

Fluorescent Imaging of Single  https://research.seas.ucla.edu/
Nanoparticles and Viruses on ozcan/
a Smart Phone
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https://doi.org/10.1021/nn4037706
https://doi.org/10.1021/nn4037706
https://research.seas.ucla.edu/ozcan/
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Single-virus imaging
on the cell phone

\

Battery holder

4 v/
Sample tray Power switch

10 um

100 um

f— (. )]

Celiphone External lens
camera

1um
(d) 4 S ——
s Laser beam ~ 169om- -, X v 206nm -+ R _ . (h) 161 nm
' Cover glass !4 -\ \ p! ]

Cellphone e (hy = 150 um) g SISV ~
ttachment . ~ oy -
attachmen *—————— Extornal lens \ : -1 \
< Scattering e Nl
T " «-Longpass filter A vat o WAL N

(hy =2 mm)

:

.

& o !
; »

T Cellphone e 7

f,=8mm ! - Fluorescence lens
- CMOS

sensor




Article | Open Access | Published: 20 June 2022

Open-source, low-cost, in-situ turbidity sensor for river

network monltonng Scientific Reports (2022)
https://doi.org/10.1038/s41598-022-14228-4

Jessica Droujko & & Peter Molnar

: .
vVersion A (PVC)

\ J - ' ary . e
version O (30 onnted



https://doi.org/10.1038/s41598-022-14228-4

SSC measured vs. predicted for Feldspar (a—c) and Fieschertal (d—f)
sediments (fourth order multiple linear regression SSC models)
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Photosynthesis Research (2019) 142:361-368
https.//dol.org/10.1007/511120-019-00673-2

TECHNICAL COMMUNICATION

A guide to Open-JIP, a low-cost open-source chlorophyll fluorometer

Harvey Bates' - Alonso Zavafer'® . Milan Szabé'- - Peter J. Ralph’

J FRRF for <100 USD? S
Open-lIP Algae (Top View) Y 1.0 e
C
IR Filter Q ' ; -
\ Intensity I = ; "‘!."."a
' = 0.6 4
()]
[ 2
«— Cuvette 2 0.4 -
' ” g
]
: _6950m 2 0.2-
1« Filter % OJIP transient for —— Open-JIP
: % 4.0 1 Synechococcus sp. (CS-29) FL3500
<+ Photodiode rrer S— —
101 10° 10! 102 10°
Time (ms)

https://github.com/Open-JIP/Open-JIP



https://github.com/Open-JIP/Open-JIP

Sensors 2013, 13, 7872-7883; do1:10.3390/5s130607872

p——

o ® 5SS
Sensors
ISSN 1424-8220
www.mdpi.com/journal/sensors Simple in situ fluorometer in
Article an OtterBox, ~150 USD

In situ Measurements of Phytoplankton Fluorescence
Using Low Cost Electronics

Thomas Leeuw *, Emmanuel S. Boss and Dana L. Wright

Sensors 2014, 14, 7142-7155; do1:10.3390/5140407 142

Sensors

ISSN 1424-8220

www.mdpi.com/journal/sensors

Handheld turbidity ricle
instrument in 3D printed '
case, <50 USD An Affordable Open-Source Turbidimeter

Christopher D. Kelley L« Alexander Krolick °, Logan Brunner ', Alison Burklund ’,
Daniel Kahn ', William P. Ball ' and Monroe Weber-Shirk *



Grics et al. Ught Sclence & Applications (2018)7:66 Official journal of the QOMP 2047-7538
DO! 10.1038/541377-018-0067-0 www.nature.com/isa

ARTICLE Open Access

A deep learning-enabled portable imaging

flow cytometer for cost-effective, high-

throughput, and label-free analysis of

natural water samples T
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Patent pending, but cost of parts
for instrument could be <2500 USD

Fig. 1 Photos and schematic of the imaging flow cytometer device. The water sampie & constantly pumped theough the microfiuidic channel a1
a rate of 100 mL/M during imaging. The illumination is emated simulianecusly from red, green, and blue LEDS in 120-us pulses and rriggered by the
Camera. Two tripke-bandpass filters are positioned above the LEDs, and the angle of nadence of the kght on the hilters is adusted to Create 3 <12 nm
bandpass in each wavelength 1o achieve adequate temporal coberence, The light is reflected from a convex mimoe before reaching the sample to

INCrédse s spatial coherende while Jlowing a Compact and Sghtweight optical setup
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METHODS

3' frontiers | Frontiers in Marine Science - pubished: 22 July 2022
PlanktoScope: Affordable Modular httos://eithub.com/
Quantitative Imaging Platform for PlanktoScope/PlanktoScope

Citizen Oceanography

Thibaut Pollina'?', Adam G. Larson '?!, Fabien Lombard %45, Hongquan Li’,
David Le Guen?, Sébastien Colin*®, Colomban de Vargas**” and Manu Prakash'*

https://www.planktoscope.org/

Slide holder

Raspberry Pi

GPS Antenna



https://github.com/PlanktoScope/PlanktoScope
https://www.planktoscope.org/
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Inlinino

A MODULAR SOFTWARE DATA LOGGER DIY-Oceanography
; FOR OCEANOGRAPHY

By Nils Haéntjens and Emmanuel Boss

Using loT tools to broadcast data
to phones/tablets

Oceanography (2020)

https://inlinino.readthedocs.io/en/latest/

Software based datalogger.

Time stamps and logs data from analog 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/

Agaaculteral Fagiesering 8D (201N) 2834

Contents lists available at ScienceDirect

Aquacultural Engineering

journal homepage: www.elsevier.comfiocate/aque

Buoy system using chains
of compact, off-the-shelf
Hobo loggers

Design and operation of a low-cost and compact autonomous buoy system )

for use in coastal aquaculture and water quality monitoring =
Wiebke Schmidt™"", David Raymond”, David Parish”, lan G.C. Ashton™", Peter 1. Miller",
Carlos J.A. Campos”, Jamie D. Shutler’
Hindawi Publishing Corporation
Journal of Sensors
Volume 2015, Article ID 920168, 23 pages @
http://dx.doi.org/10.1155/2015/920168
Research Article Hindawl
Oceanographic Multisensor Buoy Based on Low Cost Sensors for Homegrown
Posidonia Meadows Monitoring in Mediterranean Sea sensors...

Sandra Sendra, Lorena Parra, Jaime Lloret, and José Miguel Jiménez



Final Thoughts

These are only a few examples... Expect to see many more disruptive

?evelolpments in ocean optics and ocean sciences in places like GitHub in the
uture

An ongoing revolution in inexpensive electronic and optical components and
3D printing provides new opportunities to develop inexpensive, robust sensors

Robust analog methods exist for potentially determining c and K... a, b, b, may
also be potentially derived

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
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