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Ocean-colour anomalies quantified by the human eye
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ABSTRACT

Phytoplankton turn seawater green when their concentration increases. This allows us to monitor them using ocean colour. However, as the
spectral properties of phytoplankton and their relationship with other coloured substances in seawater vary, subtle differences (anomalies) in
ocean colour occur that can cause large errors in estimates of phytoplankton abundance. Identifying and understanding these anomalies is
required to interpret ocean-colour data properly, but not all scientists have access to, or can afford, the in-situ instrumentation needed to do
this. We show that practical, low-cost tools developed in the 19th century (a Secchi disk and Forel-Ule colour scale) can be used to quantify a
colour anomaly in the Weddell Sea. Our findings imply that ocean-colour anomalies can be identified using affordable methods. Furthermore,
records collected over the last century may contain clues on how ocean ecosystems have changed with climate.
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INTRODUCTION

Seventeenth-century navigators, like Henry Hudson, sailed
through hostile icy waters with little more than a compass and
their vision. They were acutely aware of changes in the colour
and transparency of the ocean, noting that the water was bluer
where there were icebergs, and they used this information to
help guide safe passage (Wernand and Gieskes, 2011). We
now know that the colour and transparency of the ocean are
controlled by phytoplankton and other covarying coloured
dissolved and particulate substances (Morel and Prieur, 1977).
Phytoplankton modulate planetary biogeochemical cycles and
have a profound effect on marine ecology by fueling the marine
food web. They turn water green and reduce its transparency
when their concentration increases. This has allowed modern
scientists to study phytoplankton at synoptic scales using satellite
ocean-colour measurements.

However, the blue signatures observed by early navigators
in polar seas are not necessarily reflective of low phytoplank-
ton concentrations because the relationship between ocean
colour and phytoplankton concentration varies regionally,
reflecting changes in environmental conditions and microbial
ecology. In the early 1990’s, scientists noticed that, for a similar
concentration of phytoplankton, the colour of the Southern
Ocean appeared bluer than that of waters at lower latitudes
(Mitchell and Holm-Hansen, 1991). This Southern-Ocean
colour anomaly is thought to be related to the unique size and
taxonomic structure of phytoplankton as well as differences
in the contributions from coloured non-algal particles and
dissolved substances (Robinson et al., 2021). Ocean-colour

anomalies also exist in other regions. For example, the Baltic
and Mediterranean Seas have higher concentrations of dissolved
substances that absorb blue light preferentially over other
colours, meaning the water appears greener than in other regions
with similar concentrations of phytoplankton (Jerlov, 1955;
Morel and Gentili, 2009). Identifying and quantifying these
optical anomalies is key to the successful use of ocean colour
for studying phytoplankton. But not all scientists have access to,
or can afford, the in-situ instrumentation needed to do this.

Simple instruments developed in the 19th century and based
on human vision could fill this gap. These include the Secchi
disk that is used for measuring water transparency by lowering
a white disk into the water and measuring the depth at which
it disappears (Secchi, 1864), and the Forel-Ule colour scale—a
scale of 21 shades of ocean colour (Forel, 1890; Ule, 1892)—
used for measuring water colour. The Secchi disk and Forel-
Ule colour scale are still used routinely today, for example, in
participatory science projects and for low-cost environmental
monitoring (e.g. George et al., 2021). They are engaging tools for
teaching as the human participant is the sensor and, like former
navigators, becomes connected with their environment in a way
that is not possible using modern optical sensors.

METHOD

To quantify whether ocean-colour anomalies can be identified
by the human eye, we collected visual measurements of ocean
colour on three cruises across the Atlantic Ocean, spanning low-
latitude regions, and on a high-latitude cruise in the Weddell Sea,
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Fig. 1. The relationship between Secchi depth (using a 30 cm white
disk) and Forel-Ule colour (Novoa et al., 2014) of water above the
Secchi disk at half the Secchi depth in the Atlantic Ocean (circles,
N =102) and the Weddell Sea (squares, N = 36) using the same
methods (Brewin et al., 2023 ). Low values of Forel-Ule colour refer
to bluer water, higher values greener water. Bars represent standard
deviations for multiple samples at a station, from different
participants. Regression lines (computed using IDL function
ROBUST_LINEFIT.pro) are Zsp = 104*FvT8 (Zgp is the Secchi
depth and Fy the Forel-Ule colour) for the Atlantic Ocean (dashed
line, A = —0.117 (£0.005),B = 1.774 (£0.011); Brewin et al.,
2023) and the Weddell Sea (solid line, A = —0.138 (4:0.009),

B = 1.672 (£0.020)) and should not be extrapolated outside the
range of data used in the fits.

Antarctica. We used a 30 cm white disk attached to a profiling rig
for measuring the Secchi depth and used the Forel-Ule colour
scale of Novoa et al. (2014) for measuring the colour of water
above the Secchi disk at half the Secchi depth. We collected
data on all four cruises using consistent methods, as described in
detailin Brewin ef al. (2023 ). Briefly, at each station, the profiling
rig was deployed (typically two casts), and the depths at which
the Secchi disk disappeared and reappeared were measured. A
wire-length sensor was used to determine these depths, although
on some Atlantic cruises slightly different methods were used
(with consistent results; see Section 2.3.2 of Brewin et al., 2023).
Forel-Ule colour scale measurements were collected by visu-
ally comparing the scale with the colour of the water above a
background of the white disk at roughly half the Secchi depth.
Multiple participants (scientists and crew of the research ship)
took part. All Secchi depth and Forel Ule colour data collected
were averaged at each station.

RESULTS

True to the Southern-Ocean optical anomaly, we observed sig-
nificantly bluer waters for similar levels of clarity at high latitudes
when compared with low latitudes (Fig. 1). For the same colour,
the Secchi depth was around 37% shallower in the Weddell Sea
than in the Atlantic Ocean. These results confirm that optical

anomalies can be detected and quantified with the human eye
and simple optical tools. Deviations in the relationship between
ocean colour and clarity for these two regions (Fig. 1) reflect
differences in the composition, concentrations and spectral sig-
natures of the optically active constituents (particles and sub-
stances) present in the water. Due to these anomalies, scientists
should be cautious when interpreting ocean colour data from
these two regions in the same way (e.g. by estimating phytoplank-
ton concentration using satellite-derived band ratios of spectral
remote-sensing reflectance and the same empirical algorithm).

CONCLUSION

We have shown that a colour anomaly in the Weddell Sea can
be identified visually. Our findings imply that spatial and tempo-
ral variations in aquatic ecosystems can be monitored optically
using affordable methods. Furthermore, old records of Secchi
depth and Forel-Ule colour collected over the last century (e.g.
Wernand et al., 2013) may contain hidden clues on how ocean-
colour anomalies have changed with climate.

ACKNOWLEDGEMENTS

We thank Profs. Tom Bell and Karen Heywood for their leader-
ship of the NERC PICCOLO project and Dr Xuerong Sun for
her support on the PICCOLO cruise. We thank all the scientists,
the captains and crew of the RRS James Clark Ross and RRS Sir
David Attenborough, who helped us collect the Forel-Ule colour
and Secchi depth data. We thank Prof. Dave Bowers for his useful
comments on our manuscript.

FUNDING

UK Natural Environment Research Council PICCOLO project
(NE/P021409/1) supporting RJW.B. and G.D.; UK Natural
Environment Research Council through its National Capability
Long-term Single Centre Science Programme, Climate Linked
Atlantic Sector Science (NE/R015953/1) supporting R.JW.B.
and G.D.; UKRI Future Leader Fellowship (MR/V022792/1) to
RJW.B.; Gordon and Betty Moore Foundation (GBMF11171)
supporting R.JW.B. This study contributes to the international
IMBeR project and is contribution number 407 of the AMT
Programme.

DATA AVAILABILITY

Data used in the publication are publicly available through the
British Oceanographic Data Centre (https://doi.org/10.5285/
£3198e10-faf3-1525-e053-6c86abc0d2f6 and https://doi.o
rg/10.5285/142ca3c4-b400-2e79-e063-6c86abc09187).

REFERENCES

Brewin, R.J. W,, Pitarch, J., Dall'Olmo, G., van der Woerd, H., Lin, J., Sun,
X. and Tilstone, G. H. (2023) Evaluating historic and modern opti-
cal techniques for monitoring phytoplankton biomass in the Atlantic
Ocean. Front. Mar. Sci,, 10, 1111416. https://doi.org/10.3389/fma
r5.2023.1111416.

Forel, F. A. (1890) Une nouvelle forme de la gamme de couleur pour
I'étude del'eau Des Lacs. Archives Des Sciences Physiques et Naturelles/-
Societe de Physique et d’histoire Naturelle de Geneve, 6, 0-25.

20z AInf 20 uo Jasn eyoin obiog (SDO-aleIusWIRdS B2ISI09D) Ip @ elyelBouesd( Ip sjeuoizeN oinis|) SOO Aq GLEGIL/LZ02AYDIUEId/EB0L 0 L/10P/3[oIE-90UBAPE/BUE|d/W0D dNO"dlWapEeo.//:Sd)Y WOy papEojumod


https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/f3198e10-faf3-1525-e053-6c86abc0d2f6
https://doi.org/10.5285/142ca3c4-b400-2e79-e063-6c86abc09187
https://doi.org/10.5285/142ca3c4-b400-2e79-e063-6c86abc09187
https://doi.org/10.5285/142ca3c4-b400-2e79-e063-6c86abc09187
https://doi.org/10.5285/142ca3c4-b400-2e79-e063-6c86abc09187
https://doi.org/10.5285/142ca3c4-b400-2e79-e063-6c86abc09187
https://doi.org/10.5285/142ca3c4-b400-2e79-e063-6c86abc09187
https://doi.org/10.5285/142ca3c4-b400-2e79-e063-6c86abc09187
https://doi.org/10.5285/142ca3c4-b400-2e79-e063-6c86abc09187
https://doi.org/10.3389/fmars.2023.1111416
https://doi.org/10.3389/fmars.2023.1111416
https://doi.org/10.3389/fmars.2023.1111416
https://doi.org/10.3389/fmars.2023.1111416
https://doi.org/10.3389/fmars.2023.1111416

George, G., Menon, N., Abdulaziz, A., Brewin, R. J. W,, Pranav, P,
Gopalakrishnan, A., Mini, K. G., Kuriakose, S.. ef al. (2021) Citizen
scientists contribute to real-time monitoring of lake water quality
using 3D printed mini Secchi disks. Front. Water, 3, 662142. https://
doi.org/10.3389/frwa.2021.662142.

Jerlov, N. G. (1955) Factors Influencing the Transparency of the Baltic
Waters, Mediterranean Institute of Oceanography, Goteborg, Sweden,
Gateborg 25 Ser. B.

Mitchell, B. G. and Holm-Hansen, O. (1991) Bio-optical properties
of Antarctic peninsula waters: differentiation from temperate ocean
models. Deep Sea Res. Part A Oceanogr. Res. Pap., 38, 1009-1028.
https://doi.org/10.1016/0198-0149(91)90094-V.

Morel, A. and Gentili, B. (2009) The dissolved yellow substance and the
shades of blue in the Mediterranean Sea. Biogeosciences, 6, 2625-2636.
https://doi.org/10.5194/bg-6-2625-2009.

Morel, A. and Prieur, L. (1977) Analysis of variations in ocean
color. Limnol. Oceanogr, 4, 709-722. https://doi.org/10.4319/
10.1977.22.4.0709.

Novoa, S., Wernand, M. R. and van der Woerd, H. J. (2014) The mod-
ern Forel-Ule scale: a ‘do-it-yourself colour comparator for water

R.JW. Brewin and G. Dall'Olmo | Ocean-colour anomalies « 3

monitoring. J. Eur. Opt. Soc., 9, 1402S. https://doi.org/10.2971/jeo
5.2014.14025.

Robinson, C. M., Huot, Y., Schuback, N., Ryan-Keogh, T. J.,, Thomalla,
S. J. and Antoine, D. (2021) High latitude Southern Ocean phyto-
plankton have distinctive bio-optical properties. Opt. Express, 29,
21084-21112. https://doi.org/10.1364/OE.426737.

Secchi, P. A. (1864) Relazione delle esperienze fatte a bordo della
pontificia pirocorvetta 'Tmmacolata concezione per determinare la
trasparenza del mare. Memoria del P. A. Secchi. Il Nuovo Cimento, 20,
205-238. https://doi.org/10.1007/BF02726911.

Ule, W. (1892) Die Bestimmung der Wasserfarbe in den seen. Kleinere
Mittheilungen. Dr. A. Petermanns Mittheilungen Aus Justus Perthes
Geographischer Anstalt, 38, 70-71.

Wernand, M. R. and Gieskes, W. (2011) Ocean Optics from 1600 (Hudson)
to 1930 (Raman): Shifting Interpretation of Natural Water Colouring,
Union des Océanographiques de France, Paris.

Wernand, M. R., van der Woerd, H. J. and Gieskes, W. W. (2013) Trends
in ocean colour and chlorophyll concentration from 1889 to 2000,
worldwide. PLoS One, 8, €63766. https://doi.org/10.1371/journal.
pone.0063766.

20z AInr 20 uo Jasn epolg) obiog (SHO-9lejusWLIBdS BOISII0RY) Ip © elyeIBouesdQ Ip djeuoizeN ons|) SO0 Aq G1£689///Z09eaypueld/ca0L 0 L/10p/ajoie-aoueApe/pue|d/wod dno-ojwepeoe//:sdiy wolj papeojumoq


https://doi.org/10.3389/frwa.2021.662142
https://doi.org/10.3389/frwa.2021.662142
https://doi.org/10.3389/frwa.2021.662142
https://doi.org/10.3389/frwa.2021.662142
https://doi.org/10.1016/0198-0149(91)90094-V
https://doi.org/10.1016/0198-0149(91)90094-V
https://doi.org/10.1016/0198-0149(91)90094-V
https://doi.org/10.1016/0198-0149(91)90094-V
https://doi.org/10.1016/0198-0149(91)90094-V
https://doi.org/10.1016/0198-0149(91)90094-V
https://doi.org/10.5194/bg-6-2625-2009
https://doi.org/10.5194/bg-6-2625-2009
https://doi.org/10.5194/bg-6-2625-2009
https://doi.org/10.5194/bg-6-2625-2009
https://doi.org/10.4319/lo.1977.22.4.0709
https://doi.org/10.4319/lo.1977.22.4.0709
https://doi.org/10.4319/lo.1977.22.4.0709
https://doi.org/10.4319/lo.1977.22.4.0709
https://doi.org/10.2971/jeos.2014.14025
https://doi.org/10.2971/jeos.2014.14025
https://doi.org/10.2971/jeos.2014.14025
https://doi.org/10.2971/jeos.2014.14025
https://doi.org/10.2971/jeos.2014.14025
https://doi.org/10.1364/OE.426737
https://doi.org/10.1364/OE.426737
https://doi.org/10.1364/OE.426737
https://doi.org/10.1007/BF02726911
https://doi.org/10.1007/BF02726911
https://doi.org/10.1007/BF02726911
https://doi.org/10.1007/BF02726911
https://doi.org/10.1371/journal.pone.0063766
https://doi.org/10.1371/journal.pone.0063766
https://doi.org/10.1371/journal.pone.0063766
https://doi.org/10.1371/journal.pone.0063766
https://doi.org/10.1371/journal.pone.0063766
https://doi.org/10.1371/journal.pone.0063766
https://doi.org/10.1371/journal.pone.0063766
https://doi.org/10.1371/journal.pone.0063766

	 Ocean-colour anomalies quantified by the human eye
	INTRODUCTION
	METHOD
	RESULTS
	CONCLUSION
	ACKNOWLEDGEMENTS
	FUNDING
	DATA AVAILABILITY
	References


