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Re-evaluation of Padre Secchi’s
visual method for
modern oceanography

Jari Hdnninen* and Johannes Sahlstén

Archipelago Research Institute, Biodiversity Unit, University of Turku, Turku, Finland

Secchi-disk is an instrument that enables investigating water transparency, being
reflective of sunlight to be used to measure the depth of light penetration in the
water column. In biological marine research, the device is used to determine the
intensity of primary production of planktonic algae. In the present study, we re-
evaluated the practicality of Secchi's method, developed some 160 years ago, for
modern oceanography by using the same locations, methods, objectives, and
comparable Secchi disk that were used in his survey in 1865. We show that the
Secchi-disk is still a valid scientific method in environmental marine research and
therefore defends its place reliably among modern electronical research
infrastructure. Observer's subjectivity didn't have a significant effect on measuring
but environmental conditions can influence Zsp determination in general. It is
therefore justified to follow, for example, the general recommendations for the
use of the Secchi net issued by HELCOM. Our results also revealed that Zsp was
located about twofold deeper in 1865 than presently which cannot be explained only
by annual variation. We show that green(ish) sea areas have today extended to larger
sea areas than they were 160 years ago, due to an increase in the turbidity of the
water resulting from, e.g., general eutrophication.
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1 Introduction

Padre Angelo Secchi (1818-1878) was an astronomer, astrophysicist, and a pioneer
especially in the field of spectroscopy, He also was an Italian Jesuit, had an advisor post in
the Vatican, and was a trusted friend of Pope Pius IV. In astronomy, he applied
spectroscopy methods in the spectral classification of stars and made observations of
star clusters, nebulae, the sun, planets, and comets (Secchi, 1863; Chinnici, 2019). In
addition, he also influenced meteorology and was on the fringes of geodetic research (e.g.,
Secchi, 1860, 1870).

Although perhaps the least recognized of his inventions, his most significant
contribution to oceanography was the development of the Secchi disk (Pitarch, 2020), a
device that enables investigating the transparency of water. The Secchi disk is reflective of
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sunlight and is typically a white-painted metal plate that can be used
to measure the depth of light penetration in the water column
(Figure 1). The disk is attached to a measuring rope. In use, the plate
is lowered down into the water column. The depth where the disk
disappears, when observed from above the surface, is called the
Secchi depth (Zgp). In biological marine research, the device is used,
e.g., in pelagic and coastal sea areas, to determine the amount and
intensity of the primary production of microscopic planktonic
algae. By this method, one can get an estimate of the thickness of
the so-called “productive layer,” i.e., the depth up to which the
intensity of the sun’s light is still sufficient to stimulate the primary
production of microalgae. The Secchi disk is the oldest method,
which is in use, developed purely for marine research (Bowers
et al., 2020).

The original motivator behind the development of the Secchi
disk was Alessandro Cialdi, Commander of the Papal Navy. Cialdi
was interested in the possibility of identifying sea currents based on
their transparency, i.e., clarity, turbidity, or the color of the
seawater. Sea currents can significantly affect the passage of the
ship on its route, thus their significance for navigation efficiency can
be remarkable. For this purpose, Cialdi invited Secchi to join in his
sea exploration survey in 1865 on the steam corvette “Immacolata
Concezione” in the vicinity of Rome at the Tyrrhenian Sea. Cialdi
had corresponded about his intentions with Secchi as early as 1859

FIGURE 1

Illustrated example of a historical white-painted Secchi disk (@ = 45 cm)
used on board the streamer “Pola” during the Luksch's survey already
around 1890 in the Red Sea and Mediterranean Sea (derived from
Wernand, 2010).
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when the pirocorvetta (steam corvette in Italian), the future pride of
the Papal fleet, was being finalized at London’s Thames dockyard.
The survey started on April 20 and lasted until the beginning of
June. The trips were operated in the sea area near the town of
Civitaveccia. In total, there were only nine measurement stations.
During the same year, Secchi published a 35-page article about the
trip results in the Il Nuovo Cimento publication series
(Secchi, 1865).

In the present study, our aim was to repeat Secchi’s
measurements by using the same season (early May), locations,
methods, recommendations and protocols, objectives, and a
comparable Secchi disk that were used during the Ciardi’s survey
in 1865. With this, we aimed to evaluate whether this method,
developed officially for marine science some 160 years ago, is still
functional and practical in modern oceanography as well. As the
Secchi disk is still widely used in everyday all over the world, we
wanted to assess its methodological and scientific relevance in
this way.

2 Materials and methods
2.1 The study area

The study area is located in the northeastern Tyrrhenian Sea,
which is a part of the Mediterranean Sea to the west of the mainland
of Italy (Figure 2). The Tyrrhenian Sea is surrounded by the
Apennine peninsula, Corsica, Sardinia, and Sicily. The deepest
hollow of the sea reaches 3 785 meters (Millot, 1999). As the
Tyrrhenian Sea is located on the confluence of the African and
Eurasian continental plates, there are ridges and active volcanoes in
the depths of it (Tacono et al., 2021). Convincingly, circulation in the
Mediterranean Sea presents important seasonal variations that can
be locally more intense than the annual mean (e.g., Pierini and
Simioli, 1998, Millot, 1999). As many local winds interfere with the
direction of the main winds, the ancient Greeks believed that the
home of the winds was on the islets of the Tyrrhenian Sea. The
Tyrrhenian Sea gets its name from the Etruscan (Barker and
Rasmussen, 2000).

The hydrology and the dynamics of the Tyrrhenian Sea are
known, and the large-scale picture resulting from the experimental
campaigns during the 20th century is summarized in several studies
(e.g., Krivosheya, 1983; Millot, 1999; Millot & Taupier-Letage, 2005;
Tacono et al,, 2021). Among all the Mediterranean sub-basins, the
Tyrrhenian Sea is well known for its complex current conditions
and bathymetry, as its dynamics show a pronounced barotropic
component. The barotropic component in the Tyrrhenian
circulation suggests that the wind is likely to play a major role as
a forcing agent supported by a purely wind-driven model of the
Mediterranean (Pinardi and Navarra, 1993). There is the presence
of a strong seasonality of the circulation in the surface layer. In
winter, almost a basin-wide cyclonic circulation at all depths is
present (Pierini and Simioli, 1998), and the area has a strong
northwestward current of Atlantic waters, but in summer, a wide
anticyclonic region is present off Campania, the Italian region
including the Gulf of Naples (Tacono et al., 2021). In both cases,
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The northeastern Tyrrhenian Sea and measurement stations used in the present study selected according to Pitarch, 2020 and Secchi, 1865. S on
the front of station number refers to original sites of Secchi’s cruise in 1865, P = station hamed by Pitarch, and H = station founded by Hanninen for
this study. The asterisk at station P7 denotes that originally it was Secchi’'s second measurement at the 6th experimental site. S4 was not included
the analysis due to failed positioning by Pitarch (2020); See the text for more details. Image source: Landsat USGS.

one could expect the presence of dynamical interactions with these
isolated topographic features. Intermediate circulation obtained
from observations and recent numerical studies agree and
indicate the presence of a strong barotropic component in the
dynamics of the basin. On the other hand, little is presently known
about the structure of the deep circulation dynamics (Iacono et al.,
2021). In any case, the southern Tyrrhenian Sea appears to be
important in the mechanics of the whole Mediterranean Sea
(Millot, 1999).

In general, the Mediterranean Sea is considered to be an
oligotrophic basin with a few biological production hotspots, and
some of these productive regions are influenced by large rivers’
discharges and suffer from eutrophication (e.g., Siokou-Frangou
et al, 2010). Due to the strong barotropic component in the
Tyrrhenian circulation (e.g., Sole et al, 2016), the tidal forcing
(Sanchez-Garrido et al.,, 2015), and the meandering Atlantic Jet
(Macias et al., 2006), the environmental state of the Tyrrhenian Sea
follows main trends observed in the Mediterranean Sea. During the
past decades, the Tyrrhenian coast has suffered from increasing
amounts of human activities leading to environmental changes
(Bosc et al., 2004).

2.2 Measurements

Our aims in the present research are similar to Secchi’s original
study, i.e., determining the transparency and color of seawater in
relation to the sun position, weather, sea conditions, water depth,
and the observer’s perception. The height above sea level was not
applied, as the boat we were able to use in the cruise was smallish.

Frontiers in Marine Science

The present-day standard size of the Secchi disk is 20 cm (8
inches) in diameter (e.g., HEICOM 2017). However, for this
research, we prepared a comparable replica of the device used by
Secchi in his 1865 cruise (Figure 3). The rounded disk (@ = 42 cm)
was made of acid-proof steel (thickness = 5 mm, weight = 5.5 kg),
which was painted as natural white resembling closely the majolica
or sailcloth-white color used in Secchi’s devices. The disk was
attached to the rope equipped with one-meter measuring marks,
and it was operated from the passenger console of the Robalo type,
outboard-powered boat Pequerio Nieto (length = 6.71 m, side
height = 0.55 m) steered by the skipper Dario Rossi. Having a
professional driver allowed us to concentrate properly on the
research at sea. In use, except for the size of the disk, we followed
protocols and guidelines of HELCOM (2017) for the monitoring of
water transparency. Before the expedition, the replica was tested in
the Baltic Sea to verify that the disk was heavy enough to descend
quickly and was not affected by horizontal water movements,
which, due to drifting, could bias measurements in varying
weather conditions.

The measurement stations used in the present study were
originally described by Secchi (1865) but was relocated by Pitarch
(2020) (Figure 1). In his cruise, Secchi did not provide coordinates
for the stations used, instead he verbally described locations of the
sites based on compass directions and distance-visible landmarks
and the depths of the sea. Also, he did not number or name the sites
but instead called a single location as “esperimento”, i.e.,
experiment. One experiment could include two separate sites on
two consecutive dates. That was the case with Secchi’s experiments
5 and 6. On that basis, Pitarch (2020) then positioned sites as the
map locations and formulated coordinates for them (see Pitarch’s
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FIGURE 3

White painted Secchi disk replicate (@ = 42 cm) in use on the board of “Pequefio Nieto” when testing the influence of polaroid sunglasses on the
observer's visual effects on observers’ perceptions to detect the disk. Photo: I. Vuorinen.

georeferenced materials at https://doi.org/10.5670/0oceanog.
2020.301). To be sure that these locations matched with Secchi’s
experiments, we re-evaluated Pitarch’s positions by using Secchi’s
original Italian descriptions. This showed that Pitarch was
reasonably successful in positioning, and we agreed that stations
1-3 were in their correct places (Figure 2). However, he had
evidently renamed originally two separate stations of experiment
6 to stations 6 and 7 and rejected another of originally two separate
stations at experiment 5. Obviously, the reason for two separate
locations at experimental sites 5 and 6 was that Secchi performed
measurements on consecutive days. In our opinion, Pitarch also
failed by positioning station 4 too far south and away from the
coastline. Therefore, we completely rejected Pitarch’s station 4.
Instead, he founded a new station 8 at the location where Secchi’s
station 4 was originally situated. He also missed Secchi’s original
station 7, which we, after repositioning, also omitted due to its
distant location compared to the others and founded instead three
new stations 9, 10, and 11 to increase the number of observations in
the study (Figure 2).

The measurements at sea were performed by three
methodologically experienced observers. The observers made their
measurements independently as “blind”, i.e., they did not have the

opportunity to receive information for each other’s measurement
results before their own turn. None of the observers had significant
corrections in their visual acuity for long-sightedness. The 4™ team
member acted as a registrar and wrote down the results given by the
observers. Like Secchi, we made observations on both sides of the
vessel, i.e., on the sunny and shady sides of the boat. The boat was
positioned perpendicularly to the sun at each station.

At each station, we followed a fixed procedure in measurements, as
Secchi did. When entering the station, we first checked the sea state that
could have had a distorting effect on the observation if the weather was
rough. Similarly, this could be also due to the sky brightness,
cloudiness, and other possible noteworthy weather conditions, and
these were observed at the same time. For environmental observations,
we used here the same classification as Secchi (1865) and Pitarch
(2020) used in their journeys (Table 1). Second, we wrote down the
time of day that we later used for calculating the sun position
(Azimuth) and elevation (° degrees above the horizon). This timing
was repeated at the beginning of every later measurement by observers
with the accuracy of five minutes.

In actual measurements with the disk, the observer first assayed
the color of the seawater. This was done twice by applying a disk
sunken first to 1 meter below the sea surface following the

TABLE 1 Scales of used environmental and weather conditions at study sites following the guiding classification of Secchi (1865) and Pitarch (2020)
with corresponding Forel-Ule color* scale according to Burggraaff et al. (2021); See text for more details.

Sea state

Sky cloudiness

Other noteworthy
weather
conditions

Surface (1 m)
sea water color

Secchi depth (Zsp) Forel-Ule color*
sea water color

1 = Calm 1 = Clear sky With thin cirri 1 = Blue 1 = Blue Deuteranomaly 4

2 = Slightly 2 = Very slightly Single clouds 2 = Blueish 2 = Blueish Deuteranomaly 5

moved covered

3 = A bit rough 3 = Slightly Sun seeable 3=B/G 3=B/G (unclear) Tritanopia 11
covered (unclear)

4 = Moderate 4 = Moderate Sun locatable 4 = Greenish 4 = Greenish Tritanomaly 10

rough covered

5 = Rough 5 = Covered Sun unlocatable 5 = Green 5 = Green Tritanomaly 9
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instructions by Wernand and van der Woerd (2010), and then, to
make sure, to the depth the disk hardly could be seen just before the
actual Secchi depth. We followed the standardized color scale for
visual seawater comparisons, i.e., the Forel-Ule scale (FU), but in
classification, only concentrated on blue to green shades of color to
avoid red-shifted color distortion presented by Wernand and van der
Woerd (2010); Pitarch (2017, 2020) and Burggraaft et al. (2021) is
presented in Table 1. After this, following the guidelines of HELCOM
(2017), the actual measurements of the Secchi depth (Zsp) were
conducted with a depth accuracy of 5 cm. The measurements were
repeated altogether four times by each observer, i.e., on sunny and
shady sides of the boat first without and then with polaroid
sunglasses. By including polaroid sunglasses in the analysis, we
wanted to test whether nowadays very commonly used anti-glare
lenses in the observation of seawater transparency could influence on
observer’s perceptual abilities. Each observer wore the same polaroid
sunglasses (POLAROID 2133/S, Polaroid EyewearTM, density = 85%).

2.3 Statistical analysis

All statistical analyses were performed using the RStudio
statistical software (Posit Team, 2023). To investigate the factors
influencing water transparency, as measured by the Secchi depth
(Zsp), a Linear mixed-effects model fit by REML (lmer) was used
utilizing the “lmer” function from the lme4 package (Bates et al,
2015). Linear mixed models can contain one or more random terms if
they follow a normal distribution. Moreover, these models are useful
in situations where observations could be dependent on each other.

The numeric variable, the Secchi depth (Zsp), served as the
dependent variable. The fixed effects considered in the analysis
included Sun elevation, Polarized sunglasses (Plain/Polaroid), Sun
position (Azimuth), Measuring side of the boat (Sunny/Shady), Sky
state (cloudiness), Color of the sea, and Sea state. The random effects
incorporated Observer and Station. We used Sattherthwaite’s
approximation to define degrees of freedom for t-tests. The model’s
fitting was estimated by using Restricted Maximum Likelihood (REML)
estimation to reach the best parsimony of the model. The final formula
for the linear mixed-effects model was specified as follows:
Imer(formula = SD ~ Sun elevation + Plain/ Polaroid + Sun position
(Azimuth) + Sunny /Shady + Sky state + Sea color (1 m) + Sea state +
(1| Observer) + (1 | Station)

To assess differences in the mean Secchi depths (Zsp) across
various factors, including Years (1865 and 2023), Use of sunglasses
(Plain and Polaroid), Measuring side of the boat (Sunny and
Shady), Color of the water (Green(ish) and Blue(ish) areas),
Bottom depths (Shallow and Deep areas being < 50% or > 50% of
median depths of the study area, respectively), Sun elevations (High
and Low being > 50% or < 50% of horizon median, respectively),
Sky cloudiness (Clear sky/Very slightly covered and Slightly
covered/Moderate covered), and Sea state (Calm/Slightly moved
and A bit rough/Moderate rough), the non-parametric Mann-
Whitney test was applied. The choice of the Mann-Whitney test
was justified by the small sample size. Additionally, a GLM
(ANOVA) test was conducted to assess the differences in the
Secchi depths attributed to each observer.

Frontiers in Marine Science
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3 Results

3.1 Change in the Zsp occurrence between
1865 and 2023

Focusing only on the white painted similar size of disk
(material: majolica or cloth; @ = 42 cm) in Secchi’s data, a total
of 142 measurements were targeted for statistical analyses. Of these,
22 were gathered in an 1865 survey by Secchi and 120 in the present
2023 survey (Table 2). In 1865, half of the material was compiled
from the shady side of the vessel. This was the case also with the
2023 data, but, half of the material were compiled wearing polaroid
sunglasses as well. Depending on the observer, 20-24 of the
measurements were located in the blue or blueish and 8-12 in
green or greenish sea areas in the 2023 data. Similarly, an unclear
situation, i.e., the blue/green color of seawater, was found in 8 to 12
measurements. Typically, a blue(ish) sea color was found in the
outermost stations, whereas a green(ish) color was more common
in the vicinity of the coastline. In 1865, Secchi did not assess sea
color, thus we used only the 2023 data in the analysis.

As the Mann-Whitney test was used in combined data (Secchi
stations + founded new ones) to compare the Secchi depth (Zgp)
occurrence between the years 1865 and 2023, a significant statistical
difference was obvious - at all, the Zs, was located about twofold deeper
in 1865 than in 2023 (Table 2). The result remained the same, even
though only the same stations used by Secchi were considered in
the analysis.

The result was identical when the comparison was made pairwise
station by station (Table 3; Figure 4). Most of the stations (57%) were at
blue(ish) sea areas in 2023, and from these stations, the deepest Secchi
depths were always measured. However, as the greatest changes in Secchi
depths occurred in stations that presently are at green(ish) (51, S2, S5) or
blue(ish) (S6) sea areas (Figure 4), it gives an indication that, in 1865, the
sea color situation in those stations was probably more tinged with blue.
However, as Secchi did not conduct a seawater-color assessment, we are
not able to verify this.

3.2 Effects of an observer’s perceptions

The perceptiveness of the observers and its possible qualitative
effects on data were studied from several premises. The aim of this was

TABLE 2 Descriptive statistics and Mann-Whitney test results of
locations of Secchi depths (Zsp) between 1865 and 2023.

Secchi x(m) SD n w p-
depths (Zsp) value
1865 30.32 542 22 1795 | <0.001
2023 16.41 7.68 120
1865 (secchi stations) 30.32 5.42 22 148.5 < 0.001
2023 (onty revisiea 15.56 8.73 84
Secchi stations)

Upper panel, all stations in the study, Lower panel, only revisited Secchi’s stations; means (%),
standard deviation (SD), number of observations (n), Mann-Whitney W-statistics, and levels
of significance (p-values).
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to evaluate the effect of subjectivity or personal capacity in determining
the Secchi depth (Zgp). For this, we used 2023 data, as we did not have
reliable knowledge of the number of observers in 1865.

General variation or differences in an observer’s perceptual
ability to determine the Secchi depth visually were tested by using
General Linear Models (GLM). Based on the model Intercept, there
exists a small-scale individual variation in an observer’s detection
ability, i.e., JS likely had the best perception ability before IV and JV,
respectively. However, no statistical difference was observed in the
overall detection ability (Table 4).

The result was aligned when the same comparison was made pairwise
station by station. There was not irrefutable proof of a trend or pattern in
variation among the observer’s perceptional abilities (Figure 5).

3.2.1 The effect of polarized sunglasses

Understandably, only 2023 data were used in comparison to the
test to the effect of polarized sunglasses in detecting the Secchi depth
by the observers. In general, the Mann-Whitney test did not show
any statistically significant difference in the observations with plain-
eyed or polarized vision (Table 5; two first rows).

Exactly the same result was revealed when the observation
abilities were examined individually (Table 6; upper panel).

However, as we applied Linear Mixed models to analyze
whether polarized sunglasses have an influence on the outcome of
the overall Secchi depth detection at stations and for observers, we
found that, depending on the measurement position, the glasses had
an effect that weakens an observer’s detection ability (negative t-
value), ie., with polarized glasses, an observer can suffer from
impaired perception (Table 7). When we were at the sea
conducting measurements, we noticed this to be case especially at
the blue(ish) water stations (S3, P7(S6;;), S8, H9), where the Zgp
were positioned in notably deeper water (Figure 5).

10.3389/fmars.2024.1400397

3.2.2 The effect of shadiness

As there has been presented a recommendation that, “Secchi disk
measurements should always be taken off the shady size of the boat or
dock between 10.00 and 14.00” (e.g., Lind, 1985; HELCOM, 2017), we
wanted to test how much it could create bias between shady and sunny
boat side measurements. We did this with three separate tests.

When the 2023 data were analyzed with the Mann-Whitney test
to compare the effect of the shady and sunny side of the boat on
measurements results in observing the Zgp, no statistically significant
difference was found (Table 5; lower panel). The result was the same
when the comparison was made pairwise station by station (Figure 6).
Correspondingly, no significant differences between stations or
among observers were found in the Linear mixed model results,
regardless of the shady or sunny side of boat (Table 7).

3.3 Weather effect (cloudiness and
sea state)

Another recommendation for the use of Secchi disk has been that,
“measurements should take only bright and calm weather conditions
since the angle of the sun and waves can affect readings” (e.g., Lind,
1985; HELCOM, 2017). Therefore, in the present study, we wanted to
test whether the effect of cloudiness and the state of the sea had a
distorting effect on an observer’s perceptions.

During the field work week, we did not have all the possible scales
of cloudiness or sea conditions. Values 1, 2, 3, and 4 occurred in
cloudiness, and in the state of the sea, the scale also was 1, 2, 3, and 4,
respectively (Table 1). With the data used, a clear statistical difference
was noticed in the Mann-Whitney test for the effect of cloudiness on an
observer’s perceptions of Secchi depth, but the result for the state of the
sea indicated only a marginally significant effect on perceptiveness

TABLE 3 Mann-Whitney test results of the Secchi depth (Zsp) values of Secchi stations between 1865 and 2023.

Station Sample day X (m) SD n w p-value Seawater color*
Sl025 5/8/2023 5.70 0.51 12 240 0.035 Greenish
S1y565 4/20/1865 19.60 438 2
82023 5/8/2023 8.32 092 12 48.0 0.004 Greenish
S2;565 4/21/1865 27.11 3.10 4
3202 5/9/2023 27.92 3.29 12 24.0 0.036 Blue
31565 4/21/2023 30.88 125 4
5202 5/8/2023 8.15 0.59 12 240 0.032 Greenish
51565 5/3/1865 40.00 283 2
6202 5/8/2023 12.15 1.49 12 24.0 0.035 Blueish
61565 5/5/1865 33.00 149 2

P7 (S611)2025 5/8/2023 25.17 3.55 12 455 0.011 Blue
S611 (P7)1565 5/24/1865 32.00 294 4
8202 5/8/2023 2150 248 12 48.0 0.004 Blue
81565 5/26/1865 30.25 3.77 4

*only year 2023. Otherwise, the explanations as in Table 2.
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FIGURE 4

The Secchi depth (Zsp) scatter ranges at stations between 1865 and 2023. Thick black lines inside gray boxes show the mean of (Zsp) values, grey
boxes indicate the middle 50% interquartile range (IQR) of observations, and line segments present 1.5 x IQR scattering (lower: Q1 — 1.5 x IQR,
upper: Q3 + 1.5 x IQR). An observation is interpreted as an outlier when IQR > 1.5. Letter S on the front of station number refers to the original sites
of Secchi’s cruise in 1865, P = station renamed by Pitarch (2020); see text for more details.

(Table 8; Figure 7). However, the Linear mixed model revealed no
significant effect between stations or among observers for either of the
weather parameters in the data used (Table 7).

3.4 Bottom depth, sea color, and sun
position/elevation

We also analyzed the effects of station depth, sea color, and sun
positioning on the perceptiveness of the Secchi depth with the
Linear mixed model and with the Mann-Whitney tests. Again, only
the 2023 data were included in these analyzes to avoid the

significantly better visibility found in 1865 that could cause bias
in the result. The depth data in the Mann-Whitney test was divided
into two categories according to the median depths of the stations
(deep: x ~ > 50% and shallow: x ~ < 50%), and in the analysis of the
effect of sea color on perceptiveness, only those stations were
included where the color of the sea, according to the observers,
was clearly either blue(ish) or green(ish), and unclear B/G stations
were excluded (Table 1). The analysis of the sun’s positioning was
carried out with two different measurement parameters, Azimuth
(indicates the position of the sun in the sky as a slope relative to the
horizon when the rotation occurs from east to west) and Sun
elevation (° degrees of altitude above the horizon). In sun

TABLE 4 GLM test results of an observer’s differences to interpret the Secchi depth (Zsp) in 2023 in general, and Intercept estimates of perceptions

among observers.

Source Df Sum of squares Mean square F-value Pr(>F)
Observer 1v, v, 1s 2 60 30.11 0.506 0.604
Residuals 117 6957 59.46
Total 119 7017
Intercept v JvV JS
16.20 0 -0.526 1.169
1V, JV, and JS refer to the initials of observers.
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The Secchi depth (Zsp) scatter ranges at stations among observers. S on the front of station number refers to the original sites of Secchi’s cruise in
1865, P = station renamed by Pitarch (2020), and H = Hanninen stations measured in 2023; see text for more details. IV, JV, and JS refer to initials of

observers. Otherwise, the explanations as in Figure 4.

positioning, we applied the online calculator https://planetcalc.com/
4269/ which produces Azimuth and the elevation of the sun above
the horizon for a given position and time. In the Mann-Whitney
test of sun elevation, the height of the horizon was divided into two
categories, i.e., observations below (x ~ < 50%) and above (x ~ >
50%) the median horizon altitude.

The Mann-Whitney tests showed that station depth, sea color, and
sun positioning could have a biased effect on an observer’s’ perceptions
(Table 8; Figure 7). Generally, at deeper and blue(ish) water stations,
the Secchi depth was in a deeper water column than at the shallower
green(ish) stations. This is understandable, as in deep stations, located
invariably in the outer sea, the transparency of the water is typically
higher than near the coast. There, the sea color is generally blue(ish),
and in clearer seawater, the sunlight can penetrate deeper in the water
column. Therefore, as these parameters are dependent and closely
connected to each other, they tell pretty much the same story about the
location of the Secchi depth. This was also the reason why bottom
depth was not included in the Linear mixed model analyses. However,

TABLE 5 Descriptive statistics and Mann-Whitney test results of the
general effect of polaroid sunglasses and measurement site (sunny/shady
side of the boat) in interpreting the Secchi depth (Zsp) in 1865 and/or
2023; means (z), standard deviation (SD), number of observations (n), W-
statistics, and p-values.

Parameter x(m) SD n w p-value
Plain 17.45 8.21 60 2103 0.112
Polaroid 15.38 7.02 60
Shady ;23 16.95 8.05 60 1669 0.493
Sunnygz3 15.87 7.05 60
Shady 65 30.49 419 11 59 0.947
Sunny;ges 30.14 6.64 11
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in the mixed model, sea color and the Azimuth (i.e., sun position) had
no effect on an observer’s perceptiveness among the stations. For sea
color, the reason for this was that the object of interest in the model was
color assessments made among stations, not the difference between the
blue(ish) and green(ish) sea color in general. Moreover, the unclear B/
G water color parameter was included here in the analysis which could
blur the outcome. The only variable included and showing also a
statistical difference in the was Sun elevation (Table 7). The negative t-
value in the Intercept revealed that when the sun is shining at low
altitudes of the horizon (° < 50%), it weakens an observer’s detection
ability (Table 7). The Azimuth (sun position) describes more a
horizontal location of the sun, and it does not properly include the
altitude measure. Thus, the high p-value in the model is reasonable.

4 Discussion

4.1 Effects of observers’ perceptions

Our main task was to evaluate the effect of subjectivity or a
person’s visual perception in determining the Secchi depth (Zgp) in
various circumstances to re-evaluate whether the method,
developed some 160 years ago, is still functional and practical
alongside modern oceanography in terms of quality
characteristics. The original purpose of our work was really not to
compare the historical white disk to new systems for assessing
transparency of water by new devices such as photocells,
hyperspectral cameras, submerged pyranometer, quantometer or
similar equipment for assessing the light extinction in a water
column. It is quite clear that in such a comparison, human eye
made measurements would never stand up. Therefore, our answer
to question posed, based on our versatile testing, is that the Secchi
disk, despite its simplicity, can still be considered as a valid scientific
method in environmental marine science. Therefore, it remains in
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TABLE 6 Descriptive statistics and Mann-Whitney test results of the effect of polaroid sunglasses (upper panel) and measurement site (sunny/shady
side of the boat; lower panel) for personal faculties to interpret the Secchi depth (Zsp) in 2023.

Observer Xplain (m) Xpolar (m)

v 17.24 15.16 7.74 6.60 20 20 236.5 0.330

JvV 16.61 14.74 7.85 7.03 20 20 239.5 0.290

JS 18.50 16.24 9.26 7.68 20 20 2355 0.343
Observer Xshady (m) Xsunny (m) S DShady SD Sunny N shady N sunny p-value

v 16.66 15.74 7.64 6.85 20 20 188.5 0.765

JvV 16.34 15.02 7.90 7.04 20 20 179.5 0.588

IS 17.88 16.86 8.89 8.24 20 20 185.0 0.695

Otherwise, the explanations as in Table 5.

place among modern electronical research and
monitoring infrastructure.

Secchi disks are still being widely and regularly used to measure
water transparency in both limnology and oceanography studies.
Due to its low cost and easiness to operate, there have been millions
of Zsp measurements, along with different sizes of disks, worldwide
during the past centuries (e.g., Boyce et al., 2012). This poses a
question about how reliable or comparable measurements, made by
many people, can be in terms of subjectivity. Presently, marine
research and environmental monitoring are widely automated with
various oceanographical, biological, or other electronical
observation infrastructure, where the observer’s subjectivity is
significantly less. Therefore, there should always be motivation to
validate older practices in how they match to scientific
purposes today.

Although there always exists a small-scale individual variation
in an observer’s perceptions, in the present study, we did not find
that subjectivity had a significant effect on the measuring outcome.
Therefore, it can be plausible that the measurement made by

TABLE 7 Linear mixed model results of independent fixed variables for
the Secchi depth (Zsp).

Estimate SE (Satterth.) (>|t])
Intercept 58.44 19.37 12.92 3.02 0.010
Plain/
Polaroid: 2,00 0.39 96.39 509 | <0.001
(polaroid)
N Shady:
unny/Shady -0.87 0.66 7453 132 0.192
(Sunny)
Cloudiness 8.16 6.32 7.04 129 0.238
Sea state 0.14 391 10.46 0.04 0972
Sea color 0.29 0.39 107.46 075 0.457
Sun elevation
027 0.09 106.81 3.08 0.003
(°<50%)
Sun position 0.03 0.06 63.11 043 0.667
(Azimuth) ’ ’ ’ : ’

Random effects were Station and Observer. Significant p-values are presented as bolded. See
text for more details.
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different people describe reliably the same narrative about the
phenomenon under investigation. Moreover, one must keep in
mind that measuring Secchi depth is rarely, if ever, the kind of
“rocket science” that would require extreme measurement accuracy.
For example, determining the thickness of the productive layer, i.e.,
the depth to which the intensity of the sun’s light is still sufficient to
stimulate the primary production of microalgae, is basically only a
rough estimate of the volume or intensity of the biological process
that often gives background information for the research question
under closer examination.

Overall, there are surprisingly few studies on how subjectivity
affects visual depth measurement results, and Secchi himself did
not assess the effect of subjectivity in his research outcomes.
Rather, there exists various recommendations at an individual
level regarding the use of the Secchi disk (e.g., Lind, 1985;
Preisendorfer, 1986; Smith, 2001; HELCOM, 2017), but
subjectivity comparisons among observers do not exist. Perhaps
Preisendorfer (1986) can be seen as a pioneer who got the closest to
this as he presented a, “Ten laws of the Secchi disk” for the method
based on mathematical calculations for the transfer of radiance and
luminance, radiance differences, photometric conversions, and air-
water surface effects of light. Basically, he revealed the mathematical
grounds for the verbal recommendations for the visual Secchi disk
observations, and therefore this may be the first science-based study
about the method. Preisendorfer (1986) eventually did not analyze
the effect of subjectivity, but he stated that, “disk readings are
dependent on the visual acuity of the observer and his total
physiological state at the moment of measurement.” Although
presented on a general level, in this way, he considered an
individual’s influence in the observation.

Besides the Secchi disk usage recommendations, there have
been also other suggestions for decreasing personal bias and to
improve the visual detection in Secchi disk observations. Smith
(2001) suggested the use of a closed ended “Viewer box,” which is an
apparatus sealed around the observer’s face to increase Secchi depth
measurement quality by removing the interfering effects of water
surface glare and glitter. He also saw that the Viewer box also
increases between-observer precision. For the highest quality work,
he also gave a five-step recommendation list for the box usage of
which one was dealing with the subjectivity in the case if there is
more than one observer. He suggested that they should collaborate
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The Secchi depth (Zsp) scatter ranges at the stations when measuring the shady and sunny sides of the boat. Otherwise, similar explanations as in

Figures 4, 5. See text for more details.

to improve the precision and eliminate gross errors in observations
(Smith, 2001). A similar type of device was earlier applied by
Verschuur (1997), who named it as a “Viewing tube.” Lee et al.
(2015) took the Zsp method into a new era when he explained water
transparency as a new idea instead of the prevailing decades old
Underwater visibility theory (e.g., Duntley, 1952; Zaneveld and
Pegau, 2003). He claimed that the theory may not exactly
represent the sighting of a Secchi disk by a human eye. They

TABLE 8 Descriptive statistics and Mann-Whitney test results of the
general effect of the environment (i.e., cloudiness, sea state, station
depth, sea color, and sun elevation) on interpreting the Secchi depth
(Zsp) in 2023; Means (z), standard deviation (SD), number of observations
(n), W-statistics, and p-values.

Parameter
Cloudiness ; , 19.60 4.59 24 614.0 = 0.006
Cloudiness 3 4 14.43 8.09 36
Sea state ; » 16.98 6.71 42 267.5 | 0.075
Sea state 3 4 12.73 7.43 18
Depth >549, 24.08 3.84 48 3382.5 < 0.001
Depth <549, 11.30 4.77 72
Sea color pryeqisn) 19.69 8.39 64 4305 < 0.001
Sea color greencish) 11.99 419 28
Sun 20.18 5.56 60 2849.0 < 0.001
elevation >s5pq;
Sun 12.65 7.69 60

elevation <sgpo;
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revisited the derivations associated with the classical visibility
theory and discussed the inconsistency between the theoretical
predictions and observations. Based on this, they further
proposed a new theory and a mechanistic model to interpret and
estimate the Zsp from a wide range of aquatic environments. They
proposed that the model significantly improved the current capacity
in monitoring water transparency of the global aquatic
environments via satellite-based remote sensing (Lee et al., 2015).

Polaroid sunglasses are commonly used in all activities
occurring at sea concerning marine observation as well. This is
understandable, as in intensive sunlight, the medical
recommendations are that eyes should be protected especially
against UV radiation. However, in almost every methodological
instruction, wearing sunglasses are not recommended when using
the Secchi disk (e.g., Lind, 1985; Preisendorfer, 1986; HELCOM,
2017). If using polaroid glasses when measuring, one should at least
be aware that wearing sunglasses can cause a contradictory effect in
Secchi disk perception. In the present study, the use of polarized
sunglasses proved to be a statistically significant variable in the
Linear mixed model that had a distorting influence on
the measuring outcome between stations and among observers. In
the near-surface depths, polarized sunglasses improved the
detection of the Secchi disk, because they reduced the glare and
glitter of sunlight from the surface of the water. However, when
reaching greater depths, this effect changed to the opposite. Our
experience showed that at deep depths, one sees worse with
polarized glasses because of the darkening effect of the glasses,
together with the reduction of the relative size of Secchi disk,
negates the possible benefit of eliminating the sun’s sea surface
reflections. We found this to be a problem especially in blue water
sea areas where the transparency of the water was excellent. Thus,
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The general effect of weather (i.e., cloudiness, sea state), sea bottom depth, water color, and sun elevation on the Secchi depth (Zsp) observations in
2023. Otherwise, the explanations as in Figures 4, 5 and in Table 1. See text for more details.

we agree to follow various guidelines that suggest not to use
polaroid sunglasses when measuring the Zgp,.

None of our models showed differences in personal, between
observers, or among station Zgp determination ability regardless of a
shady or sunny side of the boat. Likely, there could be at least one
potential reason for the result. The boat we used in the measurements,
the Pequerio Nieto, is rather small (length = 6.71 m, height = 2.59 m,
draught = 0.86 m). Thus, there was a possibility that the sunlight hit
again the Secchi disk when sunken deep enough under the boat.
Withdrawing the boat shadow could improve the disk detection
simultaneously with lessened sun’s sea surface reflections on the deck
could distort the result. In any case, for the observer, such an increase of
the deep-water light conditions was impossible to perceive in the
middle of a measurement, but its possible influence on the outcome
cannot be contested. However, the recommendation to use the shady
side of the boat was originally designed to reduce sun reflections on the
water surface, and that is where these instructions make its case.
Therefore, we can see that the instructions on measuring from the
shadow side of the boat is justified.

4.2 Environmental effects in observation

In general, we were able to show that environmental conditions
can have an influence on Zgp determination. From the analyzed
weather effects, cloudiness proved to be an important factor that
impairs perception, at least when the cloud coverage in the sky is
considerable, i.e., moderately covered or covered completely.
However, between stations or among observers, we did not find
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cloudiness to present a notable difference in the Zsp measurement
results in this study, which is likely due to the closely similar types of
cloudy conditions during the fieldwork. In regards to sea state, we
did not find cloudiness to have any significant effect on Zgp
detection. However, during our survey, we did not experience the
worst of sea-state conditions, the rough sea. There is no doubt that,
in those circumstances, for work quality, carrying out this research
is not worthy. In any case, the research showed that there is some
basis to conduct meaningful research in various types of sea-
state conditions.

The most obvious effect on Zsp measuring results proved to be
sun elevation. Sun altitude clearly distorts the observation result if
incoming sunlight comes below the horizon median. This effect was
generally evident between stations or among observers as well. Our
result is in accordance with the convincing work of Verschuur
(1997). Based on hundreds of Zsp, measurements at approximately
20-minute intervals from sunrise to sunset 12 days throughout a
year, he constructed a mathematical model that showed that Secchi
depth is closely dependent on solar altitude. A key point in the
model is that the magnitude of the observed Secchi depth is
determined by the trajectory of a beam of sunlight through the
water reflecting different slopes from the disk. However, Verschuur
(1997) was not the first to examine the effect of sun elevation. This
pioneering study was conducted by Luksch already in 1901. He
compiled a remarkable number of optical studies, which were based
on analyzing hundreds of Secchi disk and water color observations
collected from several expeditions during 1890 to 1898 in the
Aegean, Levantine, and Red Seas. He showed the dependence of
disk visibility on the sun’s elevation and proved that sun elevation
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and sea color are closely connected. He stated that, “The visibility
depth in deep blue water increases with the increasing sun elevation.
This increase is lower for the higher color numbers [greener
waters]” revealing a steady dependence of Secchi disk depth on
sun elevation in blue waters, while such a pattern does not appear
for green waters (Luksch, 1901). His interpretations are valid also in
the present study explaining most of our findings about sun

elevation and sea color effects in the Zsp determination.

4.3 Change in Secchi depth occurrence
between 1865 and 2023

Our results revealed that Secchi depth was located about
twofold deeper in 1865 than presently. Although there exists
seasonal and annual variation in the Zgp occurrence, it cannot
hardly exceed almost 100% magnitude, something more far-
reaching has occurred in seawater transparency. We also found
that most stations having the best visibility were presently located at
blue(ish) sea areas. However, when compared to the 1865 situation,
the greatest decrease in Secchi depths occurred in stations which
presently are green(ish) or blue(ish). This suggests that, in 1865, the
sea color in the stations was likely tinged more with blue indicating
that green(ish) sea areas have today extended to a larger sea area
than they were some 160 years ago. We have good reasons to argue
that this likely is the case.

Transparency of the seawater is strongly associated with the
quality of water and the transmittance of sunlight. Thus, depending
on the location, many factors can simultaneously decrease
transparency in areas that have different natural optical properties
by their nature. Where nutrients and sunlight are abundant,
phytoplankton (i.e., microscopic algae) increases the turbidity of
the water due to eutrophication and can be a reason for the green
(ish) sea color (e.g., Siokou-Frangou et al, 2010). Moreover, in
river-mouth areas, runoffs could carry a heavy load of suspended
matter, silt, sediments, and pollutants into the sea that increases the
suspended particles in seawater. This effect can affect the physical,
chemical, and biological quality of coastal waters (e.g., Montuori
and Triassi, 2012). In the Tyrrhenian Sea, the environmental state of
the sea follows the main trends observed in the Mediterranean Sea
(e.g., Macias et al., 2006; Sole et al., 2016). During the past decades,
the western coast of Italy has suffered from increasing human
activities leading to anthropogenic environmental changes like
eutrophication (Bosc et al., 2004). Besides, the coast is highly
urbanized with heavy maritime traffic and wastewater discharges
(see review of Cianelli et al., 2012), which, in term of loading, brings
their own addition.

Our results agree with a similar kind of study conducted on the
eastern side of the Apennine Peninsula by Justic (1988). He
analyzed Secchi disk data collected from various sources in the
northern Adriatic Sea during August and September, between 1911
and 1982, and showed that the Secchi disk depth has decreased
substantially over time being greater near the coastline. Depending
on the location, the average Zgp, decrease was 4 to 6 m during the
past seventy years. He considered that a decrease in light
penetration has likely reduced the benthic primary production
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and, consequently, the depth of the euphotic layer has decreased.
Justic (1988) saw that the long-term nutrient enrichment of
freshwater discharge into the northern Adriatic Sea appeared to
be the main factor that has caused the above changes corresponding
to our interpretation for the Secchi depth decrease.

For a long time, Secchi depth has been used as a limnological
characterization tool for characterization of waterbodies’ trophic
state (oligotrophic-eutrophic) as it is inversely related to
phytoplankton biomass (e.g., Carlson, 1977; Edmondson, 1980;
Lee et al,, 1995). Generally, the more is the trophic level, the
lower is Zsp. The deepest recorded Secchi depth is 80 meters
measured on October 13th 1986 in extreme oligotrophic
conditions in the Weddell Sea, near Antarctica (Gieskes et al., 1987).

5 Conclusions

Our results showed that the Secchi disk remains a valid
scientific method in environmental marine research, and
therefore defends its place reliably among modern electronic
devices and monitoring infrastructure. We did not find that the
subjectivity of several observers had a significant effect on the
measurement result. Therefore, similar measurements made by
different persons describe reliably the same narrative about this
phenomenon under investigation. Moreover, we must be aware that
measuring with a Secchi disk is rarely, if ever, the kind of “rocket
science” that would require extreme measurement accuracy.
Instead, for research, the Zsp can be seen more as a relative
estimate of the natural phenomenon under study providing
background information. When using polaroid sunglasses in
Secchi disk usage, one should at least be aware of those could
cause a distortion effect in perception. Thus, we also recommend
the following guidelines to not use polaroid sunglasses in the
Zsp detection.

In general, environmental conditions can have a remarkable
influence on Zgp determination. For example, cloudiness can be an
important factor that impairs Secchi depth detection, at least when
the cloud coverage in the sky is considerable. Correspondingly, sun
elevation and harsh weather at sea need to be taken account in the
protocol for the same reason. Thus, following the given
recommendations carefully in Secchi disk usage, for example by
HELCOM together with U.S. Environmental Protection Agency,
North American Lake Management Society, Oceanography Society,
European Environment Agency, EU Citizen Science platform,
several universities and colleges, etc., is justified.

Our results also revealed that the Zgp was located about twofold
deeper in 1865 than presently and cannot be explained just by seasonal
or annual variation. We also found that most stations having the best
visibility were presently located in blue sea areas. However, when
compared to the 1865 situation, the greatest decrease in Secchi depths
occurred in stations that presently are green(ish) or blue(ish). This
indicated that green(ish) sea areas have today extended to a larger sea
area than they were 160 years ago due to an increased turbidity of the
seawater resulting from expanding human activities leading to
anthropogenic environmental changes, like accelerated
eutrophication, linked to urbanization, heavy maritime traffic, and
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wastewater discharges. Our interpretation for these underlying reasons
behind higher seawater turbidity is supported from studies conducted
in the other parts of the Mediterranean Sea.
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