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Abstract. Water samples were taken once a month from several urban water bodies, and
using a laboratory setup with two concave mirrors and a fiber optic spectrometer attenuation
spectra were obtained in visible and near infrared spectral range. Spectra approximation by a
power law gave better fit, indicating the primary influence of scattering by non-algal particles
on the total attenuation. Seasonal maximums of attenuation were observed in November and
late in summer, attributed to detritus scatterings and algal bloom correspondingly. A negative
correlation was found between the spectral slope parameter and the attenuation value at 550
nm, which means that spectra for more turbid samples were spectrally flatter in general.
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Ce30HHbIE UBMEHEHUS ONTUUYECKHUX CneKTposB ocna6neHus B
HeCKOJIbKMX ropoacCcKux sogoemMax
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1 CaHkT-MNeTepbyprckuii rocyAapCTBEHHbIN 3M1EKTPOTEXHUYECKUIA YHUBEPCUTET
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AnHoTanusg. Majbie TOPOACKUE W TIPUTOPOITHBIE BOJOEMBI SIBJISTIOTCSI BAXKHBIMU 00bEKTaMU
JIJISL PETYJISIPHOTO 3KOJOTUYECKOTO MOHUTOPUHTA, B TOM YMCJIE MPU MOMOIIM MOHUTOPUHTA
HUX OMNTUYECKUX CBOUCTB. B JaHHOM wucCCIeIOBAaHUU €XEMECSUYHO OMNPEACNISUIMCh CIEKTPhI
ko3 duimeHTa ocnabieHus WU3AYYEHUST Ui HECKOJbKMX BOJOEMOB TIpU IOMOIIHU
OINTOBOJOKOHHOTO CHEKTPOMETpa W JIA0OpaTOPHOW YCTAHOBKM C JBYMSI BOTHYTBIMU
3epKajaMu, YCTaHOBJIEHHBIMU IO OOKaM CTEKJISIHHOM KioBeThl. Habsromanock paznuuue B
(opme CIeKTpOB MEXIy CTOSTUYMMM M TIPOTOYHBIMU BOJOEMAaMM, a TAKXKE PE3KOe yBEJIUUCHUE
3HAYEHMI OCIabIeHUsT B CTOSIYMX BOJAX B OKTsIOpe 1 HOsIOpe.

KmoueBbie cioBa: ropoaCKMuE€ BOAOCMbI, MaJbl€ BOAOCMBLI, CIICKTPbI ocJiabieHust CB€Ta,
CE€30HHBIC NBMCHCHMUSA
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Introduction

Minor urban and suburban water bodies are subject to a number of anthropogenic stress fac-
tors, including pollution by sewage waters, roadway runoff and pesticides, recreational load, as
well as negative effects from redevelopment, draining and other artificial transformations. Slow
water exchange makes such water bodies more prone to algal bloom and eutrophication as com-
pared to natural waters [1]. All of the above increases the importance of regular ecological mon-
itoring of urban and suburban water bodies.

Contemporary remote methods intended for studying natural waters rely mostly on the data
obtained from spaceborne passive radiometers, spectrometers and hyperspectral cameras. However,
the spatial resolution for most of such devices ranges from tens of meters to several kilometers [2, 3],
which leaves out urban and suburban ponds, minor lakes, rivers and creeks. Consequently, other tech-
niques are developed to study the properties of such water bodies, including the use of portable spec-
trometers [4] as well as sampling for subsequent hydro-optical measurements or chemical analysis [5].

In this study, spectra of the beam attenuation coefficient ¢(A), m~' of water samples in the
visible and near infrared (NIR) regions were measured. The attenuation coefficient is a princi-
pal hydro-optical parameter that describes the total attenuation of solar irradiation in the water
and the consequent limitations on photosynthesis and green algae distribution. Using the spectra
obtained, several problems were targeted by the study: (1) assessing the total turbidity of natural
waters in question, (2) suggesting the optical phenomena that determine the shape of the spectra,
(3) trying to distinguish between stagnant and flowing waters by their attenuation spectra, and (4)
observing and analyzing the seasonal variations in the spectra.

Methods and Means of the Experiment

Objects of the study. The samples were taken once a month, from March to November 2021
altogether, from five water bodies in St. Petersburg, of which three were park ponds and two
belonged to the Neva delta. Table 1 summarizes the sampling sites along with their latitude
and longitude (obtained using GPS) and months (in Roman numerals) for which the samples
were available.

Table 1
Sampling sites
Abbreviation Water body GPS coordinates Months
BN Bolshaya Nevka 59.97402, 30.32733 | III, VI, IX - XI
RK Karpovka 59.96752,30.33002 | IV, VI, IX-XI
1P Iordanskiy pond 59.99366, 30.33595 VII - XI
SP Serdobolskiy pond | 59.99527, 30.33198 VII - XI
TsP Tsvetochniy pond 59.99184, 30.34155 VII - XI

© T'opsiunoB B.C., Antonenko K.I'., Xacenoa M., Manbsira M.A., [1poconos U.A., 2023. U3znarens: Cankr-IletepOyprekui
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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Fig. 1. Scheme of the laboratory setup: stabilized power supply /; opaque casing 2;
incandescent lamp 3; converging lens 4, 10; fiber waveguide 5, 1/; collimator 6;
glass cuvette 7, concave mirror; /2 — fiber optic spectrometer §, 9; computer 13

The laboratory setup. The setup used for laboratory measurements relied on the well-known
idea of extending the path traveled by light in water (Fig. 1). For this purpose, two concave mir-
rors & and 9 were installed on both sides of a 50 mm glass cuvette 7. Earlier version of the setup
used a concave mirror and a plane one, with light passing through the cuvette twice [6]. Some
attempts at measuring scattering were also made using that setup, but then the current one was
introduced, in which light passes through the cuvette three times, in order to highlight the spectral
features more clearly.

The fiber optic spectrometer used for the measurements was an Ocean Insight’s USB650 Red
Tide. Its crossed Czerny-Turner optical design provided spectral resolution of 2 nm FWHM in
the wavelength range from 350 to 1000 nm. The integration time was generally from 10 to 100 ms
depending on the sample’s turbidity.

For every sample, the following sequence of measurements was performed. First the cuvette
was filled with distilled water, and after the necessary adjustments, the spectral intensity distri-
bution (/,(A) — I,,,(1)) was registered, with /(1) being the noise spectrum (spectrometer’s CCD
dark current) recorded with the lamp shut off, stored and subtracted internally by the spec-
trometer’s control software. After that, the cuvette was filled with water from the sample under
study, the integration time was adjusted if necessary, and the second intensity distribution (Z.(A)
— I,,(A)) was recorded. In case of very clear sample, both spectra could be recorded using the
same integration time, with 7, (A) = I,(1), obviously. Every measurement was repeated 20 times
to enable averaging and estimating the accuracy.

Processing the experimental data. Using the aforementioned data, the attenuation coefficient
spectrum was calculated by the following formula:

_L Io(x)_lm(x)
C(k)_'3d1n{1¢<x>—152(x)}’ .

where d is the cuvette length.
To approximate the spectrum’s shape, two models were used: a decreasing exponent [7]:

c,(W) =c,(Ay)exp[ =S, (A=2,)], )
and a decreasing power function [8]:
_Sp
c,(M)=c,R)[M/ 2], (3)

where A is a reference wavelength and S, Sp are the spectral slope parameters.
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Fig. 2. Attenuation spectra for two water bodies: BN (flowing) (a), SP (stagnant) (b).
Roman numerals denote months. The vertical axis in plot (b) is broken due
to high attenuation values in November

Since both models are based on a nonlinear function, instead of the coefficient of determination
R, the Bayesian information criterion (BIC) was used to estimate the quality of approximation [9]:

BIC = kn(n)~2In(L), )

where L is the maximized likelihood of the model, » the number of points in a spectrum,
and £ = 1 is the number of parameters estimated by the model.

All the calculations were performed using the R language and software for statistical
computing [10—12].

Results

As an example of obtained results, Fig. 2 shows the averaged attenuation spectra for two of the
water bodies, representing both running waters (BN) and stagnant ones (SP), with Roman numer-
als denoting months. Semitransparent ribbons along the plot lines show the standard deviation .

The power function model (3) gave overall lower BIC values, indicating better fit. Fig. 3 shows
the seasonal variations of the spectral slope parameter Sp obtained from approximation (a), and
of the attenuation coefficient value at 550 nm ¢(550) (b).

Due to relatively low color temperature of the halogen incandescent lamp used as a source of
radiation, only the spectral range from 450 to 900 nm was taken into account during approxima-
tion. Table 2 contains the Bayesian information criterion (4) values averaged over all the corre-
sponding spectra for each of the water bodies.

Table 2

Comparison of average BIC values for the two approximation models

Water body Exponential Power
BN 239.66 —130.69
RK 553.87 139.43

IP 435.73 —367.36
SP 613.60 4.96
TsP 1152.53 141.63
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Fig. 3. Seasonal dependence of the spectral slope parameter S, (a) and of the attenuation coefficient
value at 550 nm (b). The symbols denote the water bodies: o corresponds to BN,
o corresponds to RK, m corresponds to IP, e corresponds to SP, A corresponds to TsP

To consider the possible correlation between .S and ¢(550), a scatter plot of the two parameters
is presented in Fig. 4. Disregarding the separation by water body, Spearman rank correlation
coefficient was p = —0.62. Separate calculations for each of the water bodies gave p of —0.9 for
BN and RK, —0.6 for IP and SP, and —0.2 for TsP. In other words, higher ¢(550) values (more
turbid samples) corresponded to slower decrease of attenuation with wavelength increasing, and
to flatter spectra.

Discussion

All the spectra obtained in the study showed attenuation decreasing from the blue region
to NIR. The models considered for spectral approximation describe absorption of radiation by
detritus and non-algal particles [7], and scattering by the same components [8]. With the sec-
ond model fitting better to experimental data, scattering by detritus might be suggested as the
primary process determining the spectra shape. The authors in [8] give an average spectral slope
parameter Sp = 0.938, which is comparable to the values obtained for RK, or IP and TsP in
midsummer months.

The samples from flowing waters (BN and RK) were generally clearer, resulting in lower
attenuation values, as Fig. 3,b, and the distribution of points along the horizontal axis in Fig.
4 show. The spectral slope parameter, on the other hand, varied more or less widely for all the
water bodies, so from the data available, no universal rule can be produced to distinguish between
stagnant and flowing waters by the shape of their attenuation spectra. However the two classes of
waters showed different seasonal patterns in Sp and c¢(550) values.

VIl
®

Fig. 4. Interrelation between the spectral slope parameter and the attenuation coefficient value
at 550 nm. The symbols denote the water bodies: o corresponds to BN, o corresponds to RK,
m corresponds to IP, e corresponds to SP, A corresponds to TsP.

Some notable points are marked by Roman numerals denoting months.
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The absolute attenuation maximums for all the water bodies except RK were observed in
November (Fig. 3,b). The corresponding samples were taken from under the ice edge, near the
bank, and appeared visually as very turbid suspension of detritus and mineral particles. The high
random error in measurements of attenuation (a wide ribbon along the XI line in Fig. 2, ) can
be attributed to sedimentation of suspended matter during the measurement reducing turbidity of
the sample.

Another maximums for the stagnant waters were observed in late summer (lack of data for
flowing waters prevents the comparison between the two classes of water bodies). Rising and
decreasing attenuation can be seen for TsP and less prominently, for SP (Fig. 3, b). In addition,
these points do not follow the general negative correlation between ¢(550) and S stated at the
end of the Results section, and appear as outliers with respect to the main trend in l%ig. 4, marked
with Roman numerals. Such results can be attributed to algae blooming in these two ponds. In
the third pond (IP), the same effect appeared in September and to a lesser extent.

Several study limitations arise from its design and conditions. Firstly, comparing the spectra
obtained to some results of hydrochemical analysis of the samples could have been very valuable.

Secondly, minor water bodies are prone to rapid ecological changes due to relatively small
water mass. For example, chlorophyll concentration in a small pond can follow not only seasonal
changes in solar irradiance, but also weather changes and time of day. Studying such processes
requires frequent sampling which can be time-consuming, or using submersible probes capable
of autonomous operation [13].
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