PROCEEDINGS

OF SCIENCE

Monitoring of the deep waters optical properties of
Lake Baikal in 2024

B. Shaibonov* and E. RyaboV® for the Baikal-GVD Collaboration
(a complete list of authors can be found at the end of the proceedings)

a https://orcid.org/0000-0003-2250-8502
b https://orcid.org/0000-0002-1894-526X

E-mail: bair@jinr.ru, e v _ryabov@mail.ru

We present the results of the one-year (03.2024-03.2025) monitoring of inherent optical properties
(IOP) of Baikal deep waters in wavelength range of 400-620 nm within the effective volume of the deep
underwater neutrino telescope Baikal-GVD, which were measured by a BAIKAL-5D Unit 2 at depth
1180 m. Measurements of the absorption spectrum, scattering length at three points of the spectrum
(405nm, 460, 532nm) and small-angle dependence of the scattering function were carried out weekly. The
results of measurements of the integral characteristics of the scattering function and the absorption and
scattering coefficients in the 2024 expedition are also presented. Data on the angular and integral
scattering characteristics made it possible to calculate corrections to compensate for the instrumental error
in measuring the absorption and scattering coefficients. The obtained data allow us to estimate the range
of changes in the absorption and scattering lengths over a sufficiently long period of time and to
investigate the relationship between the processes of changes in absorption and scattering.
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1. Introduction

The Baikal-GVD neutrino telescope project includes the creation of a continuous
monitoring system for the inherent optical properties (IOP) of the aquatic environment: the
absorption coefficient a(4) and the scattering coefficient (1), as well as the scattering scattering
function y(4, y), where A is the radiation wavelength and v is the scattering angle [1] (sometimes,
the inverse quantities are used: the absorption length L.(41)=1/a(4) and the scattering length
Ly(A)=1/b(2)). Since 2020, in situ measurements of IOP have been carried out using "BAIKAL-
5D" instruments developed at the Applied Physics Institute of ISU and provided long-term
measurements of the IOP in the deep waters of Lake Baikal in the Baikal-GVD deployment
area. In addition to regular measurements throughout the year at the instrumented depth of the
Baikal-GVD, studies of the depth dependence of IOP are also carried out during winter
expeditions.

2. Instruments for IOP measuring

The design of the "BAIKAL-5D" instrument is described in detail in [2-4]. The "BAIKAL-
5D" devices provide measurements of absorption and scattering spectra in the range of 400-620
nm, registration of the small-angle dependence of the scattering function, and estimation of the
forward and backward scattering ratio. The methods and algorithms used for measurements, as
well as some results of IOP monitoring, are presented in [2-4]. It should be noted that earlier in
[2, 4], we reported the measured values of the absorption coefficient ames and scattering
coefficient bmes in the deep waters of Lake Baikal. Reference [4] showed that to determine the
true values of a and b from the absorption ames and scattering bmes values measured by the
"BAIKAL-5D" instrument, it is necessary to introduce corrections accounting for the
incomplete collection of scattered light in the optical scheme of the instrument:

b(A)=X(A)-b,, (L), a=a,,—Aa, Aax14-b/(K+1) (1)

where K is the skewness coefficient of the scattering function, and X(4) is correction factor
whoes calculated values for the optical scheme of the BAIKAL-5D devices and the average
values of the IOP for 2021-2024 are: X(405nm)=1,72, X(470nm)=1,65, X(532nm)=1,6. The
correction (1) Aa/a for absorption is minimal in the red part of the spectrum and reaches a
maximum value of 7% in the transparency window of Lake Baikal deep waters 480-500 nm.

Within the period between March 2024 and March 2025, regular measurements of the
water’s optical properties were carried out as follows:

- Depth 1180 m, BAIKAL-5D Unit 2: weekly measurement of scattering for three radiation
wavelengths 405 nm, 460 nm, and 532 nm, as well as the absorption spectrum in the range of
400-620 nm. Under favorable conditions (absence of current) - measurement of the scattering
function in the scattering angle range of y<30°.

- Depth 1250 m, BAIKAL-5D Unit 1: absorption measurement for A=450nm.

- Depth 1100 m, BAIKAL-5D Unit 3: weekly measurement of absorption and scattering
spectra until 06/03/2024, after which connection with the device was lost.
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3. Measurement results
3.1 Measurements during the winter expedition 2024

In the 2024 winter expedition, the dependence of absorption and scattering on depth was
investigated, and an estimate of the scattering function asymmetry coefficient K was made,
whose previously measured and calculated values for the deep waters of Lake Baikal have been
contradictory [5, 6]. Measurements were carried out in the depth range of 700-1250 m (with a
total depth of 1358 m), corresponding to the depth of the Baikal-GVD optical modules. A new
BAIKAL-5D Unit 4 was specifically manufactured for this purpose, and a method was
developed to estimate the values of the scattering function asymmetry coefficient K [3].
Absorption and scattering measurements were carried out only for A=450 nm (narrowband
emission from the PL-450B laser diode), while blue (Amax=468 nm) and green (Amax=521 nm)
LEDs with a bandwidth of A1=20 nm were used in the K measurement procedure.

Table 1
Depth dependence of absorption, scattering, and asymmetry coefficient K of scattering
function (measurements taken on 26-29 March 2024)

Depth, m L (450nm), m | Ly(450nm), m K(468 nm) K(521nm)
700 15,7+0,5 37,2+£2,0 8,9+0,5 13,1+£0,9
800 16,3+0,6 35,0+1,7 9,5+0,6 13,0+0,7
900 16,5+0,5 36,8+1,5 9,5+0,5 12,9+0,8
1000 16,7+0,5 40,4+1,6 8,7+0,4 12,4+0,9
1100 16,9+0,6 41,4+1,7 8,5+0,5 12,5+1,0
1175 17,1£0,7 42,6+1,8 8,3+0,7 11,6+0,9
1250 15,8+0,7 37,8+1,8 9,2+0,6 13,0+1,1

The results of measurements presented in Table 1 indicate the presence of a weak minimum
in absorption and scattering in the depth range of 1000-1175 m. The observed increase in
absorption and scattering at greater and lesser depths is in good agreement with the vertical
structure of water transparency in Lake Baikal [1]. In this case, the change in the absorption
coefficient is about 9%, and the change in the scattering coefficient is about 19%, with the
largest relative gap at depths of 1175-1250 m. The values of K obtained for the deep waters of
Lake Baikal (Table 1) are close to the minimum values measured in the ocean [7] and are 2—10
times smaller than the values obtained for depths of 0-150 m [1, 6] in Lake Baikal. At the same
time, the following patterns noted in [6] for the surface zone of Baikal and other natural waters
can be observed:

- with increasing wavelength A4 of visible light, K increases (for constant IOP of the
medium);

- for A=const, increasing scattering leads to an increase in K when the IOP of the water
changes.

3.2 Time dependence of absorption and scattering

Continuous IOP monitoring over the period March 2024 — March 2025 was, for technical
reasons, carried out only by the BAIKAL-5D Unit 2 (at 1180 m depth). This made it possible to
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extend the nearly uninterrupted series of IOP measurements at this depth to four years. The time
dependence of the absorption length and scattering length is shown in Figure 1. Given an
absorption length measurement uncertainty cr./L, =4%, the difference between the maximum
and minimum values of L, is about 16%. A good correlation is observed in the variations of L,
for different wavelengths of light, both in the blue and in the yellow-green parts of the spectrum.
No pronounced seasonal changes in absorption were observed.
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Figure 1. The time dependence of absorption (a) and scattering (b) lengths in 2024.
Depth 1180m. 6b~10%.

In the case of scattering (Figure 1, b), the amplitude of variations is larger — on the order of
35% — not counting the recorded short-term maximum of scattering on 13 January 2025. There
is also correlation in L, for different wavelengths. A link between changes in absorption and
scattering does exist, but it is weak and only intermittently evident.

3.3 Absorption and scattering spectra

The absorption spectra measured at 1180 m depth have a stable shape throughout the entire
2021-2024 observation period. The absorption minimum (L,=24+28 m) corresponds to the
spectral range 485-495nm; a clear bend of the spectrum is observed around 600 nm,
determined by the absorption of pure water [8]. The changes in the absorption spectra (within
+9% during 2024) can be characterized as a vertical shift without a change in shape (Figure 2,
a).

The scattering spectra decrease with wavelength (Figure 2, b). Using a hyperbolic fit for
the scattering spectrum b(1)=by'A*, one obtains u=1,2+1,45 for all spectra measured in 2024.
Changes in the scattering spectra over this period consist of a vertical shift by about £14%, with
some change in slope corresponding to p varying within the aforementioned range.
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Figure 2. Absorption spectra (a) and scattering spectrum (b). Depth 1180m. 6.1=8%. 6s1=12%.

The observable fluctuations in the absorption and scattering spectra (Figure 2) lie within
the measurement error. This does not allow us to consider these fluctuations as elements of an
internal structure of the spectrum, nor to assert the absence of such internal structure.

3.4 Evaluation of the scattering function at small angles

The BAIKAL-5D Unit 2 includes a system for measuring the scattering scattering function
x(A,y) at scattering angles y < 30° [3]. Measurements are only possible in the absence of water
currents; therefore, in 2024 they were not conducted regularly. It should also be noted that the
narrow-beam rotating emitter used as the light source in this system is highly susceptible to
biofouling during prolonged operation. Therefore, the obtained values of y(4, y < 30°) should be
regarded as an estimate of the slope of the scattering function in the small-angle region. For this
purpose, we approximate the measured scattering scattering function by y(4,y)=Ao-exp(-s-y),
where s is a parameter characterizing the increase rate of y(4,y) with decreasing y. In the 2024
measurements at 1180 m depth, the value of s was in the range 27-35 rad™' for A = 470 nm. We
estimate the uncertainty for s at ~20%.

4. Comparison with results of other measurements

The absorption and scattering spectra measured in 2024 for the deep waters of Lake Baikal
are in good agreement with the absorption and scattering spectra obtained by BAIKAL-5D Unit
1-3 at other time periods during 2021-2025. In earlier measurements (prior to 2010) of deep-
water IOP in Lake Baikal using the ASP-15 device, similar average values of the absorption and
scattering coefficients were obtained for discrete spectral points, differing only by a larger
variation. Particularly noteworthy is the hypothesis that the deep waters of Lake Baikal become
more transparent in years with maximum development of the algae genus Aulacoseira
(Melosira) [1]. For example, an increase in absorption length by 30—40% was recorded in 2001
in comparative measurements with the ASP-15 and AC-9 instruments [9]. In 2020, the
BAIKAL-5D Unit 1 also recorded high values of L,(490nm)=32+35 m in the second half of the
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year [10]. However, in the subsequent period of regular measurements (2021-2025), such high
absorption values for the deep waters of Lake Baikal were not observed.

Comparing the absorption in deep Lake Baikal water with the light absorption (attenuation)
in optically pure ocean waters at the sites of deep neutrino telescopes [11, 12] shows that the
deep waters of Lake Baikal exhibit higher light absorption in the blue and UV regions of the
spectrum. As a result, the absorption minimum is shifted from A = 440-460 nm in the ocean
[11] to A = 485-495 nm in Lake Baikal, and the absolute value of a at the absorption minimum
for Baikal deep water is approximately twice as high.

5. Conclusion

In 20242025, regular weekly monitoring of the hydro-optical characteristics of the deep
water of Lake Baikal continued at the site of the Baikal neutrino telescope. The “BAIKAL-5D”
instruments of our own design have demonstrated the ability to operate long-term (one year or
more) without maintenance or adjustment. At the IOP monitoring point in the deep waters of
Lake Baikal in 2024-2025, a relatively stable absorption spectrum was recorded with an
absorption minimum corresponding to L,=24+28m at a wavelength of 485-495nm. The
scattering length for A = 460 nm varied in the range 30—48 m, and a new short-term scattering
maximum was recorded on 13 January 2025. The asymmetry coefficient of the scattering
function, based on measurements in the 2024 winter expedition, is on the order of 10 in the
transparency window of the deep water (700-1250m) of Lake Baikal. The nature of the
scattering function at small angles is sharply forward-directed.
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