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ITpuBeneHbI M 0OCYKIAIOTCS PE3YJIbTAThl CITyTHUKOBBIX HAOTIONEHUIT 32 Ka4eCTBOM BOJI B JIagoxKCKOM 03epe B BECEHHUIA
nepuon B 2016—2017 rr. KonueHTtparus xjaopoduiuia ¢ GUTOIUIAHKTOHA, KaK U APYrHe T’UIpoOMoIornieckue mapaMeTphl, Hau-
MeHee M3y4eHBI B IIEPUOJ ITOJTHOTO WJIM YaCTUYHOTO TTOKPBITHS JIbIOM Kak Ha Jlamore n OHere, Tak M1 Ha MHOTHUX BEJTUKUX 03€-
pax mupa. B nmociennue 30 jieT npy 3aMETHOM MOTEIJICHUM KiuMata Jlagoxckoe 03epo He KaxKIblii oMl MOKPBIBAETCS JbIOM,
M B OTOM CJIydae MMEETCSI BO3MOKHOCTD OLICHKH TTapaMeTpPOB KayecTBa BOAbI. [1olydeHHBIC BIepBbIe CTATUCTUYECKNE JaHHBIE
M0 KauyecTBY BOAbI B JIamOXKCKOM 03epe CBUAETENbCTBYIOT O TOM, YTO, BOMPEKU OXMIAHUSIM, KOHLIEHTpAallMU XJopoduia a
yKe B MapTe He HyJIeBbIe (XOTS M JTOCTATOYHO HU3KHUE: < 1 MKT/J) He TOJIBKO B JIUTOPAJbHBIX, HO JaXXe B HEKOTOPHIX TTeIa-
TMaJIbHBIX paifoHax o3epa, U BepOSITHO 0OYCIOBICHBI KJIeTKaMU (DUTOIJIAHKTOHA, BETeTUPOBABILIETO B 3MMHMIA MepUOJ TTOI0
JIBIOM. BeceHHMe KOHILIEHTpaIuy B3BEIIICHHOTO HEOPTaHMUECKOTO BEIIeCTBa 0OHAPYKUBAIOTCS B IMMPOKOM JAMAIIa30He 3HAUYC-
Huit (0.1—3.5 Mr/a1) B 3aBUCMMOCTH OT rofia U KOHKPETHOI YacTH aKBaTopuu o3epa. JluanaszoH KOHIEHTpaLMil OKpallleHHOTO
pPacTBOPEHHOTO OPTaHMYECKOTO BellleCTBA OOHapykeHbI B quarnaszone ot <4.5 no 12—15 mrC/n) ¢ HaMMeHbITUMU 3HAYSHUSIMU
B IeJIarvajabHbIX paifoHaX U HAMOOJBIIMMU — B IUTOPAIbHBIX, B YACTHOCTH, B paiioHe BoixoBckoii ryobl. C HauajaoM JeTHETo
Tepurojia yKazaHHbIe IMOKa3aTelu B CPEIHEeM 110 03epy c1ab0 BO3pacTaloT, OCTaBasICh CYIIIECTBEHHO HIKE CBOMX XapaKTEPHBIX
3HAYCHUI TSI UIOJISI MecsILia.
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Reported and analyzed the results of satellite observations of Lake Ladoga water quality parameters (WQPs) primarily in spring
2016 and 2017. Our retrievals indicate that even in March, soon after the inception of ice cover melting, the concentration of chlo-
rophyll a (C,) is non-zero (but yet very low) not only in the lateral but also pelagic waters of the lake. Arguably, the non-zero chl/
concentrations arise from the phytoplankton that vegetated under ice and then moved up to the surface as the ice sheets began melting.
Spring-time concentrations of inorganic suspended matter (C,,,) are year-specific and range between 0.1 and 3.5 mg/1 with the elevat-
ed values inherent in lateral waters, especially in the vicinity of river outflows. Similar spatial patterns are found for the distributions
of colored dissolved organic matter concentrations (Cy,,,). The lowest values of C,,, (<4.5 mgC/l) occurred in the pelagic waters,
whereas the highest ones (12—15 mgC/I) resided in the lateral zone, in particular, within/adjacent to the Volkhovskaya Gouba. With
the beginning of summer, the above concentrations, C, Cy,,, and C,, startgrowing, remaining however less than they are in July.

Ccoutka mist mutupoBanust: [lozouskos /1. B., @uiamos H.H. Bapranuu Kadectsa Boabl B JIaoXXCKOM 03epe B BECEHHUIA
niepuion B 2016 u 2017 rr.: criyTHUKOBBIE HaOmoneHus // @yHnameHTanbHast ¥ npukiaaHas ruapodusuka. 2021, T. 14, Ne 1.
C. 79-85. doi: 10.7868,/S2073667321010081

For citation: Pozdnyakov D.V., Filatov N.N. Interannual Water Quality Variations in Lake Ladoga in Spring During 2016 and
2017: Satellite Observations. Fundamentalnaya i Prikladnaya Gidrofizika. 2021, 14, 1, 79—85. doi: 10.7868/S2073667321010081

79



Ilo30usxoe /. B., @uramos H.H.

Key words: Lake Ladoga, satellite remote sensing, water quality retrieval algorithms, chlorophyll @, suspended inorganic matter,
colored dissolved organic matter, time series, hydrodynamics, mesoscale process.

1. Introducton

In the community of remote sensing workers, concentrations of phytoplankton chlorophyll a, suspended min-
erals and colored dissolved organic matter are traditionally subsumed under the category of water quality parameters
(WQPs) [1]. Although this is a rather conditional notion, it proves to be fairly useful when it comes to the problems
of eutrophication, and naturally or anthropogenically driven input of mineral matter and humus from the watershed
[2, 3].

Shipborne investigation of the above WQPs inherent in large fresh water bodies at high latitudes during ear-
ly-spring are unattainable as research vessel cruising during this time of year is prohibited due to various reasons,
among which are ice fields in the coastal zone, sporadically floating floes in the pelagic zone, and frequently severe
weather conditions.

Meanwhile, such lacunas in our knowledge of what actually happens in large northern lakes during the transi-
tional period between winter and summer is an essential drawback in understanding of the lake ecosystem continuous
working.

Application of satellite remote sensing means promises to bridge the gap as satellite sensors overfly the target
water body and collect data throughout the year. However, the task of inferring WQPs from satellite data on inland
water bodies is challenging regardless of the period of spaceborne observations. The problem resides in the optical
complexity inherent in inland water bodies: the radiometric impact of phytoplankton in such waters is in separately
accompanied by the respective impacts (that extend over the entire visible part of the spectrum) of coexisting in water
suspended minerals and colored dissolved organic matter [4]. The attempts to ignore this phenomenon and retrieve
with the standard NASA and ESA regression algorithms (that were developed exclusively for clear/pelagic waters
[5]) the concentration of only one WQP component (e. g. phytoplankton chlorophyll @) from light coming out of
water lead to heavily wrong results [see e. g. 6]. To overcome this impediment, sophisticated techniques need to be
developed to allow disentangling the optical signal captured by the satellite sensor in order to attribute its components
to specific WQPs, and finally, through applying bio-optical retrieval algorithms, quantify the concentrations of the
desired WQPs.

Here we report on our 2-year study of WQPs in Lake Ladoga with the emphasis on spring and early summer
months. Following the terminology widely accepted in environmental remote sensing [7], the term WQPs stands for
the concentrations of (i) phytoplankton chlorophyll a (C,,,), (ii) suspended mineral matter (C,,,) and (iii) colored
dissolved organic matter (C,,,)-

2. Data sources

Spectral remote sensing reflectance, R,,()) is one of the prime parameters relevant to studies of the aquatic envi-
ronments. R,,(A) is the spectral radiance coming out of the water column normalized to the atmospherically corrected
spectral irradiance incident upon the atmosphere-water interface [8]. Importantly, R,.(A) is functionally related to
subsurface remote sensing reflectance, R, (1), which, as it is shown below, is used in the bio-optical retrieval algo-
rithm employed in this work.

Data on this parameter are available from OC CCI (Ocean Color Climate Change Initiative, ESA (http://www.
esa-oceancolour-cci.org/, accessed 27.09.2019). The OC CCI data are bridged and harmonized ocean colour infor-
mation from three sensors, viz SeaWiFS (Sea-Viewing Wide Field-of-View Sensor), MERIS (Medium Resolution
Imaging Spectrometer), and MODIS (Moderate-resolution Imaging Spectroradiometer), and are superior to the
original ones as they provide a significantly increased cloud-free water surface cover and the length of timeseries. To
assess the quality of OC CCI data the correspondence between daily-averaged spaceborne spectral values of R, in the
spectral channels 412, 443, 490, 510, 555 u 670 nm and the respective in situ spectral values of R ; obtained on the day
of satellite overflight was appraised. It was done through analyzing the following statistically significant parameters
as coefficients of correlation,  and determination, 72, mean square error, MSE, mean absolute error, MAE. For this
purpose, we exploited the SeaBASS (NASA) database relating to the time period 2001—2010. Marine stations are
located in the Pacific along the California coastal zone, in the Atlantic (Mexican Gulf and Philadelphia shelf zone) as
well in the US eastern coast waters extending from Southern Carolina to Bar Harbor (State Main in New England).

More than 580 matchup pairs of satellite in situ R, values were used for our quantitative comparison. Matchup
pairs satisfied the following requirements: the least time span between the in sifu measurement and the sensor over-
flight, the pixel accurately encompassed the measurement station location, the least contamination of the swath area
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with clouds, and finally, the longest time series provided by each of the aforementioned three shipborne products.
The comparison results proved a very good consistency between in situ and OC CCI data, and gave the credit to the
quality of the initial raw data further submitted to processing.

To reduce the size of computations to a reasonable level, at the next step it was mandatory to identify the permis-
sible temporal and spatial resolution that would permit to avoid any loss of significant information. In each pixel of
the daily image of Lake Ladoga, the value of the standard deviation, SD (sr~') of R,,(A) from its counterpart averaged
over 4 km, 9 km, and 8 days and one month were quantified. It was found that for our aims a 4 km- and 8 day-spa-
tio-temporal averaging (resolution) is quite acceptable. This result should not be considered as trivial because it stems
out from the established specific parameters spatio-temporal inhomogeneity inherent in WQP fields that was quanti-
tatively investigated by us previously: the values of SD (sr~!) for R,,(A) were determined daily within the algal bloom
(1) at a spatial resolution of 4 km? and 9 km?, and (2) a time resolution of 8 days and 1 month. The SD (sr~!) values
proved to be about 10~3 and 102 for the spatial resolution of 4 km? and 9 km?, and about 10~* and 10~2 for the time
resolution of 8 days and1 month, respectively. Thus, the 4 km?- and 8-day resolution option proved to be acceptable
[9]. Therefore, in the present study we employed the OC CCI data at a 4 km and 8 day resolution for inspecting the
dynamic of the situation across Lake Ladoga, and a 1 day resolution when having revealed the best day for analysis.

3. Description of methodology: the bio-optical algorithm for WQP retrievals

As emphasized above, lacustrine water is generally optically complex (see above). Lake Ladoga is a typical ex-
ample of such waters and as such requires specialized bio-optical retrieval algorithms for its examination by means of
remote sensing. For optically complex waters the BOREALI and Neural Network algorithm was employed.

Developed at the Nansen Centre in St. Petersburg [7], the BOREALI algorithm provides a simultaneous retrieval
from R, () data of the above three WQPs parameters, i. e. C,,;, C,,,, and C,,,, that are also traditionally called colour
producing agents, CPAs [4]. The BOREALLI algorithm employs the observed/retrieved spectral subsurface remote
sensing reflectance, R,,,, which is the up-welling spectral radiance just beneath the water—air interface normalized to
the downwelling spectral irradiance at the same level [10]. R,,, has a direct relation to R,((A) [10]. Like R.(A), R, is
a function of both CPA concentrations in the water column and the spectral values of bulk water coefficients of ab-
sorption and backscattering that result from summation of products of each coexisting CPA concentration (i. e. C))
and their respective specific spectral absorption and backscattering coefficients. Through varying the concentration

vector C = ZC,. (where iis a CPA [viz. chl, sm, dom], n = number of CPAs) and minimization at each wavelength of
the function f(C) of squares of residuals of the difference between the observed/retrieved and simulated spectral val-

ues of R,,, the absolute minimum can be found with the Levenberg—Marquardt finite difference algorithm [11,12].
The concentration vector value corresponding to the attained absolufe minimum of the function f(C) is the solution
of the inverse problem, i. e. the establishment of the desired CPA concentrations.

Simulation of R,,, spectra and hence running the BOREALI algorithm requires not only some parameterization
relating R, (A) to bulk water spectral absorption and backscattering coefficients [13], but also the specific hydro-op-
tical model inherent in the target waters.

The BOREALI code outfitted with the waterbody-specific hydro-optical model has been successfully employed
for the retrieval of WQPs (CPAs) not only in Lakes Ladoga and Onega, but also in the Great American Lakes and the
White, Bering and Kara seas [7, 14—17].

In the present study we employed the hydro-optical model developed by Pozdnyakov et al. [7] specifically for the
transformed trophic and ecological state of Lake Ladoga. The model (table 1) is a collection of tabulated spectral values
of CPA specific absorption and backscattering coefficients (i. e. normalized to the respective CPA concentration).

Table 1

Lake Ladoga hydro-optical model: spectral specific absorption a” and backscattering b; cross sections for phytoplankton

(chl), suspended minerals (sm) and colored dissolved organic matter (dom) [7]. a:,om corresponds to the unit concentration
of dom measured in the carbon units.

}\’ nm az‘hl mz/mg a;m m2/g a;om mz/gc al:ChI mz/mg b[:sm mZ/g
410 0.03800 0.26500 0.28000 0.001240 0.02300
430 0.04000 0.23000 0.25000 0.001230 0.02500
450 0.04100 0.20000 0.23000 0.001210 0.02700
470 0.04000 0.18000 0.18000 0.001200 0.02900
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Fin table 1
A, nm ag,, m%/mg a,, m/g a,,, m%/gC @y, M2/mg b,,, m*/g
490 0.03400 0.16000 0.16000 0.001210 0.03050
510 0.02800 0.14500 0.14000 0.001240 0.03200
530 0.02200 0.13000 0.12500 0.001270 0.03300
550 0.01800 0.12000 0.11000 0.001290 0.03350
570 0.01500 0.11000 0.10000 0.001280 0.03300
590 0.01300 0.10500 0.09000 0.001270 0.03250
610 0.01200 0.10000 0.08000 0.001270 003200
630 0.01200 0.10000 0.07000 0.001260 0.03100
650 0.02000 0.10500 0.06000 0.001220 0.02900
670 0.02500 0.11500 0.05000 0.001160 0.02700
690 0.01600 0.12500 0.05000 0.001080 0.02500

Fig. 1. A panchromatic MODIS-Aqua image of Lake Ladoga
(NASA WorldView site) at a 250 m spatial resolution taken on
March 16, 2016.

The assessed average retrieval error of the BORE-
ALI algorithm for each of the WQPs does not exceed
15 % [15].

As in spring there are floating floes and even large
ice sheets across Lake Ladoga (e. g. fig. 1), a special al-
gorithm has been developed to identify such locations
and exclude them from further analysis. This algorithm
detects pixels with R,(A) whose spectral characteristics
are untypical of open-water areas and at the same time
typical of ice or snow- on- ice surfaces [18]. Based on
(i) the available spectral characteristic of freshwater
ice [19], (i) spring-time panchromatic images of Lake
Ladoga (NASA data), and (iii) R,, spectral curvature
data from floes/ice cover, statistically confident R,
thresholds were established. The algorithm tests all R.,,
spectra from each scene and automatically identifies
and delineates ice-free areas.

4. Results and discussion

Due to frequent cloudiness and presence of floes
and ice sheets in spring and especially early spring
(as exemplified in fig. 1), the areas open to study
WQPs prove to be limited and scattered across Lake
Ladoga. However, even such data are of significant
value as they are the only ones attainable at this time
of year.

In light of the above limitations, we were able to confidently restore the WQP parameters for only one date in 2016
(March 16), and four dates in 2017 (March 12, 16, 21 [fig. 2, see Inset], and 23). As table 2 illustrates, the C_,, values were
pretty low (<1 ug/1), but, however, not zero as it could be expected [20]. The C,,, concentrations were found within the
range 0.1—3.5 mg/1. The DOC content in the surface waters was in the range (5—15 mgC/I).

Ranges of WQP concentrations retrieved in March 2016 and 2017

Table 2

WQP March, 2016 March, 2017
chl, ug/1 0.1-1 0.6—0.8
sm, mg/1 0.1-0.6 <0.5-3.5

doc, mgC/1 4.5-10.5 4.5—15
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It can be supposed that non-zero chl/ concentrations in March were due to the under-ice phytoplankton that
moved up to the surface as the ice sheets began melting. Indeed, within the formed ice-free areas, the algal cells found
themselves in favorable conditions in terms of the available photosynthetically active radiation (PAR) and increased
upward fluxes of nutrients due to wind-driven vertical fluxes of water [21].

We conjecture that the relatively enhanced concentrations of sm observed in Ladoga, especially in 2017, were
due to the release (with the onset of ice cover melting) of airborne solid particles/aerosol accumulated over the winter
period. Such reports are many from different lacustrine and marine environments [22].

The observed range of doc concentrations corresponds well with the available in situ data: there are reports [23]
that in some parts of Lake Ladoga doc concentrations in spring could be very low (about 4 mg/1), especially in the
upper-most surface layers. Nonetheless, according to the OC CCI data from the peripheral waters within the areas
adjacent to river outflows, allochthonous C,,,, in May can be as high as 10—12 mgC/1[7, 24]. These assessments are in
good agreement with the data reported herein. The propagation trajectory of waters that are the Volkhov River out-
flow and the associated enhancements in C,,, and C, are perfectly visible in our data for early summer (fig. 3, see In-
set). Some enhanced concentrations of sm and doc within the shallow bay Shlisselbourgskaya Gouba are, presumably,
a result of early warming of this aquatic body, and wind-driven resuspension of buried organic and inorganic matter.

5. Conclusion

In view of the fact that we applied the algorithm capable of disentangling the concomitant optical influences
of WQPs on the light signal emerging from water, we believe that the WQP values reported herein for early spring
in Lake Ladoga, are most reliable especially in off-coastal waters (i. e. they have never been obtained either from
board of ship or remotely) and unique by themselves. Unlike, for instance, the data (and only for chl! with the
values exceeding 20 mgm=3!!!!) provided at the NASA site for March 212017 (https://worldview.earthdata.nasa.
gov/?v=25.27,58.12,37.12,63.94&t=2017—03—-21-T14 %3A00 %3A00Z&1=MODIS Aqua_Chlorophyll A,
Coastlines), the retrieved concentrations not solely of chl, but also of sm and doc appear quite realistic in light of
the biogeochemistry known for this water body and multidecadal in situ measurements in summer and autumn.
The present study is a harbinger of further satellite observations that are certainly mandatory to increase both the
statistical significance of the WQPs ranges as well as their representativeness through collecting information from
as many as possible ice-free zones across the lake surface. This can be done by means of extending the satellite
observations over a longer row of years.

6. Acknowledgements

We extend our gratitude to Ms. Svetlana Chepikova for her valuable help in technical preparation of this paper
for submission.

7. Funding

The work was carried out according to the state assignment of the Karelian Research Center RAS.

Jluteparypa

1. Dekker A.G., Malthus T.J., Hoogenboom H.J. The remote sensing of inland water quality // Advances in environmen-
tal remote sensing (Eds: F.M. Danson and S.E. Plummer). Chichester, United Kingdom: John Wileyand Sons, 1995.
P. 123—142.

2. Epemeesa A.O. Bonpochl IUCTAHIIMOHHOTO M3YYEHMs Ka4eCTBA IIOBEPXHOCTHBIX BoJ // Tpydbl rOCyIapCTBEHHOIO TH-
npoJjiorudeckoro nHeTutyta. 1983. Ne 297. C. 122—129.

3. Koudpamves KA., Ilozousxoes /I. B. KauecTBO MpUPOIHBIX BOA U ONpeesIolire ero KommnoHeHThI. JI.: Hayka, 1984. 54 c.

4.  Bukata R.P., Jerome J.H., Kondratyev K. Ya., Pozdnyakov D.V. Optical properties and remote sensing of inland and
coastal waters. Boca Raton e. a.: CRC Press, 1995. 362 p.

5. Sathyendranath S. (Ed). Remote sensing of ocean colour in coastal, and other optically-complex waters // IOCCG Re-
port. 2002. N3. 104 p.

6. Pozdnyakov D., Grassl H. Colour of inland and coastal waters: a methodology of its interpretation. Chichester: Spring-
er-Praxis, 2003. 170 p.

7. Pozdnyakov D., Korosov A., Petrova N., Grassl H. Multi-year satellite observations of Lake Ladoga’s biogeochemical dy-
namics in relation to the lake’s trophic status // J. Great Lakes Res. 2013. V. 39. P. 34—45.

83



Ilo30usxoe /. B., @uramos H.H.

84

8. Mobley C.D. Estimation of the remote-sensing reflectance from above-surface measurements // Appl. Opt. 1999. V. 38,
N 36. P. 7442—7455.

9.  Kondrik D.V., Pozdnyakov D.V., Pettersson L.H. Particulate inorganic carbon production within E. huxleyi blooms in
subpolar and polar seas: a satellite time series study (1998—2013) // Int. J. Rem. Sens. 2017. V. 38, N 22. P. 6179—6205.
doi: 10.1080/01431161.2017.1350304

10. Jerome J.H., Bukata R.P., Miller J.R. Remote sensing reflectance and its relationship to optical properties of natural wa-
ter // Int. J. Rem. Sens. 1996. V. 17, N 1. P. 43-52.

11. Levenberg K. A method for the solution of certain non-linear problems in least squares // Quart. Appl. Math. 1944. V. 2.
P. 164—168.

12. Marquardt D.W. An algorithm for least-squares estimation of non-linear parameters // J. Int. Soc. Appl. Math. 1963.
V.11, N 2. P. 36—48.

13. Sokoletsky L.G., Lunetta R.S., Wetz M.S., Paerl H.W. Assessment of the water quality components in turbid estuarine
waters based on radiative transfer approximations // Israel J. Plant Sci. 2012. V. 60, N 1-2. P. 209—-229.

14. Shuchman R., Korosov A., Hatt C., Pozdnyakov D., Means J., Meadows G. Verification and application of a Bio-optical Al-
gorithm for Lake Michigan Using SeaWiFS: a 7-year Inter-annual Analysis // J. Great Lakes Res. 2006. V. 32. P. 258—279.

15. Pozdnyakov D.V., Johannessen O.M., Korosov A.A., Pettersson L.H., Grassl H.G., Miles M.W. Satellite evidence of
ecosystem changes in the White Sea: A semi-enclosed arctic marginal shelf sea // Geophys. Res. Lett. 2007. V. 34, N 8.
P. L08604. doi: 10.1029/2006G1.028947

16. Petrenko D., Pozdnyakov D., Johannessen J., Counillon F., Sychov V. Satellite-derived multi-year trend in primary pro-
duction in the Arctic Ocean // Int. J. Rem. Sens. 2013. V. 34, N 11. P. 3903—3937. doi: 10.1080/01431161.2012.762698

17. Kondrik D.V., Pozdnyakov D.V., Pettersson L.H. Particulate inorganic carbon production within E. huxleyi blooms in
subpolar and polar seas: a satellite time series study (1998—2013) // Int. J. Rem. Sens. 2017. V. 38, N 22. P. 6179—6205.
doi: 10.1080/01431161.2017.1350304

18. Istomina L., Heygster H., Kazev I. Melt pond fraction and spectral sea ice albedo retrievals from MERIS data. Part I:
Validation against in situ, aerial, and ship cruise data // The Cryosphere. 2015. V. 9. P. 1551—1566.
doi: 10.5194/tc-9—1551-2015, 2015

19. Lei R., Zhang Z., Matero 1., Cheng B., Li Q., Huang W. Reflection and transmission of irradiance by snow and sea ice in
the central Arctic Ocean in summer 2010 // Polar Res. 2012. V. 31. P. 17325. doi: 10.3402/polar.v31i0.17325

20. Rukhovets L., Filatov N. (Eds). Ladoga and Onego — Great European lakes. Observations and Modelling. Berlin, Hei-
delberg: Springer, 2010. 302 p.

21. Arrigo K.G., Perovich D.K., Pickart R.S. et al. Massive Phytoplankton Blooms Under Arctic Sea Ice // Sci. 2012. V. 336,
N 6087. P. 1408—1409.

22. Eisma D. Suspended matter in the Aquatic Environment. Berlin, Heidelberg: Springer, 2012. 303 p.
doi: 10.1007/978—3—642—77722—6

23. Ilemposa H.A., Tepucesux A.FO. (Pen). Jlanoxckoe 03epo — Kputepuu coctosiHust akocuctembl. CI16.: Hayka, 1992. 322 c.

24. Pozdnyakov D., Korosov A., Grassl H., Pettersson L. An advanced algorithm for operational retrieval of water quality from
satellite data in the visible // Int. J. Rem. Sens. 2005. V. 26, N 12. P. 2669—2687. doi: 10.1080/01431160500044697

References

1. Dekker A.G., Malthus T.J., Hoogenboom H.J. The remote sensing of inland water quality. Advances in Environmental
Remote Sensing / Eds: F.M. Danson and S.E. Plummer. John Wileyand Sons, Chichester, United Kingdom. 1995, 123—
142.

2. Eremeeva A.O. Issues of remote sensing of surface water quality. Trudy Gosudarstvennogo Gidrologicheskogo Instituta.
1983, 297, 122—129 (in Russian).

3. Kondratyev K. Ya., Pozdnyakov D.V. The quality of natural waters and its determining components. L., Nauka, 1984.
54 p. (in Russian).

4. Bukata R.P., Jerome J.H., Kondratyev K. Ya., Pozdnyakov D.V. Optical Properties and Remote Sensing of Inland and
Coastal Waters. Boca Raton e. a., CRC Press, 1995. 362 p.

5. Sathyendranath S. (Ed). Remote Sensing of Ocean Colour in Coastal, and Other optically-complex Waters. /OCCG
Report. 2002, 3, 104 p.

6. Pozdnyakov D., Grassl H. Colour of Inland and Coastal Waters: A Methodology of its Interpretation. Chichester, Springer-
Praxis, 2003. 170 p.

7. Pozdnyakov D., Korosov A., Petrova N., Grass! H. Multi-year satellite observations of Lake Ladoga’s biogeochemical

dynamics in relation to the lake’s trophic status. J. Great Lakes Res. 2013, 3, 34—45.



10.

11.

12.

13.

18.

19.

20.

21.

22.

23.

24.

Bapunanun kayectsa Boabl B JIamoxkckom o3epe B BecenHuii mepron B 2016 n 2017 rr.: ciyTHUKOBBIE HAOIOAEHUS

Mobley C.D. Estimation of the remote-sensing reflectance from above-surface measurements. Appl. Opt. 1999, 38, 36,
7442-7455.

Kondrik D.V., Pozdnyakov D.V., Pettersson L.H. Particulate inorganic carbon production within E. huxleyi blooms
in subpolar and polar seas: a satellite time series study (1998—2013). Int. J. Rem. Sens. 2017, 38, 22, 6179—6205.
doi: 10.1080/01431161.2017.1350304

Jerome J.H., Bukata R.P., Miller J.R. Remote sensing reflectance and its relationship to optical properties of natural wa-
ter. Int. J. Rem. Sens. 1996, 17, 1, 43-52.

Levenberg K. A method for the solution of certain non-linear problems in least squares. Quart. Appl. Math. 1944, 2,
164—168.

Marquardt D.W. An algorithm for least-squares estimation of non-linear parameters. J. Int. Soc. Appl. Math. 1963, 11, 2,
36—48.

Sokoletsky L.G., Lunetta R.S., Wetz M.S., Paerl H.W. Assessment of the water quality components in turbid estuarine
waters based on radiative transfer approximations. Israel J. Plant Sci. 2012, 60, 1—2, 209—229.

Shuchman R., Korosov A., Hatt C., Pozdnyakov D., Means J., Meadows G. Verification and application of a Bio-optical
Algorithm for Lake Michigan Using SeaWiFS: a 7-year Inter-annual Analysis. J. Great Lakes Res. 2006, 32, 258—279.

. Pozdnyakov D.V., Johannessen O.M., Korosov A.A., Pettersson L.H., Grassl H.G., Miles M.W. Satellite evidence of eco-

system changes in the White Sea: A semi-enclosed arctic marginal shelf sea. Geophys. Res. Lett. 2007, 34, 8, 1.08604.
doi: 10.1029/2006G 1028947

. Petrenko D., Pozdnyakov D., Johannessen J., Counillon F., Sychov, V. Satellite-derived multi-year trend in primary pro-

duction in the Arctic Ocean. Int. J. Rem. Sens. 2013, 34, 11, 3903—3937. doi: 10.1080/01431161.2012.762698

. Kondrik D.V., Pozdnyakov D.V., Pettersson L.H. Particulate inorganic carbon production within E. huxleyi blooms

in subpolar and polar seas: a satellite time series study (1998—2013). Int. J. Rem. Sens. 2017, 38, 22, 6179—6205.
doi: 10.1080/01431161.2017.1350304

Istomina L., Heygster H., Kazev I. Melt pond fraction and spectral sea ice albedo retrievals from MERIS data. Part I:
Validation against in situ, aerial, and ship cruise data. The Cryosphere. 2015, 9, 1551—1566.

doi: 10.5194/tc-9—1551-2015

Lei R., Zhang Z., Matero 1., Cheng B., Li Q., Huang W. Reflection and transmission of irradiance by snow and sea ice in
the central Arctic Ocean in summer 2010. Polar Res. 2012, 31, 17325. doi: 10.3402/polar.v31i0.17325

Rukhovets L., Filatov N. (Eds). Ladoga and Onego — Great European lakes. Observations and Modelling. Springer,
Berlin, Heidelberg, 2010. 302 p.

Arrigo K.G., Perovich D.K., Pickart R.S. et al. Massive phytoplankton blooms under Arctic sea ice. Sci. 2012, 336, 6087,
1408—14009.

Eisma D. Suspended matter in the Aquatic Environment. Springer, Berlin, Heidelberg, 2012. 303 p.
doi: 10.1007/978—3—642—77722—6

Petrova N., Terzhevik A. (Eds). Lake Ladoga: criteria of the ecosystem state. St. Petersburg, Nauka, 1992. 322 p.
(in Russian).

Pozdnyakov D., Korosov A., Grassl H., Pettersson L. An advanced algorithm for operational retrieval of water quality from
satellite data in the visible. Int. J. Rem. Sens. 2005, 26, 12, 2669—2687. doi: 10.1080/01431160500044697

85



K crarbe [lo3onakos /. B., Duramos H.H. Bapnauum kauecTBa Boabl B JIagoKcKoM o3epe...
Pozdnyakov D.V., Filatov N.N. Interannual water quality variations in lake Ladoga...

Fig. 2. Retrieved ranges of concentrations of phytoplankton ck/ (ug/1) (a), suspended minerals, sm (mg/1) (b), and

colored dissolved organic matter (c), doc (mgC/1) in Lake Ladoga for March 21, 2017. Note: White-colour areas are

the watershed of Lake Ladoga and Lake Onega (respectively, low and upper parts of the plates). The nature of the
black spots beyond the surface of the above lakes is unclear, and thus should be disregarded.

Fig. 3. Results of retrieval of concentrations of phytoplankton ck/ (ug/1) (a), suspended minerals, sm (mg/1) (b), and
colored dissolved organic matter (c), doc (mgC/1) in Lake Ladoga for June 04, 2017. Note: as for fig. 2.



