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Abstract:



Calcite precipitation is a common phenomenon in calcium-rich hardwater lakes during spring and summer, but the number and spatial distribution of lakes with calcite precipitation is unknown. This paper presents a remote sensing based method to observe calcite precipitation over large areas, which are an important prerequisite for a systematic monitoring and evaluation of restoration measurements. We use globally archived satellite remote sensing data for a retrospective systematic assessment of past multi-temporal calcite precipitation events. The database of this study consists of 205 data sets that comprise freely available Landsat and Sentinel 2 data acquired between 1998 and 2015 covering the Northeast German Plain. Calcite precipitation is automatically identified using the green spectra and the metric BGR area, the triangular area between the blue, green and red reflectance value. The validation is based on field measurements of CaCO3 concentrations at three selected lakes, Feldberger Haussee, Breiter Luzin and Schmaler Luzin. The classification accuracy (0.88) is highest for calcite concentrations ≥0.7 mg/L. False negative results are caused by the choice of a conservative classification threshold. False positive results can be explained by already increased calcite concentrations. We successfully transferred the developed method to 21 other hardwater lakes in Northeast Germany. The average duration of lakes with regular calcite precipitation is 37 days. The frequency of calcite precipitation reaches from single time detections up to detections nearly every year. False negative classification results and gaps in Landsat time series reduce the accuracy of frequency and duration monitoring, but in future the image density will increase by acquisitions of Sentinel-2a (and 2b). Our study tested successfully the transfer of the classification approach to Sentinel-2 images. Our study shows that 15 of the 24 lakes have at least one phase of calcite precipitation and all events occur between May and September. At the lakes Schmaler Luzin and Feldberger Haussee, we illustrated the influence of ecological restoration measures aiming at nutrient reduction in the lake water on calcite precipitation. Our study emphasizes the high variance of calcite precipitation in hardwater lakes: each lake has to be monitored individually, which is feasible using Landsat and Sentinel-2 time series.
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1. Introduction


Calcite (or calcium carbonate) precipitation events in lakes are a common phenomenon in calcium-rich hardwater lakes. They are also described as “whiting”, “milky water phenomenon” or “seasonal clouding” [1,2,3]. The complex process of calcite precipitation has been intensively studied [1,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19].



Calcite precipitation is the consequence of the supersaturation of the lake water with respect to calcite. Principally, two possible mechanisms can lead to supersaturation: (1) physical-chemical, through seasonal temperature effects on the solubility of carbon dioxide and calcite (i.e., the solubility of calcite decreases with increasing temperature); and (2) biogenic induction through assimilation of carbon dioxide by plankton blooms of photosynthesizing algae and bacteria in the phototrophic upper water column [2,9] with impact on the carbonate equilibria of the water, which varies with pH, alkalinity, and total dissolved carbon. Aside from that, cells of algae and cyanobacteria can act as surface catalysts for calcite precipitation well before supersaturation is reached [17,18]. In line with that, calcite precipitation events in lakes are recorded after peak phytoplankton blooms [13,16,17]. Calcite precipitation was found to intensify in relation with the trophic state (based on the concentration of dissolved P) from oligotrophic towards weakly eutrophic conditions, but became weaker towards hypereutrophic/polytrophic conditions because of the inhibition of the precipitation by increased P concentration [14,15,16].



The Northeast German Plain is a region dominated by many hardwater lakes [3]. Studies concerning these lakes showed that calcite precipitation is an important variable impacting on both the water quality and the ecology of these ecosystems [3,5,6]. Calcite precipitation reduces the nutrient concentration and, consequently, phytoplankton productivity and therefore is a natural protection mechanism of hardwater lakes against eutrophication [3,5]. The reduction of nutrient concentration (“self-cleaning”) is caused by the co-precipitation of soluble inorganic phosphorus and the flocculation of particles containing phosphorus, which are eventually transported to the sediment at the bottom of a respective lake [3,20]. In times of climate change, also the storage of CO2 in the sediments might be an important factor. A study at lake Breiter Luzin in Mecklenburg-Vorpommern, Germany, specified sedimentation rates of 300 g CaCO3/m2/day [3] and Koschel et al. estimate a calcite production and sedimentation of 150–900 ton/km2 per year for seven lakes in Mecklenburg-Vorpommern [6]. Whereas precipitated calcite resuspends to some extent, the majority sinks to the lake bottom [12] and is, without mixing, accumulated in calcite layers. Those calcite sediments have been used for the reconstruction of past precipitation events in other regions [20,21]. However, although the ecological importance of calcite precipitation is recognized, neither the number of lakes with calcite precipitation in the Northeast German Plain nor worldwide is known, because only individual lakes are monitored regularly [3,5,6]. Additionally, calcite precipitation varies both within and among lakes: intensity, frequency and duration of calcite precipitation events can vary from year to year [6]. Thus, calcite precipitation events may easily be missed during one-time observations or short-term monitoring of lakes. Here, remote sensing archives of optical satellite missions such as Landsat or Sentinel offer a great potential for a satellite-based long-term monitoring of lakes with high temporal and spatial resolution and for the synoptic monitoring of a larger region like the Northeast German Plain.



However, only few studies have used remote sensing for the monitoring of calcite precipitation. In southwest Florida and Great Bahama Bank whitings have been monitored using medium-resolution MODIS imagery [22,23] and photographs from the NASA manned spacecraft program [24]. Two studies have been conducted on the spatial distribution of calcite precipitation within large lakes (the Great Lakes, and Lake Constance) with Landsat imagery [1,25] and Thiemann and Koschel classified calcite precipitation in 21 lakes in the Northeast German Plain using one hyperspectral airborne data set [2].



In our study, we exploit the multi-spectral long-term remote sensing archive of Landsat and test the applicability for the recently started Sentinel-2 for the long-term monitoring of calcite precipitation in the Northeast German Plain. In this context, the objectives of this study are:

	
To develop a robust automated remote sensing-based approach for retrospective long-term multi-temporal calcite precipitation monitoring based on a multi-sensor remote sensing time series.



	
To characterize calcite precipitation in terms of frequency and duration to deepen the process understanding.









2. Study Area


The lakes of the Northeast German Plain were formed during the late Weichselian glaciation [3]. We selected three representative study areas: Feldberg Lake District, the Klocksin Lake Chain, and Rheinsberg Lake Region which are located in the federal states of Mecklenburg-Western Pomerania and Brandenburg in Germany (Figure 1). These regions are covered by the Landsat acquisition tiles 193023 and 194023. We chose three lakes with regular in situ measurements in the Feldberg Lake District (Feldberger Haussee, Breiter Luzin, and Schmaler Luzin) for the development of a calcite precipitation classification approach and its validation. Then, the applicability has been tested on the other two regions, the Klocksin Lake Chain and Rheinsberg Lake Region.


Figure 1. Study area with three selected regions: Feldberg Lake District, the Klocksin Lake Chain, and Rheinsberg Lake Region. The gray lines illustrate the Landsat footprints of the acquisition tiles 193023 and 194023. The gray dashed line shows the footprint of Landsat 5, the solid gray line shows the footprint of Landsat 7, the dotted gray line the footprint of Landsat 8.
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2.1. Feldberg Lake District


Figure 2 shows the Feldberg Lake District with its well-researched lakes: Feldberger Haussee (FH), Breiter Luzin (BL) and Schmaler Luzin (SL). All three lakes are hardwater lakes with regular in situ measurements since 1998. The topography, morphology and limnological characteristics of the lakes are summarized in Table 1.


Figure 2. Study area of the Feldberg Lake District on 11 July 1999 (Landsat 7, RGB quasi-true color) with Feldberger Haussee (FH), Breiter Luzin (BL) and Schmaler Luzin (SL). BL has a distinct turquoise color whereas FH and SL are dark blue. All lakes are framed with white lines. The sampling sites are illustrated as white triangles.
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Table 1. Overview of morphology and limnological characteristics of the lakes FH, BL, and SL. The limnological characterization is based on the Bund/Länder-Arbeitsgemeinschaft Wasser (LAWA) trophic index.







	
Lake

	
Area (km2) [32]

	
Maximum Depth (m) [30]

	
Mean Depth (m) [30]

	
LAWA 1997 [30]

	
Trophic Reference State [30]






	
FH

	
1.29

	
12.5

	
4.9

	
Eutrophic

	
Mesotrophic




	
BL

	
3.41

	
58.3

	
22.3

	
Mesotrophic

	
Oligotrophic




	
SL (without Carwitzer Becken)

	
0.84

	
22.5

	
12.2

	
Mesotrophic

	
Oligotrophic










FH potentially used to be a mesotrophic lake, but nutrient input by sewage (phosphorus and nitrogen) and surface runoff since the 1960s until 1980 caused strong eutrophication [26]. In 1980, the sewage discharge was stopped decreasing the external nutrient loading of the lake by 90%. However, because of the tremendous amounts of nutrients (especially phosphorus) stored in the sediment the lake did not respond with a substantial improvement of water quality for decades [27]. Therefore, phosphorus inactivation by treating the lake with poly-aluminum chloride as a flocculation agent was implemented in April 2011. The following drastic reduction of average total phosphorus concentration in the mixed layer from 0.060 mg/L (2006–2010) to 0.017 mg/L (2011–2015) resulted in an improvement of the trophic status from eutrophic to mesotrophic [28,29].



BL is located immediately downstream of FH. BL is known for calcite precipitation [3,5,6]. Its LAWA trophic index of 1997 is mesotrophic, and its potential natural trophy is oligotrophic [30]. An unpublished study of the Leibniz-Institute of Freshwater Ecology & Inland Fisheries (IGB) classified BL in 2015 as mesotrophic.



SL is potentially oligotrophic, but nutrient input lead to a moderate eutrophic state since the 1950s [30]. Since the 1980s the catchment was restored by reducing the nutrient input from the catchment [30], but only a lake restoration in 1996/1997 reduced the eutrophication significantly [12]. The lake was restored by artificially triggering calcite precipitation through in-depth aeration and the addition of Ca(OH)2 in the hypolimnion which caused a significant decrease of total phosphorus content [30]. SL is classified as mesotrophic since 1995, with oligotrophic phases [30,31].



For FH, regular calcite precipitation events are documented since 1985. Nevertheless, their intensity (i.e., calcite concentration) clearly increased since the year 2006 and remained high ever since. That was the period when FH finally approached mesotrophic conditions. Koschel (1987) concluded that the intensity of calcite precipitation may be highest in moderately nutrient-enriched hard water lakes, because photosynthesis is high enough to shift the lime-carbonic acid equilibrium to the carbonate side, while the impact of factors to impair the growth of calcite crystals is minimal [3].




2.2. Klocksin Lake Chain


The second case study area is the Klocksin Lake Chain with Flacher See (FS), Tiefer See (TS), Hofsee (HS), and Bergsee (BS) as shown in Figure 3. There are no regular in situ measurements of CaCO3 concentrations in the lakes, but measurements in 1996 in TS, FS, and BG show high Ca concentrations [30]. The sediment record of TS shows calcite layers in each year and in some years, even two sub layers can be detected during thin section inspection. The calcite layers of the years 1998, 1999, 2003, 2004, 2006, 2007, 2011, and 2012 are thinner than those of the other years in the period considered in this study [33]. This hints at shorter or less intensive calcite precipitation, but dissolution of calcite particles on their way through the water column may also play a role. Analyses of sediment trap material (since 2012) indicate peak calcite precipitation either in May/June and August/September or centered in July [34]. The known topography, morphology and limnological characteristics of the lakes are summarized in Table 2.


Figure 3. Study area of the Klocksin Lake Chain with Flacher See, Tiefer See, Hofsee and Bergsee on 11 July 1999 (Landsat 7, quasi-true color RGB). All lakes appear dark and are framed with white lines.
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Table 2. Overview of morphology and limnological characteristics of the lakes in the Klocksin Lake Chain.







	
Lake

	
Area (km2) [32]

	
Maximum Depth (m) [30,35]

	
Mean Depth (m)

	
LAWA 1996 [30,36]

	
Trophic Reference State [30]






	
FS

	
1.25

	
31.9

	
9.7

	
Mesotrophic

	
Mesotrophic




	
TS

	
0.68

	
62.5

	
18.5

	
Mesotrophic

	
Oligotrophic




	
HS

	
0.39

	
27

	
-

	
Mesotrophic

	
-




	
BS

	
0.57

	
15.0

	
6.4

	
Mesotrophic

	
Mesotrophic











2.3. Rheinsberg Lake Region


The third test area is the Rheinsberg Lake Region, with Stechlinsee as the largest lake (Figure 4). The LAWA trophic state (1998) of Stechlinsee is oligotrophic, which corresponds to the trophic reference state, and the lake has a low phytoplankton biomass [37]. Stechlinsee is known for calcite precipitation [5,6], and there was an extraordinary intensive event in July 2011 [28].


Figure 4. Study area of the Rheinsberg Lake Region on 11 July 1999 (Landsat 7, quasi-true color RGB). All lakes appear dark and are framed with white lines.
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The northern and southern parts of Nehmitzsee have similar chemical and trophic characteristics: the LAWA trophic state in 1997 classify both parts as mesotrophic, which corresponds to the trophic reference state of the lake. Measurements between March and October 2011 showed constant low phytoplankton of ≤0.5 mm3/L biovolume.



The topography, morphology and limnological characteristics of the lakes, if known, are summarized in Table 3.



Table 3. Overview of morphology and limnological characteristics of the lakes in Rheinsberg Lake Region.







	
Lake

	
Area (km2) [32]

	
Maximum Depth (m) [35,37,38,39]

	
Mean Depth (m) [37,38]

	
LAWA 1998 [37,39,40,41]

	
Trophic Reference State [37]






	
Breutzensee

	
0.10

	
3.5

	
-

	
Eutrophic

	
-




	
Dagowsee

	
0.20

	
9.5

	
5.0

	
Eutrophic

	
-




	
Gerlinsee

	
0.06

	
5.5

	
-

	
Mesotrophic

	
-




	
Großer Glietzensee (Ost)

	
0.20

	
13.0

	
-

	
Weakly eutrophic

	
-




	
Großer Krukowsee

	
0.25

	
13.0

	
-

	
Mesotrophic

	
-




	
Kleiner Krukowsee

	
0.08

	
8.5

	
-

	
Mesotrophic

	
-




	
Nehmitzsee (north)

	
1.00

	
18.6

	
6.79

	
Mesotrophic

	
Mesotrophic




	
Nehmitzsee (south)

	
0.64

	
18.6

	
6.79

	
Mesotrophic

	
Mesotrophic




	
Peetschsee

	
0.89

	
21,0

	
-

	
Mesotrophic

	
-




	
Plötzensee

	
0.06

	
9.0

	
-

	
Weakly eutrophic

	
-




	
Großer Glietzensee (West)

	
0.16

	
10.0

	
-

	
Weakly eutrophic

	
-




	
Großer Boberowsee

	
0.18

	
9.5

	
-

	
Eutrophic

	
-




	
Großer Pälitzsee

	
2.49

	
30

	
-

	
Eutrophic

	
Mesotrophic




	
Kleiner Glietzensee

	
0.17

	
4.0

	
-

	
Eutrophic

	
-




	
Menowsee

	
0.35

	
4.5

	
-

	
Mesotrophic

	
-




	
Roofensee

	
0.56

	
19.0

	
-

	
Weakly eutrophic

	
-




	
Stechlinsee

	
4.14

	
68.0

	
22.8

	
Oligotrophic

	
Oligotrophic












3. Materials and Methods


3.1. Satellite Data and In Situ Data Archive


The multi-temporal satellite remote sensing database comprises data from Landsat 5, 7 and 8 and for 2015 also Sentinel-2 data. The database covers a time span from 1998 to 2015. The repeat cycle of the Landsat satellites is 16 days, the one of Sentinel-2 10 days, but cloud coverage reduces the number of suitable satellite images. The Landsat archives cannot provide a continuous temporal coverage. However, during the years 2003 to 2006 and from 2013 on, high temporal coverage is provided due to the temporal overlap of at least 2 satellite missions. Thus, in this study, the number of suitable Landsat acquisitions varies between 2 and 20 data sets per year with time gaps between 1 day and 160 days between the acquisitions.



In Table 4, we list the bandwidths of the satellites Landsat 5, 7, 8, and Sentinel 2. The visible bands are blue, green, and red and the infrared wavelengths are near-infrared (NIR) and shortwave-infrared (SWIR) 1 and 2. The bands do not overlay perfectly and there are variations in the bandwidths between the sensors. With exception of the NIR band, the old sensors have broader bandwidths: for example, the blue bandwidth ranges between 70 nm to 65 nm, the green between 80 nm and 35 nm and the red between 60 nm and 30 nm.



Table 4. Overview of the bandwidth of the satellites Landsat 5, 7, 8, and Sentinel-2.







	
Band Width of Band (nm)




	
Satellite

	
Blue

	
Green

	
Red

	
NIR

	
SWIR 1

	
SWIR 2

	
Reference






	
Landsat 5

	
450–520

	
520–600

	
630–690

	
760–900

	
1550–1750

	
2080–2350

	
[42]




	
Landsat 7

	
450–515

	
525–605

	
630–690

	
775–900

	
1550–1750

	
2090–2350

	
[43]




	
Landsat 8

	
450–515

	
525–600

	
630–680

	
845–885

	
1560–1660

	
2100–2300

	
[43]




	
Sentinel-2

	
458–523

	
543–578

	
650–680

	
785–900

	
1565–1655

	
2100–2280

	
[44]










The Feldberg Lake District region is covered by 200 Landsat images (60 Landsat 5, 115 Landsat 7, 25 Landsat 8; tiles 193023 and 194023) and by two Sentinel-2 images in 2015. The Klocksin Lake Chain and Rheinsberg Lake Region are covered by additional three Landsat images (one Landsat 7 and two Landsat 8 images, all on tile 194023). The data archive is illustrated in Figure 5.


Figure 5. Time series of Landsat acquisitions (1998–2015), sorted by tile (cf. Figure 1) and sensor. “In situ” marks the date of in situ measurements at Feldberg Lake District.
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All the data sets were obtained in the form of orthorectified standard data products to reduce preprocessing efforts. The Landsat images are delivered by U.S. Geological Survey (USGS) as surface reflectance products (including atmospheric correction) [45]. The Sentinel-2 satellite images of region Feldberg Lake District were provided by ESA in processing level L1C [46]. We did the further preprocessing (resampling and atmospheric correction) with sen2cor (version 2.2.1) and Sentinel-2 Toolbox (version 3.0) provided by ESA [47,48]. The spatial resolution of the data sets ranges from 30 m for the Landsat sensors to 10 m for the Sentinel 2 sensors.



As not all lakes are completely cloud-free, the further preprocessing included the cloud and cloud shadow masking. If not noted differently, all processing was implemented and performed in the free software R (version 3.2.2). The clouds and cloud shadow were removed based on the cloud and cloud shadow classifications that are provided with the data. The cloud and cloud shadow masks of Landsat mask generously, thus, at the Feldberg Lake District, we only use the cloud mask with a high confidence and check for cloud shadows manually to keep the density of the time series in accordance to the in situ data. The Sentinel-2 cloud shadow classification fails over lakes, thus, the images have to be checked manually.



Since 1998, there are regular water quality measurements at FH, BL and SL by the Leibniz-Institute of Freshwater Ecology & Inland Fisheries. Besides precipitated CaCO3, Chlorophyll a (chl-a), temperature, pH, alkalinity, and ion concentrations (NO3−, SiO32−, Cl−, SO42−, Na+, K+, Mg2+, and Ca2+) are measured. Based on those parameters, the CaCO3 saturation index (SI) was calculated according to Debye-Hückel [49] using “WinIAP—Software for the Calculation of Ion Activities and Calcite Saturation Index” [50]. The SI shows, depending on the trophic state and the season, if calcite precipitation is possible: the SI threshold for calcite precipitation in oligotrophic lakes is <5 and in mesotrophic lakes between 5 and 15. In eutrophic lakes, SI values of >15 without calcite precipitation are possible [6]. In spring, the thresholds are generally higher than in summer due to the inhibition of calcite precipitation by phosphate [6].



The locations of measurement stations in the lakes are marked in Figure 2. In FH, CaCO3 is always measured in the northern part of the lake (Figure 2, Δ1) as the other parameters before 2011. Since 2011, the other parameters are measured at another location further south (Figure 2, Δ2). All parameters are measured in 0–5 m water depth and multiple measurements versus depth are averaged.



On 68 days there are water quality measurements contemporary to Landsat images, but not at every time all three lakes are sampled. “Contemporary” in this study means that the Landsat images are not acquired more than 3 days before and not more than 5 days after the in situ measurement. These thresholds are set under the assumption that calcite precipitation events appear more suddenly than they vanish.




3.2. Classification of Calcite Precipitation Using Satellite Imagery


The processing chain is of the classification is illustrated in Figure 6.


Figure 6. Flowchart of the processing steps of Landsat surface reflectance data for the monitoring of calcite precipitation. The blue boxes contain input data, the gray boxes illustrate the development of the robust classification and the orange boxes illustrate the classification and validation.
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Input data are the preprocessed Landsat and Sentinel images. We manually digitized regions of interest (ROI) for the extraction of lake spectra. For the three lakes of Feldberg Lake District we choose up to 13 ROI per lakes to avoid gaps due to clouds, cloud shadow and the edge of the tile 194023 to keep the density of the satellite data. Thus, those ROI are unevenly distributed in the lakes. At the other lakes we selected one ROI per lake and the ROI are located in the centers of the lakes. All ROI are selected with distance to islands or shallow water areas, which could influence the reflectance spectra. Depending on the lakes, the ROI are differently sized and shaped.



Based on the ROI we extracted the reflectance values of the satellite images. The reflectance values are evaluated: if the standard deviation in any band is high (>100) or if more than 10% of the ROI consist of not applicable (NA) values, the next ROI is tested or, if no next ROI is available, the reflectance values of the lake are set NA. Then, the extracted reflectance values of each band are averaged to get the mean reflectance spectrum of the lake.



The next step is the calculation and evaluation of the spectral indices based on the extracted mean reflectance. The spectral indices are described in Table 5.



Table 5. Overview of the spectral indices.







	
Index Name

	
Abbreviation

	
Formula

	
Reference






	
Ratio of the reflectance (Ref.) values of band red and green

	
Ratio RG

	
[image: there is no content]

	
[51]




	
Normalized difference water index

	
NDWI

	
[image: there is no content]

	
[52]




	
Modified normalized difference water index

	
MNDWI

	
[image: there is no content]

	
[53]




	
“Area Blue Green Red” as the triangular area in the reflectance values of blue, green and red (using the central wavelength of Landsat 8 for all sensors)

	
Area BGR

	
[image: there is no content]

	
[54]




	
Normalized absorption feature depth of red

	
NAFD

	
[image: there is no content]

	
[55]




	
Ratio of bands of an unknown lake and a dark reference lake e.g., lake SL

	
Ratio RL

	
[image: there is no content]

	
This work










The evaluation of the spectral indices is based on the visual classification of “good quality images” of lake FH: we checked visually the image quality and marked images with a low quality. Reasons for low image quality are large cloud coverage, ice and low incidence angles of the sun in winter. Of the 200 images of Feldberg Lake District 114 have a good image quality. Then, greenish-turquoise colored lakes in a quasi-true color Red Green Blue (RGB) image are classified visually as lakes with calcite precipitation. Finally, each index is separated in two groups, dates with and without calcite precipitation, and the groups are compared.



The validation of the satellite-derived classification results of FH, BL and SL is based on the in situ measured CaCO3 concentrations using confusion matrices. Therefore, the dates with in situ CaCO3 concentrations were classified as “calcite precipitation” and “no calcite precipitation”. Additionally, we validate the results based on a visual classification in quasi-true color images. At Feldberg Lake District the visual classification itself is validated using the in situ CaCO3 concentrations. In the other two lake regions without in situ measurements, the satellite-derived calcite precipitation events are only validated with the visual classification in quasi-true color images. Instead of confusion matrices for every lake, we summarize all results of each region and show each region in one confusion matrix. The confusion matrices compare true results, in this study the grouped in situ measurements or visual classification results, with predicted results, in this study the satellite-derived classification results. True positive (TP) and true negative (TN) are accurate classification results, where predicted and true results are equal. False positive (FP) are dates in which the true results show no calcite precipitation, but the satellite-derived calcite precipitation shows calcite precipitation. It means the classification overestimated the number of calcite precipitation. False negative (FN) are dates in which the true results shows calcite precipitation, but the satellite-derived calcite precipitation shows no calcite precipitation. It means the classification underestimated the number of calcite precipitation. The accuracy is calculated by dividing the sum of TP and TN by the sum of TP, TN, FP and FN.



Relevant for the validation with confusion matrices is the number of Landsat images with contemporary in situ measurements, the threshold for the grouping of the in situ CaCO3 concentrations on dates with “calcite precipitation” and “no calcite precipitation”, and the relation of dates with calcite precipitation to dates without. FH has 46 dates with Landsat images and field measurements and their CaCO3 concentration ranges from 0 to 3.52 mg/L. BL has 48 dates with Landsat images and field measurements. The CaCO3 concentration ranges from 0.05 to 2.96 mg/L. SL has 31 dates with Landsat images and field measurements and their CaCO3 concentration is always low between 0 and 0.47 mg/L. The number of dates with calcite precipitation varies depending on the CaCO3 that is considered as calcite precipitation. A previous study found that without optical tools, calcite precipitation in the open water is only visible during high calcite concentrations with >1 mg/L [3]. Thus, first, we consider all dates with CaCO3 concentration ≥1 mg/L as dates with calcite precipitation. Then, we lower the threshold by 0.1 mg/L steps down to ≥0.5 CaCO3 mg/L, because we suspect a higher sensitivity of the satellite images to calcite precipitation.



As algal blooms are potentially a source for misclassification, we also analyze the lake spectra with high chl-a concentration ≥20 μg/L. The occurrence of considerable algal blooms are related to an chl-a concentration of at least 20 μg/L [56].





4. Results


4.1. In Situ Measurements


The time series of CaCO3 and SI of the three lakes is illustrated in Figure 7. FH had low CaCO3 concentrations of <1 mg/L before 2006, but exceeded 1 mg/L ten times between 2006 and 2015. BL’s CaCO3 concentrations exceeded 1 mg/L twelve times between 1998 and 2015 and SL remained always <0.5 mg/L CaCO3. The SI values of the three lakes range between 0.7 and 13.7 between 2000 and 2015. Based on their SI values and trophic states, in SL and BL calcite precipitation could have occurred during the monitoring period. The trophic state of FH changes during the monitoring period: before 2011 with eutrophic condition no calcite precipitation is possible, after 2011 the SI values indicate possible calcite precipitation events. The chl-a concentration of SL ranges from 1 to 10 μg/L (average: 3 μg/L) and of BL from 1 to 18 μg/L (average: 3 μg/L). FH has high variation in its chl-a concentration: between 1998 and 2002 its chl-a concentration ranges from 4 to 21 μg/L (average: 9 μg/L), then between 2005 and 28 March 2011 it ranges from 5 to 53 μg/L (average: 19 μg/L). After this chl-a maximum, the concentration declines again to 2–17 μg/L (average: 8 μg/L). On twelve dates FH’s chl-a concentration exceeds 20 μg/L and thereof, five dates exceed 30 μg/L (23 March 2005, 19 April 2005, 30 May 2008, 30 March 2009, and 28 March 2011).


Figure 7. Time series (1998 to 2015) of (a) in situ measured CaCO3 concentrations (mg/L); and (b) the calculated CaCO3 saturation index (SI) in FH, BL, SL lakes.
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4.2. Calcite Precipitation Visible in Lake Reflectance


The methodological developments aim at the automated multi-temporal mapping of calcite precipitation based on satellite remote sensing time series data. Thus, the approach needs to be able to identify calcite precipitation occurring at different times during the analyzed time span, whereas the determination of the time of calcite precipitation occurrence depends on the length of the time period between two subsequent images contained in the remote sensing time series database.



Figure 8 compares two quasi-true color Landsat RGB images, one with [28] and the other without calcite precipitation, with photos from contemporary field campaigns. Figure 9 shows a time series of five Landsat RGB images in which BL has different CaCO3 concentrations. The according mean reflectance spectra and the calculation of Area BGR are shown in Figure 10. On 12 July 1999 the CaCO3 concentration of BL was very high with 2.00 mg/L and the lake is opaque turquoise colored. Until 15 September 1999 the CaCO3 concentrations decreased to 0.84 mg/L, but in the Landsat image the color change is still clearly visible. On 11 October 1999 the calcite precipitation diminished and CaCO3 concentration was very low with 0.09 mg/L and BL appears dark again. The only exceptions are lakes with separated lake basins with narrow passages: On 13 September 1999 the northeastern basin of BL is darker than the main basin (Figure 9d).


Figure 8. Two quasi-true color Landsat RGB of Stechlinsee with photos showing the water surface taken from a boat: (a) August 2011, showing the lake with calcite precipitation; and (b) September 2015, with clear water. The photos were taken: (a) two days before; and (b) nine days after the Landsat acquisition.



[image: Water 09 00015 g008]





Figure 9. Quasi-true color RGB Landsat 7 images of the Feldberg Lake District. The extent is the same as in Figure 2. All lakes are framed with lines and the positions of in situ measurements are marked with white triangles. The orange rectangle shows the ROI that was used for the extraction of the reflectance spectra. BL is turquoise colored on 11 July 1999 (a) due to calcite precipitation. In the following, calcite precipitation diminishes from 3 August 1999 to 13 September 1999 (b–d), and on 15 October 1999 (e) BL appears dark again.
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Figure 10. Reflectance spectra of BL with calcite precipitation (11 July 1999), diminishing calcite precipitation (3 August 1999 to 13 September 1999), and without calcite precipitation (15 October 1999). The ROI that has been used for the extraction and calculation of the mean reflectance spectra of BL is marked in Figure 7. The transparent triangles and colored numbers illustrate the “Area BGR”.
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The precipitated CaCO3 particles cause a decrease in Secchi depth and an increase of the reflectance [2,4]. According to Thiemann and Koschel the additive effect of calcite precipitation is uniform in the visible (RGB) and near-infrared wavelength range, so that spectral characteristic like absorption bands and reflection maxima are kept [2]. Figure 10 illustrates the enhanced reflectance values mainly between blue and NIR caused by calcite precipitation. However, the increase varies by wavelength: the green band shows the strongest increase and has the maximum reflectance values. The reference reflectance spectrum without calcite precipitation on 15 October 1999 has low reflectance values with a maximum blue band. Even though the reflectance spectra of calcite precipitation show higher NIR and SWIR reflectance, an analysis above 800 nm is not recommended as the absorption of clear water superimposes the effect of water components [1,2,11,25]. Figure 11 illustrates the variation of lake reflectance spectra with and without calcite precipitation. In the boxplots all mean reflectance spectra of good quality images of BL, SL and FH are combined. With low quality images, the ranges would be even higher. In Figure 11 the mean reflectance values of NIR, SWIR 1, and SWIR 2 do not indicate regular increase of the reflectance, as it could be suspected by the selected reflectance spectra in Figure 10.


Figure 11. Reflectance values in all spectral bands of Breiter Luzin, Schmaler Luzin and Feldberger Haussee of good quality images. All three lakes are visually classified as turquoise (calcite precipitation) or dark (no calcite precipitation).
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There are twelve dates with high chl-a concentration ≥20 μg/L at FH. Of the twelve dates with high chl-a concentration, only two show a green color: on 12 April 2005 FH appears greenish in the quasi-true color RGB Landsat 12 April 2005 and on 1 June 2008 FH appears green bright. However, 1 June 2008 has in addition to its high chl-a concentration a calcite precipitation event with a high CaCO3 concentration of 3.4 mg/L. The two lake spectra of FH with greenish/green color are characterized by a steeper increase from blue to green reflectance and a (small) peak in green. The reflectance values of red and NIR are equally high.




4.3. Best Performing Spectral Indices


The evaluation of the green reflectance and the spatial indices of FH is illustrated in Figure 12. Area BGR has clearly the best distinction between the two cases with a 74% increase from 3rd quantile of “no calcite precipitation” to the 1st quantile of the “yes calcite precipitation” boxplot. The next best is the reflectance of green band with 19% increase. We selected a conservative threshold 13 × 103 as the maximum value of dates without calcite precipitation of Area BGR.


Figure 12. Boxplots of the reflectance of green and the indices of FH of good quality images. The indices are separated into dates with calcite precipitation (“Yes”) and without calcite precipitation (“No”) based on the visual classification of FH. Index “Area BGR” has the best separation of the two classes: the red line marks the conservative threshold 13 × 103 as the maximum value of dates without calcite precipitation.
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The calculation of Ratio RL based on SL failed as soon as no reflectance values of the lake could be extracted, because the area of the lake was masked out in the satellite images due to cloud coverage. It was also not possible to derive a universal reference spectrum, because of the variation of reflectance values of SL. Figure 13 illustrates the variation of the mean spectra of SL, grouped by the satellites. There are large variations within the bands, especially in NIR. Additionally, the reflectance values between the satellites vary: between blue and NIR, Landsat 8 has significantly lower reflectance values than Landsat 5, and the reflectance values of Landsat 7 range between the two other satellites.


Figure 13. Variation of the mean lake spectra of lake SL between 1998 and 2015. The spectra are grouped by the Landsat satellites.
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4.4. Validation of Landsat-Derived Calcite Precipitation


The satellite-derived calcite precipitation of each region was validated using confusion matrices. Table 6 illustrated the number of accurate classification (TP and TF) and misclassified (FN and FP) results at Feldberg Lake District in comparison to in situ measurements of CaCO3 concentration. The classification accuracy depends on the choice of threshold in CaCO3 concentration: the higher the CaCO3 threshold is set, the higher is the number of FP results and the smaller is the number of FN results. The best accuracy of 0.88 has the comparison with the ≥0.7 mg/L CaCO3. In that case, FN is six (three at FH and three at BL) and the number of FP is nine (all at BL). The nine false positive dates have (slightly) increased CaCO3 concentrations between 0.41 and 0.69 mg/L.



Table 6. Confusion matrices of Landsat-derived calcite precipitation with in situ measurements at Feldberg Lake District.







	
CaCO3 Concentration (mg/L)

	
TP

	
TN

	
FN

	
FP

	
Sum

	
Accuracy






	
≥1

	
84

	
21

	
4

	
16

	
125

	
0.84




	
≥0.9

	
82

	
24

	
6

	
13

	
125

	
0.848




	
≥0.8

	
82

	
26

	
6

	
11

	
125

	
0.864




	
≥0.7

	
82

	
28

	
6

	
9

	
125

	
0.88




	
≥0.6

	
78

	
31

	
10

	
6

	
125

	
0.872




	
≥0.5

	
71

	
33

	
17

	
4

	
125

	
0.832










The accuracy of the visual classification is 0.85 using the threshold ≥0.7 mg/L CaCO3: the sum is 124, with 75 TP, 31 TN, three FN and 16 FP results.



Table 7 illustrates the accuracies of Feldberg Lake District, Klocksin Lake Chain and Rheinsberg Lake Region using confusion matrices with visual classifications. The accuracy in the Feldberg Lake District is high with 0.94, but with 28 FN and four FP classification results. The FN results occur at all three lakes (FH: 14, BL: 9, and SL: 5), the FN results only at FH (3) and BL (1). The accuracy in the Klocksin Lake Chain is very high with 0.99, with only two FP (at FS) and two FN classification results (at FS and HS). The accuracy in Rheinsberg Lake Region is also high with 0.97; however, there are 54 false negative results. The FN results are two times at Breutzensee and kleiner Glietzensee, four times at Dagowsee and Großer Boberowsee, six times at Stechlinsee, eight times at Großer Pälitzsee and Roofensee, and 20 times at Menowsee. Even though several calcite precipitation events are missed, the lakes are still classified as lakes with calcite precipitation at other dates during our monitoring period. Extraordinary is the bright green color of Kleiner Glietzensee in March 2014 in the quasi-true color Landsat. Those two dates have been classified as calcite precipitation visually and automatically via Area BGR, but there is no in situ data as evidence available.



Table 7. Confusion matrices of Landsat-derived calcite precipitation with visual classifications at Feldberg Lake District, Klocksin Lake Chain, and Rheinsberg Lake Region.







	
Region

	
TP

	
TN

	
FN

	
FP

	
Sum

	
Accuracy






	
Feldberg Lake District

	
429

	
115

	
28

	
4

	
576

	
0.94




	
Klocksin Lake Chain

	
408

	
29

	
2

	
2

	
441

	
0.99




	
Rheinsberg Lake Region

	
1862

	
52

	
54

	
0

	
1968

	
0.97











4.5. Frequency and Duration of Landsat-Derived Calcite Precipitation


Based on the Landsat classification results, we analyzed the frequency and duration of calcite precipitation. The results for each region are illustrated in Figure 14. A table that lists the classification results of all lakes and dates can be found in the Appendix A (Table A1).


Figure 14. Frequency and duration of Landsat-derived calcite precipitation events at the study areas (1998–2015, cf. Appendix A). Images with calcite precipitation are illustrated as bars. (a) The Feldberg Lake District with FH, BL, and SL; (b) the Klocksin Lake Chain with Flacher See (FS), Tiefer See (TS), and Hofsee (HS); and (c) the Rheinsberg Lake Region with Menowsee (MS), Roofensee (RS), Kleiner Krukowsee (KK), Kleiner Glietzensee (KG), Dagowsee (DS), Stechlinsee (SS), Großer Boberowsee (GB), Breutzensee (BS) and Großer Paelitzersee (GP). When more than one lake shows calcite precipitation at the same date, the bars of the lakes are stacked.
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Table A1. Calcite precipitation based on the Landsat time series (1998–2015) using the threshold of the area BGR. Lakes with calcite precipitation events are marked with “1” and highlighted in gray. Dark lakes without calcite precipitation are marked with “0”. Blank cells are the dates without data.







	
Year

	
Date

	
Feldberger Haussee

	
Breiter Luzin

	
Schmaler Luzin

	
Bergsee

	
Hofsee

	
Tiefer See

	
Flacher See

	
Peetschsee

	
Dagowsee

	
Stechlinsee

	
Kleiner Glietzensee

	
Großer Glietzensee (Ost)

	
Großer Glietzensee (West)

	
Großer Boberowsee

	
Großer Krukowsee

	
Kleiner Krukowsee

	
Nehmitzsee South

	
Plötzensee

	
Breutzensee

	
Gerlinsee

	
Roofensee

	
Großer Pälitzsee

	
Nehmitzsee north

	
Menowsee






	
1998

	
26-March-1998

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
13-May-1998

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
20-May-1998

	
0

	
1

	
0

	

	

	

	

	
0

	
0

	

	

	

	

	

	
0

	

	
0

	
0

	

	

	

	

	

	




	
29-May-1998

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
05-June-1998

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
21-June-1998

	
0

	
1

	
0

	

	

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1




	
02-September-1998

	
0

	
0

	
0

	
0

	

	
0

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
1999

	
11-July-1999

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0




	
03-August-1999

	
0

	
1

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
1

	
0

	
0

	
0




	
04-September-1999

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0




	
13-September-1999

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
1




	
29-September-1999

	
0

	
0

	
0

	

	

	

	

	

	

	

	

	
0

	

	
0

	

	

	

	

	

	

	

	

	

	




	
15-October-1999

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
2000

	
19-January-2000

	
0

	
0

	
0

	
0

	
0

	
0

	

	

	

	
0

	

	

	
0

	

	

	

	
0

	

	

	

	

	

	
0

	




	
27-February-2000

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	

	
0




	
24-April-2000

	
0

	
0

	
0

	

	

	

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
17-May-2000

	
0

	

	

	
0

	
0

	
0

	
0

	

	
0

	

	

	
0

	
0

	

	

	

	
0

	
0

	
0

	
0

	
0

	

	
0

	




	
02-June-2000

	
0

	
1

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	

	

	

	

	

	
0

	
0

	
0

	

	

	

	

	




	
14-August-2000

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0




	
22-September-2000

	
0

	

	

	
0

	

	

	

	

	
0

	
0

	

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0




	
01-October-2000

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0




	
02-November-2000

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0




	
2001

	
13-May-2001

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	

	

	

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	

	

	




	
20-October-2001

	
0

	
0

	
0

	

	
0

	

	

	
0

	

	

	

	
0

	
0

	
0

	
0

	
0

	

	

	

	

	
0

	
0

	
0

	
0




	
2002

	
29-March-2002

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
05-April-2002

	
0

	

	
0

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
0

	

	

	

	




	
21-April-2002

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
01-June-2002

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	

	
0

	
0

	

	

	

	

	
0

	
0

	

	

	

	

	

	

	

	




	
20-August-2002

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0




	
2003

	
23-March-2003

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
17-April-2003

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
28-June-2003

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
14-July-2003

	
0

	
1

	
0

	

	

	

	
0

	

	

	

	

	

	

	

	

	

	

	

	
0

	
0

	
1

	

	
0

	
0




	
30-July-2003

	
1

	
1

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1




	
06-August-2003

	
0

	
1

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	

	
0

	

	
0

	
0

	
0

	

	
0

	
0

	

	
0

	
1

	
1

	
0

	




	
07-August-2003

	
0

	
1

	
0

	

	

	

	

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	

	
0

	
0

	
0

	
1

	
1

	
0

	
1




	
31-August-2003

	
0

	
0

	
0

	

	

	

	

	
0

	
0

	
0

	

	

	

	

	

	

	
0

	
0

	
0

	

	

	

	

	




	
07-September-2003

	
0

	
0

	
0

	

	

	

	

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	

	
0

	

	

	

	

	

	

	

	
0




	
16-September-2003

	
0

	
0

	
0

	
0

	

	

	

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
02-October-2003

	
0

	
0

	
0

	
0

	
0

	

	
0

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
17-October-2003

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	

	

	

	
0

	

	
0

	
0

	

	
0

	
0

	
0

	

	
0

	




	
18-October-2003

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
2004

	
18-April-2004

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
29-May-2004

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
23-July-2004

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
31-July-2004

	
0

	
1

	
0

	

	

	

	
0

	

	

	

	

	
0

	
0

	

	

	

	

	

	

	

	

	

	

	
0




	
01-August-2004

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
09-August-2004

	
0

	
0

	
0

	

	

	
0

	

	
0

	
0

	
0

	

	

	

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
1

	
0

	
1




	
10-September-2004

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	

	

	

	
0

	

	
0

	
0

	

	
0

	
0

	

	
0

	
0

	




	
11-October-2004

	
0

	
0

	
0

	
0

	
0

	

	
0

	

	
0

	

	
0

	
0

	
0

	
0

	
0

	

	
0

	

	
0

	

	

	

	

	
0




	
2005

	
21-March-2005

	
0

	
0

	
0

	
0

	
0

	

	

	
0

	

	
0

	
0

	

	

	
0

	

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	




	
28- March -2005

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	

	

	

	

	
0

	
0

	
0

	
0

	

	
0

	
0

	

	

	
0

	
0




	
21-April-2005

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
16-May-2005

	
0

	
0

	
0

	

	

	

	

	

	

	

	

	

	
0

	

	

	

	

	

	

	
0

	

	

	
0

	




	
09-June-2005

	
0

	
1

	
0

	

	

	

	
0

	

	

	
0

	

	
0

	
0

	
0

	

	
0

	
0

	
0

	

	

	

	
0

	

	
0




	
16-June-2005

	
0

	
1

	
0

	

	

	

	

	
0

	

	

	

	

	

	

	

	
0

	

	

	

	
0

	

	

	

	




	
24-June-2005

	
0

	
1

	
0

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
0

	

	

	




	
25-June-2005

	
0

	
1

	
0

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
03-July-2005

	
0

	
1

	
0

	

	

	

	

	

	

	

	
0

	
0

	
0

	
0

	

	

	

	

	

	

	

	

	

	




	
10-July-2005

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0




	
11-July-2005

	
0

	
1

	
0

	

	

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	

	

	
0

	
0

	
0

	

	

	
0

	




	
04-August-2005

	
1

	
1

	
0

	

	

	

	

	
0

	

	

	

	

	

	
0

	

	
0

	

	
0

	

	
0

	
0

	
0

	
0

	
0




	
20-August-2005

	
1

	
1

	
0

	
0

	
0

	
1

	
0

	

	
0

	

	

	

	

	

	
0

	

	
0

	
0

	
0

	
0

	

	

	
0

	




	
05-September-2005

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
1




	
06-October-2005

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	

	

	

	

	

	
0

	

	
0

	
0

	
0

	

	

	
0

	

	

	




	
07-October-2005

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
14-October-2005

	
0

	
0

	
0

	

	

	

	

	

	

	
0

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
15-October-2005

	
0

	
0

	
0

	

	

	

	
0

	
0

	
0

	
0

	

	
0

	
0

	

	
0

	

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
30-October-2005

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0




	
31-October-2005

	
0

	
0

	
0

	

	
0

	

	
0

	

	

	
0

	

	

	
0

	
0

	

	
0

	
0

	
0

	
0

	

	
0

	
0

	

	




	
2006

	
17-April-2006

	
0

	
0

	
0

	

	

	

	

	

	

	

	

	

	

	

	

	

	
0

	
0

	
0

	
0

	

	

	
0

	




	
03-May-2006

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
10-May-2006

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
11-June-2006

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
12-June-2006

	
0

	
1

	
0

	

	

	

	
0

	

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	

	
0

	
0

	
0

	

	
0

	
0

	
0




	
06-July-2006

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
13-July-2006

	
1

	
1

	
0

	

	
0

	
1

	

	

	
0

	
0

	

	

	

	

	

	

	
0

	
0

	
0

	
0

	
0

	

	
0

	




	
21-July-2006

	
1

	
1

	
0

	

	
0

	

	

	

	

	

	
0

	

	
0

	
0

	

	

	
0

	
0

	

	

	
1

	

	

	




	
22-July-2006

	
1

	
1

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
0
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4.5.1. Feldberg Lake District


In all lakes in Feldberg Lake District calcite precipitation events are detected (Figure 14a). All events occur between May and end of September. In FH regular calcite precipitation first occurred in 2005. Between 2005 and 2010 FH had regular calcite precipitation events. In 2011 no calcite precipitation occurred, but in the following three years regular calcite precipitation reoccurred. In 2015, there was only a single calcite precipitation event. BL has calcite precipitation every year except in 2001, but this year only had two Landsat acquisitions on 13 May 2001 and 20 October 2001. At SL one event was detected on the Landsat image on 13 August 2014.



For the calculation of durations, we excluded events which are only detected in one Landsat image, so called “single events”. The maximum duration at FH is then 32 days, with an average duration of 24 days (standard deviation: 11 days). The maximum duration at BL is then 96 days, with an average duration of 57 days (standard deviation: 26 days). An example for a single event is FH in 2013: calcite precipitation was classified on 30 July 2003, but the acquisitions 16 days earlier and 16 days later both show a dark lake without calcite precipitation. This Landsat-derived classification results is equal to the visual classification. Generally, FH and BL show “start–stop–new–start–stop” temporal pattern: Acquisitions with Landsat-derived calcite precipitation are interrupted by acquisition without calcite precipitation, in 2013 in FH, and 2014 for both lakes. However, the visual classification differs from the Landsat-derived “start–stop–new–start–stop” at FH in 2014: The two of the five dates at FH between 4 July 2014 and 13 August 2014 that are classified as dates without calcite precipitation are classified visually as calcite precipitation and as bad quality images.




4.5.2. Klocksin Lake Chain


In three of the four lakes of the Klocksin Lake Chain, calcite precipitation events are detected (Figure 14b). At BS no calcite precipitation events were derived from the Landsat-images in the monitoring period. At HS one event was classified on 7 August 2015.



For FS calcite precipitation events are detected on individual Landsat images in 1999, 2003, 2007 and 2014. In 2013 there are three consecutive Landsat-derived events on 8 July 2013, 9 July 2013, and 48 days later, on 26 August 2013. TS shows the most frequent calcite precipitation events (in 11 of the 18 monitored years), whereas sediment analyses show either one or two thinner calcite layers every year. The selection of events in at least two consecutive acquisitions leaves seven years with long-lasting calcite precipitation events: the maximum duration is 56 days, the average is 31 days (standard deviation: 17 days).




4.5.3. Rheinsberg Lake Region


In nine of the 17 lakes in Rheinsberg Lake Region calcite precipitation is derived from Landsat images (Figure 14c). The lakes without calcite precipitation are Peetschsee, Großer Glietzensee (Ost), Großer Glietzensee (West), Großer Krukowsee, Nehmitzsee (north and south), Plötzensee, and Gerlinsee. In each one image Großer Boberowsee and Kleiner Krukowsee are classified as lakes with calcite precipitaion. Breutzensee, Dagowsee, and Stechlinsee have each two acquisitions that show calcite precipitation events. Only Kleiner Glietzensee, Roofensee, Menowsee, and Großer Pälitzsee show frequent calcite precipitation events on six to 18 dates. However, because of the high number of FN results, we renounced the calculation of durations. Extraordinary are two calcite precipitation events classifications in March at Kleiner Glietzensee (13 March 2014 and 30 March 2014).





4.6. Sentinel-2-Derived Calcite Precipitation in the Feldberg Lake District


Finally, we tested the Area BGR classification approach on a Sentinel-2 data set. Figure 15 illustrates the two existing Sentinel-2 images in 2015 and the contemporary Landsat images, together with their lake reflectance spectra.


Figure 15. Comparison of two contemporary acquired quasi-true color RGB Landsat 8 and Sentinel-2 images of Feldberg Lake District (left and middle) and their according mean spectra (right side). In (a), the Landsat image was acquired on 3 August 2015; and the Sentinel image on 7 August 2015, in (b) both images are acquired on 23 August 2015. The orange rectangles in FH, BL and SL illustrate the ROI for the extraction of the mean reflectance spectra. Landsat spectra are illustrated as solid lines, Sentinel spectra as dotted lines.
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On 7 August 2015 BH has calcite precipitation, on 23 August 2015 BL and FH. The lakes with calcite precipitation are in the Sentinel-2 images also characterized by a higher reflectance in comparison to the dark lakes without calcite precipitation. On both dates the Sentinel-2 images have lower reflectance values in the visible and NIR wavelength range than Landsat 8. The deviation is largest in the NIR band.



The classification of the Sentinel-2 images via threshold 13 × 103 of Area BGR shows the following results: On 3 August 2015, BL is classified as calcite precipitation with an Area BGR of 22.8 × 103. FH (Area BGR: 7.0 × 103) and SL (5.5 × 103) are classified as lake without calcite precipitation. On 23 August 2015, BL (27.8 × 103) and FH (18.4 × 103) are classified as calcite precipitation, whereas SL (8 × 103) is classified as lake without calcite precipitation. The classification results of the Sentinel-2-derived classifications are equal to the Landsat-derived classification results and the confusion matrices of the Sentinel-2-derived classifications with the Landsat-derived classification and with the visual classification show a perfect accuracy of 1.00.





5. Discussion


5.1. Visibility of Calcite Precipitation in Multi-Spectral Satellite Imagery (Landsat and Sentinel-2)


The atmospheric correction is the most complex and error-prone processing step in water remote sensing as atmospheric correction models try to remove a large noise (atmosphere) from the small signal of water. However, in time series analysis atmospheric correction is essential for the comparison of different dates and sensors. In this study, we use the Landsat archive (Landsat 5, 7 and 8) and Sentinel-2 imagery, but the focus is the fast and easy applicability of satellite images for the monitoring of calcite precipitation. Thus, we ordered the satellite images in their highest processing level, including atmospheric correction, or used the state-of-the-art processor (e.g., sen2cor for the atmospheric correction) recommended by the provider of the satellite data. However, the models for the atmospheric correction differ for the different sensors and cause significant variation in the lake spectra (cf. Figure 13).



Despite the significant variation in the lake spectra, calcite precipitation events are clearly visible in multispectral Landsat and Sentinel-2 images. Whereas lakes without calcite precipitation appear black in quasi-true color RGB images, high CaCO3 concentrations cause an additive effect to the spectra, especially in the green band, resulting in a turquoise color. In addition to calcite precipitation, the lake spectra can be influenced by other suspended minerals, yellow substances (“Gelbstoff”), and phytoplankton (chl-a concentration).



Other suspended mineral particles can increase the reflectance similar to calcite precipitation, but sediment entry is negligible in this study area because of dense vegetation cover, low topography and slow flow velocities that cannot carry sediments [2]. In other study areas, however, sediment entry might distort the monitoring of calcite precipitation. Another possible source of error are shallow water areas where the lake bottom can be seen or where wind can resuspend sediments that cause high particle concentrations in the open water [2]. Thus, the lake spectra for the analysis are extracted in deep areas of the lakes to avoid misclassifications.



Yellow substances (“Gelbstoff”) in the water absorb in ultraviolet and blue [2,10,11], however, as colored dissolved organic matter (CDOM) was not measured in situ, we cannot estimate its influence on our lake spectra.



Whereas lakes with calcite precipitation are mostly turquoise, on some dates, the lake color appears more greenish than turquoise or is even bright green color (e.g., FH on 1 June 2008). Those green colors can be explained by (a mixture of calcite precipitation and) high chl-a concentrations: Phytoplankton scatters diffusely within the algal biomass (additive effect to the spectra), but also absorbs in blue and red [10,56,57]. Lake spectra with high chl-a are characterized by an peak around 700 nm (red edge) [56]. This peak cannot be detected using Landsat imagery because of the missing red-edge band of the Landsat sensors [42,43]. The new Sentinel-2 mission has a red-edge band and first tests with Sentinel-2 images showed its potential for the estimation of chl-a [58]. Thus, we expect that Sentinel-2 will be used in future for additional distinction between calcite precipitation and algal blooms. Even though in this study, the limited amount of Sentinel-2 data and a lack of contemporary in situ measurements hindered a further analysis.



Thus, in this study calcite precipitation and phytoplankton blooms cannot be distinguished clearly. The potential risk of misclassification in the lakes in Feldberg Lake District or Klocksin Lake Chain is very low because the lakes are mostly mesotrophic and considerable algal blooms are most likely in eutrophic lakes with chl-a concentration above 20 μg/L [56]). In Rheinsberg Lake Region, several lakes are eutrophic and, whereas calcite precipitation events also occur in eutrophic lakes (cf. Feldberger Haussee), occasional misclassifications of algal blooms cannot be excluded (e.g., March 2014 at Kleiner Glietzensee).




5.2. Classification and Validation of Calcite Precipitation Using Multi-Spectral Satellite Imagery


Even though previous studies highlighted the patchiness of calcite precipitation in large lakes (area >20 km2) [1,2,25], the lake colors in our study area are homogeneous (cf. Figure 2 and Figure 9) as the smaller size of the lakes in northeastern Germany supports mixing processes. The only exceptions are different lake colors in separated basins of lakes (cf. BL in Figure 9d and Figure 15). Some heterogeneity within the water bodies is smoothed out by the 30-m resolution of Landsat, but there are also artifacts from the atmospheric correction of Landsat 8 images that cause some variation [59]. Thus, in this study, a classification based on mean lake spectra was chosen to minimize the variation of the lake spectra. In other regions with higher heterogeneity classifications on pixel level might be preferable.



Thiemann and Koschel proposed a classification of calcite concentration based on 800 nm in hyperspectral images and considered more than 3% reflectance at 800 nm as calcite precipitation [2]. Although Landsat images do not have an 800 nm band, red is on average 655 nm and NIR is at 865 nm and a comparison with the spectra of BL (Figure 10) shows that only the strongest calcite precipitation on 11 July 1999 meets their criteria for calcite precipitation. At the other dates the reflectance of red and NIR are below 3% reflectance, even though in situ measurements showed increased CaCO3 concentrations. Therefore, we tested several spectral indices for the classification of calcite precipitation. Best results were achieved with a classification based on the triangular area between the blue, green and red band in the spectra, the “Area BGR”. If the Area BGR value is ≥13 × 103, the lake is classified as lake with calcite precipitation. This threshold is suitable for Landsat imagery and Sentinel-2 despite their differences in bandwidth and atmospheric correction.



Before this study, it was unknown which calcite concentrations were detectable from space. Thus, we compared our Landsat-derived classifications with different in situ CaCO3 concentrations. Without optical aid a previous study suggested the limit for the visual detection of calcite precipitation is 1 mg/L [3]. Our classification approach was able to detect CaCO3 concentrations ≥0.7 mg/L with an accuracy of 0.88. A higher threshold in the CaCO3 concentration increases the number of FP classification results, whereas a lower CaCO3 concentration increases the number of missed calcite precipitation events (=FN). The accuracy of the automatic classification is hereby also slightly better than the accuracy of the according visual classification of the quasi-true color RGB Landsat images (0.85).



The accuracy of the Landsat-derived classifications is decreased by FN and FP results: Here, FN results can be explained by the conservative threshold that is optimized for the correct classification of lakes without calcite precipitation: Thus, dates with only a slight color change are missed by the threshold. However, the six missed calcite precipitation events all have CaCO3 concentrations between 0.95 and 1.65 mg/L which should have resulted in a visible color change. The visual classification of those dates confirms that four of the six dates indeed showed no or only a slight color change. The other two images have image quality problems and biased lake reflectance spectra because of cloud coverage. The lack in color change despite calcite precipitation might be explained by the heterogeneity of CaCO3 concentrations within the lake or by time gaps of one day between in situ measurement and Landsat images. Thiemann and Koschel already noted the varying CaCO3 concentrations within lakes in northeastern Germany and the possible problems for validation [2]. Despite careful work, measurement and transmission errors cannot be excluded for certain.



The nine FP classifications are related to already increased calcite concentrations between 0.41 and 0.69 mg/L and resulting in a turquoise color of the lakes. This applies specifically in the visual classification because of the high sensitivity of the human eye and thus a more sensitive visual classification. Because of the time gaps between in situ measurements and Landsat acquisition, it could also be that the concentration during the Landsat acquisition has already increased. An additional validation of single dates using the SI failed because of: (a) its short term changes as soon as crystallization of CaCO3 starts; and (b) its limitations in case of bio-induced calcite precipitation [17,18] as the occurrence of crystal nucleus, e.g., in form of bacteria [59,60], is equally important for calcite precipitation. Considering its SI FH has before 2011 not the potential for calcite precipitation, but in situ CaCO3 measurements and the analysis of Landsat show clear calcite precipitation, whereas SL has high SI values since 2000 and therefore the potential for calcite precipitation, but still calcite precipitation events are very rare.



After the calibration and validation at Feldberg Lake District, the classificaion approach was applied in two other regions without in situ measurements. Here, the validation is based on visual classifications of the lakes. The accuracies are very high (0.99 and 0.97), but whereas Feldberg Lake District has a ratio of calcite precipitation events to normal lake conditions of 1:4, the ratio at Klocksin Lake Chain is already 1:14 and in Rheinsberg Lake Region even higher with 1:36. Thus, the accuracy is biased and in relation to the number of calcite precipitation events, the number of missed calcite precipitations (FN) is high in Rheinsberg Lake Region. The FN results can here also be explained by the conservative classification threshold in combination with the high sensitivity of the human eye and thus a more sensitive visual classification.



The accuracy based on the visual classification at Feldberg Lake District is 0.94. The lower accuracy at Feldberg Lake District in comparison to the other regions is caused by the less strict cloud removal. Especially, haze and missed cloud pixels hinder the accurate classification (FN results).



Whereas FN and FP classification results (e.g., FN results at lake Menowsee) distort the analysis of frequencies and durations, they do not affect the determination of the total area of lakes with calcite precipitation in this study. In comparison to the visual classification, FP are very rare, whereas all FN results occur at lakes that are, at other times, classified as lakes with calcite precipitation.



Overall, calcite precipitation events are detected in 15 of 24 lakes in the study areas and the total lake area of lakes with calcite precipitation is approximately 17 km2. Thus, our study supports that calcite precipitation is a common phenomenon in the hardwater lakes, but it also emphasized that the durations and frequencies strongly vary so that each lake must be monitored individually.




5.3. Time Series: Frequency and Duration of Calcite Precipitation


Remote sensing data and especially, the large Landsat image archive, enable a long-term monitoring of large areas. However, for an accurate monitoring of the duration and frequency of calcite precipitation, a high acquisition density is required. The Landsat archives cannot provide a continuous temporal coverage, due to their limited repetition rate of 16 days and acquisition gaps by cloud coverage.



Whereas in some years with overlapping satellite missions the number of acquisitions is high, other years have only very few acquisitions, e.g., 2001 (cf. Figure 5). Since 2012, Landsat 7 and Landsat 8 are operating together providing a doubled repetition rate of eight days. However, cloud coverage still reduces the coverage significantly. For example, in 2012 the monitoring of the lakes in the Klocksin Lake Chain is only very irregular, because of the removal of cloud and cloud shadow (cf. Table A1). Thus, for a regular monitoring of calcite precipitation at selected lakes a less strict cloud and cloud shadow removal should be considered, even if this comes along with a higher number of misclassification because of cloud and haze (cf. classification accuracy of Feldberg Lake District). Earth observation with the Sentinel-2 satellite(s) will further increase the data density with its higher time resolution and repetition rate of 10 days. However, so far, only two Sentinel-2a images cover the study area, so that the full potential of Sentinel-2 could not yet be studied.



Calcite precipitation is known to be a spatial and temporal very variable process and it is linked to different factors, e.g., trophic state and occurrences of bacteria of the lakes. This causes changing calcite precipitation patterns in time and different calcite precipitation patterns even for adjacent lakes, e.g., in the Feldberg Lake District: even though SL was known for calcite precipitation before 1998, there were no calcite precipitation detected with in situ measurements after the lake restoration in 1996/1997. Whereas the in situ measurements between 1998 and 2015 show CaCO3 concentrations <0.5 mg/L, the Landsat classification shows a clear calcite precipitation event on 13 August 2014 and misses further five visually classified calcite precipitation events. At FH, no calcite precipitation occurred before 2003. This fits to the in situ measurements: The long-term record (1985–2015) of mean seasonal (May–September) CaCO3 concentration of FH indicates low values of <0.5 mg/L until 2005. Afterwards a substantial increase was observed. However, the reasons are not entirely clear. Koschel et al. (1983) have concluded that calcite precipitation might be most intensive in mesotrophic lakes [60]. By 2005 the seasonal (May–September) total phosphorus concentration of the mixed layer had dropped to 0.046 mg/L which is still in the eutrophic range but relatively close to mesotrophic conditions [61]. In 2011, when a second restoration measure has been carried out, calcite precipitation did not occur, while in 2012 a few calcite precipitation events and in 2013 several calcite precipitation events have been observed at FH. In 2014, the duration and frequency of calcite precipitation events is reduced again and in 2015 only one event has been observed. These variations can be explained by the complex process with competing inhibiting factors and supporting factors for calcite precipitation. During eutrophication phases, excess phosphorus has an inhibiting effect on calcite precipitation [12] so that artificial removal of phosphorous through poly-aluminum chloride might increase calcite precipitation. A follow-up monitoring will show if the restoration measures at FH have the same result (absence of calcite precipitation) as the restoration measures at SL.



The three lakes with the most calcite precipitation events are FH, BL, and TS. Their average durations are 24, 57, and 31 days (overall average: 37 day), but all three lakes show start–stop–start–stop patterns. However, the comparison of those patterns with the visual classifications reveals that most of those short-term variations are caused by misclassifications (e.g., FN results at FH between 4 July 2014 and 13 August 2014). Visually validated start–stop–start patterns, e.g., at FH between 24 July 2013 and 26 August 2013, substantiates the results of previous studies that showed calcite precipitation with lower calcite concentrations before and after the main event and non-steady, periodic variations [5].



Whereas the validation in Section 5.2 discusses the quality of the Landsat-derived calcite precipitation monitoring, it is still unknown, how many calcite precipitation events are missed in times without suitable satellite images or in situ measurements. Therefore, we included sediment analyses at TS to discuss the detection rate of calcite precipitation via remote sensing: The Landsat-derived monitoring at lakes in the Klocksin Lake Chain shows calcite precipitation events at TS at 11 of 18 years, whereas sediment analyses show calcite layers every year. A running monitoring study at TS using sediment traps shows high calcite deposition between May and September. The years 2001, 2007, 2010, and 2012 have only one or two Landsat acquisitions during May and September, thus calcite precipitation events were most likely missed. The years 1998, 2004, and 2011 have four, five, and nine acquisitions. However, the acquisitions are not equally distributed with maximum gaps of 55 days (2004 and 2011) to 89 days (1998) days between the acquisitions and thus, still calcite events could have happened in times without Landsat acquisitions. Especially, as the sediment layers in all of the missed years are extraordinary thin [33], which indicates either short-term or weak calcite precipitation events.



At region Rheinsberg Lake Region, eight of the 17 lakes show at least one calcite precipitation event, but the frequency of events is probably higher than our analyses shows, because the validation based on a visual classification reveals approximately as many calcite precipitation events as FN classifications. On the other hand, five lakes are eutrophic, thus, algal bloom may also occur, either contemporary to high CaCO3 concentrations or independent of calcite precipitation. In this region the calcite precipitation on 20 August 2011 at the oligotrophic Stechlinsee has to be highlighted. This calcite precipitation is caused by storm “Otto” in July 2011, which caused the mixing of cyanobacteria populations from 7 m to 8 m depth into the surface water [28]. The resulting increase of the photosynthesis activity caused an increase of the CaCO3 saturation index and lead to intensive calcite precipitation, still clearly visible in the Landsat image on 20 August 2011.





6. Conclusions


In this study, we tested the potential of the Landsat archive and Sentinel-2 for the classification and monitoring of calcite precipitation in lakes. Calcite precipitation due to increased CaCO3 concentrations cause an additive effect to the lake reflectance spectra, especially in the green band, resulting in quasi-true color RGB images in a turquoise color. Thus, we classify calcite precipitation events in lakes based on the calculation of the triangular area between blue, green and red in the mean lake spectra (Area BGR). We chose a conservative threshold, based on the comparison of visually turquoise and dark lake values of one lake (FH) for which a long-term in situ data archive of CaCO3 concentrations is available. Overall, our study area covers 24 lakes. The classification results of FH, BL, and SL are validated with in situ measurements of calcite precipitation, for TS with sediment core data. We detected calcite precipitation with CaCO3 concentrations ≥0.7 mg/L in the Feldberg Lake district with a good accuracy of 0.88. Our classification is here better than expected; a previous study suggested a limit of >1 mg/L.



The analysis of the false classified events showed that at some dates the lakes do not show a change of color even though the contemporary CaCO3 concentration is high (FN classifications), whereas other dates with only slightly increased CaCO3 values have a change of color (FP classifications). Important to consider is the time gap between in situ measurement and Landsat acquisition as well as a possible heterogeneous distribution of CaCO3 in the lake.



In a next step, we tested the monitoring approach on 21 other lakes in the regions Klocksin Lake Chain and Rheinsberg Lake Region and validated the classification results based on a visual inspection of the Landsat data. Whereas FN results are relatively frequent in comparison to the number of detection calcite precipitation events, the overall accuracy in these two regions is still >0.97.



Our study shows that 15 of the 24 lakes covering a total area of approximately 17 km2 have at least one calcite precipitation event in the observation period. The frequency of calcite precipitation events varies between one detection and regular detections nearly every year. The durations of calcite precipitation events also vary between the lakes, but are for the lakes with regular calcite precipitation (FH, BL, and TS) in average 37 days. The time series for Feldberg Lake District is denser than the one of Klocksin Lake Chain and Rheinsberg Lake Region, but has also a higher risk of misclassifications due to haze and remaining cloud pixels. However, still the effect of lake trophy restoration measures on calcite precipitation can be shown at SL and FH.



The high number of missed calcite precipitation events (=FN results), together with gaps in Landsat time series (e.g., 2001), reduces the accuracy of frequency and duration monitoring. For example, the comparison with sediment data at TS shows that calcite precipitation events have been missed in some years due to low image density in the critical time periods (May to September). In future the image density will increase by acquisitions of Sentinel-2a and coming Sentinel-2b. We tested the application of Area BGR classification method to Sentinel-2 and even although the sensors and the atmospheric correction differ, the classification approach is transferable. Another great potential of Sentinel-2 comes with its red-edge band: We expect that Sentinel-2 can also be used in future for the distinction between algal blooms and calcite precipitation.



Our results emphasized the variety of the lakes and the need to monitor each lake individually. This is due to the complex processes of calcite precipitation, which are influenced by a number of factors including lake trophic state, algae composition and activity, human measures and climate. Using the large Landsat archive and Sentinel-2 imagery, we now can provide an algorithm for monitoring calcite precipitation in lakes in the entire Northeast German Plain. This is an essential prerequisite, in combination with geochemical analyzes, to investigate the role of permanent CO2 storage in form of calcite in this region.
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