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Abstract: A method is illustrated for quantifying algal bloom concentrations, in particular1

fresh water cyanobacteria, with hyperspectral data. The method uses the hyperspectral data2

and spectral shape matching to the absorption features for chlorophyll and phycocyanin. The3

method is first developed for algal blooms in Dexter Reservoir, east of Eugene, Oregon,4

where hyperspectral imagery from HICO (93m) during 2012-2013, and full resolution5

(300m) multispectral imagery from MERIS during 2011, are used to monitor microbiologic6

dynamics. MERIS images provide sufficient resolution to track bloom temporal dynamics,7

and HICO images provide additional spectral and spatial details to address specific water8

quality issues, such as the presence and location of cynanobacterial blooms in the reservoir.9

HICO data is calibrated using in situ data, and a method is developed to quantify algal10

blooms, and in particular cyanobacterial blooms, with hyperspectral data. Initial results11

from two other sites, Cheney Reservoir in Kansas, and Lake Houston in Texas, are also12

presented. These examples demonstrate the unique capabilities of optical hyperspectral13

sensors for monitoring algal booms in lakes and reservoirs.14

Keywords: hyperspectral; fresh water; monitoring15
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1. Introduction16

Ocean color remote sensing satellites can provide valuable information about the quality of fresh17

water lakes and reservoirs. The detailed spectral information provided by hyperspectral sensors provide a18

finer look at color agents and pigments, such as those produced in Cyanobacterial Harmful Algal Blooms19

(CHABs). However, the potential and limits (spatially and spectrally) of current and future sensors is20

still being evaluated. To gauge their potential, we are using information from the Hyperspectral Imager21

of the Coastal Ocean (HICO) to assess water quality at a few example sites near cities and towns which22

are subject to regular algal blooms [1].23

Recent work in fresh water remote sensing has often focused on the detection of chlorophyll24

concentration and algal blooms using multispectral sensors. For instance, Binding et. al. demonstrated25

the use of the MERIS Maximum Chlorophyll Index (MCI) for monitoring the Lake of the Woods26

[2]. Another recent study by El-Alem et. al. found good correlations between in situ chlorophyll-a27

concentrations and satellite imagery from lakes in the Southern Province of Quebec, Canada. [3]28

Algorithms for detecting cyanobacteria, often with multispectral sensors, are described in a number29

of recent publications [4–13]. A comprehensive overview and evaluation of the potential of remote30

sensing for monitoring fresh water sources is provided by Dekker and Hestir in a report by the Australia’s31

national science agency [14]. US national agencies such as NOAA, NASA, and the EPA are also active32

in studying the use of remote sensing for fresh water sources [15][16]. However, to date the complexity33

and diversity of fresh water sources has stymied the implementation of ‘operational’ fresh water remote34

sensing products, such as those provided by NASA and NOAA for open ocean waters [17].35

In this paper we illustrate a method that uses hyperspectral optical remote sensing data to detect36

pigments such as Chlorophyll-a and Phycocyanin. We believe hyperspectral data can aid in untangling37

confounding variables, such as sediments and additional color agents, in attempts to use remote sensing38

to evaluate fresh water quality. The hyperspectal method described in this paper starts by first estimating39

the Intrinsic Optical Properties (IOPs) using an extension of the Quasi-Analytical Algorithm (QAA) for40

fresh water bodies laden with cyanobacteria recently described by Mishira et. al., who also provide41

a nice overview of previous (mainly multispectral) retrieval methods for correlating cyanobacterial42

concentrations to optical remote sensing data [18]. We then use the estimated hyperspectral absorption43

spectra to identify absorption peaks using a Gaussian fitting procedure typical of laboratory assays.44

Unlike multispectral methods, hyperspectral data can precisely estimate the absorption maxima of a45

target pigment.46

Our study is initially focused on Dexter Reservoir near Eugene, Oregon, which regularly has47

cyanobacterial blooms in the summer. The booms are a major concern because they are commonly48

associated with toxins and unpleasant taste-and-oder compounds, which are not associated with other49

phytoplankton. This study demonstrates the use of hyperspectral remote sensing to detect phycocyanin, a50

specific marker indicative of cyanobacteria, in Dexter Reservoir, and a few other lakes (Cheney Reservoir51

near Wichita, Kansas, and Lake Houston near Houston, Texas) to demonstrate general applicability.52

2. Multispectral Detection of Algal Blooms in Dexter Reservoir.53
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Figure 1. USGS map of Dexter Reservoir southeast of Eugene, Oregon. Sites for water
sampling are labeled 1 through 6.

Dexter Reservoir (see Fig. 1) is a small, shallow lake about about 26 km southeast of Eugene, Oregon54

(43.916 N, -122.796 W) [19]. Dexter Reservoir was created in 1954 by a US Army Corps of Engineers55

dam and provides both flood control and recreation to the residents of Lane County, Oregon. Its aspect56

ratio is about 4:1, stretching in a southeast direction with a width of about 1 km. Despite being relatively57

shallow, thermal stratification is common in Dexter. The reservoir is fed by cool water discharge from58

Lookout Point Reservoir to the southeast, and these cooler waters tend to sink along a bathymetric59

gradient reaching a depth of about 20 meters at the northwest corner. Dexter Reservoir often exhibits60

algal blooms in the summer and fall, consisting of diatoms and cyanophytes, and in recent years has been61

subject to CHAB alerts issued by the Oregon’s Health Authority (OHA) for potential toxicity [20].62

We began using remote sensing to examine algal blooms in Dexter in 2011, with in situ sampling63

added in 2012. The main concern behind such monitoring is recreational and drinking water exposure64

to cyanotoxins such as microcystins, anatoxin, cylindrospermospin, and saxitoxin. Starting the 19th of65

August 2011 until 14 October 2011 (56 days), the OHA issued a CHAB warning for Dexter Reservoir.66

The initial warning was based cyanobacterial cell counts > 100,000 cells/mL in a sample, at which time67

a blue green bloom was visible over extensive sections of Dexter’s surface waters.68

In 2011 we obtained Full Resolution (FR) — 300 meter — MERIS imagery from the Canadian Space69

Agency (CSA) in near real-time. MERIS was the European Space Agency’s (ESA) primary ocean color70

sensor [21]. We used MERIS to monitor Dexter Reservoir from 2011 until March of 2012 (when MERIS71

ceased operation). Dexter Reservoir’s small size provides a test of the spatial limits of detection with72
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MERIS. Dexter Reservoir is approximately 4 x 1 km in size resulting in 1 to 3 MERIS pixels imaging the73

reservoir; as expected the small size causes adjacency effects from land which compromises our ability74

to distinguish signals originating from the water body. Nevertheless, as the results below demonstrate,75

the spatial sampling of FR MERIS is sufficient to detect algal blooms in Dexter Reservoir.76

We computed the Maximum Chlorophyll Index (MCI) from both Level 1 and Level 2 FR MERIS data77

subsetted around Dexter Reservoir. MCI is a ‘Line Height’ algorithm originally introduced by Gower78

et al. [22] to detect ocean surface algal booms, and also recently used by Binding et al. for detection79

of algal blooms in lakes [2]. The MCI index for MERIS was computed using bands (8,9,10) with80

wavelengths centered at (681, 705, 753) nm. Figure 2 shows Dexter Reservoir as seen by FR MERIS81

along with a map of the MCI index using Level 2 data processed with ESA’s BEAM L2 processor. A82

MCI map for Dexter is shown for 2 August 2011 and 27 August 2011, dates before and during the83

CHAB warning from the OHA. The MCI index clearly shows the change in the water quality, as well84

as giving a rough indicator for the distribution of phytoplankton, suggesting the highest concentration in85

the southern section of the reservoir. Figure 2 demonstrates that the MERIS MCI index can be used to86

monitor algal blooms in Dexter Reservoir, despite this detectors spatial resolution.87

Figure 2. Use of the Maximum Chlorophyll Index (MCI) to detect a cyanobacterial bloom
in Dexter Reservoir during August 2011. The RGB image shows little difference before (a)
and during (b) an algal bloom. The MCI maps (c,d), though, clearly indicates the presence
of a algal bloom on 27 of August as indicated by the green, yellow, and red pixels.

A time series of the MCI Index is shown in Figure 3 computed by taking the largest MCI value within88

Dexter Reservoir each day data was available. The horizontal axis indicates days from 1 August 2011,89

and shows a detectable MCI index on 15 August 2011. The ‘peak’ of the bloom, as indicated by Figure 3,90

occurred on the 27th August 2011, and the bloom appears to be diminishing by 11 September 2011. Note91

that, while the boom onset was accurately reflected in the start of the OHA posting period, this was not92

true of its decline, since continuous official monitoring was not conducted and the 14th October 201193

date for lifting the posting was well after visible clearance of the bloom had occurred.94
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A MERIS overpass of Dexter Reservoir occurs about once every other day, and during the 54 day95

period shown in Fig. 3 there were MERIS overpasses on 28 days, 13 days of which were cloudy, leaving96

15 days when we were able to retrieve clear images of Dexter Reservoir. In 2011 we did not have in situ97

chlorophyll concentration data to correlate with MERIS data, but the result shows that with relatively98

simple processing, a sensor with the spatial and spectral resolution of FR MERIS can be used to monitor99

significant changes in algal bloom activity in Dexter Reservoir despite its small size.100

Figure 3. A daily time series from Dexter Reservoir showing changes in the intensity of
an bloom as indicated by the Maximum Chlorophyll Index (MCI) during August-September
2011.

3. Hyperspectral Monitoring of Dexter Reservoir During 2012-2013101

Based on the initial results in 2011, during 2012-2013 and we took a more detailed look at Dexter102

Reservoir by using water sampling and hyperspectral remote sensing using HICO which operates on103

the International Space Station (ISS) [1,23]. HICO is an imaging spectrometer with a spatial coverage104

(swath size) of 50 by 200 km, a spatial resolution of ≈ 100 meters, and spectral coverage from 400 to105

900 nm with a 5.7 nm spectral sampling. Request for images from HICO for specific sites are made from106

HICO’s academic web portal at Oregon State University [24]. HICO is a demonstrator limited to taking107

one scene per orbit and sampling is further constrained by the ISS orbit and scheduling priorities.108
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Table 1. Table of HICO observation schedule of Dexter Reservoir acquired in 2012-2013.
Pacific Standard Time (PDT) is 7 hours behind UTC.

Date (UTC) Angle (from Nadir) Status CHAB Warning
2012-06-26 21:33:21 -38.2 Cloudy No
2012-06-28 21:21:58 10.7 Cloudy No
2012-07-10 21:51:16 1 Clear No
2012-07-11 16:06:35 -2.8 Clear No
2012-07-13 20:45:28 -6.3 Clear No
2012-07-23 16:41:20 6.8 Clear No
2012-07-26 15:39:37 -5.7 Cloudy No
2012-08-22 23:08:03 -13.4 Clear Yes
2012-09-02 19:04:33 6.3 Clear Yes
2012-09-04 23:55:43 -30.1 Clear Yes
2012-09-20 17:25:05 -8.3 Cloudy Yes
2013-03-02 18:59:23 -18.7 Cloudy No
2013-05-07 17:08:21 8.8 Clear No
2013-06-29 18:59:23 -30.5 Clear No
2013-07-02 00:27:15 7.6 Clear No
2013-07-08 21:58:27 -14.3 Clear Yes
2013-07-10 15:20:10 -17.8 Clear Yes
2013-07-24 15:32:10 3.5 Cloudy Yes
2013-09-03 23.12.28 0.5 Cloudy Yes

Because of its limited sampling, data from HICO is not useful for continuous temporal monitoring of109

algal bloom dynamics in Dexter Reservoir, but we were able to use HICO’s detailed spectral and spatial110

coverage to derive information both about pigment functional groups, specifically phycocyanin, and their111

spatial coverage. Data from HICO was scheduled and collected on the dates and times shown in Table 1.112

Clear images of Dexter Reservoir were obtained on 7 days from June-September 2012, and 5 days in113

2013. The best data were from 23 July, 22 August, 2 and 4 September during 2012, along with 7 May,114

29 June, 1 July,8 July and 10 July during 2013. The 2012 images from 10-13 July are ‘useable,’ but low115

lying cloud or haze (possibly smoke) obscures the view. The 23 July date was relatively clear of bloom,116

while on the 22 August, 2 and 4 September dates HICO shows significant phytoplankton concentrations.117

In 2013, the 8 and 10 July images show a bloom, while the earlier dates are bloom free. We obtained118

same day in situ data from water samples which we use to correlated with the remote sensing data on 4119

September 2012, and 29 June and 8 July, 2013.120

A CHAB warning for Dexter Reservoir was issued by Oregon Health Authority (OHA) from 31 July121

through 16 November 2012, and 3 July through 19 September during 2013. In addition, water samples122

were collected with a boat from six sites located by GPS along a transect running down the center of the123

reservoir on 6/26, 7/11, 7/23, and 9/4 in 2012, and 6/29, 7/8, 7/20, and 7/23 during 2013. An integrated124

water column sampler (1.5 cm i.d.) was used to collect water at a depth equal to twice the Secchi depth,125
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or to the lake bottom, which ever was shallower. Water from the sample was mixed in a bucket and then126

a subsample of 250 ml was collected for transport to the lab where 50 ml was filtered for chlorophyll127

analysis, and 100 ml was filtered for phycocyanin analysis. Correlations between in situ samples and128

remote sensing data for 4 September 2012, and 29 June, 8 July 2013 are used in this paper. Phycocyanin129

concentrations for the six sites where water samples where collected are shown in Fig. 4.130

Figure 4. Phycocyanin concentrations from in situ sampling for (a) 2012 and (b) 2013.
Digital Latitude (N) - Longitude (W) for sites 1-6 (see Fig. 1): (43.919, -122.803), (43.918,
-122.800), (43.916, -122.796), (43.915, -122.792), (43.913, -122.787), (43.912, -122.783).

The remote sensing spectral data were atmospherically corrected with the Tafkaa 6s code to compute131

Level 2 above water remote sensing reflectance (L2, R rs) for HICO [25,26]. The L2 images are further132

subsetted and geolocated using ground control points around Dexter Reservoir. The results are shown in133

Figure 5 from before and during a cyanobacterial bloom in August 2012. The reflectance is nearly 2.5134

times brighter during the algal bloom.135

Figure 5. Images of Dexter Reservoir using imagery from HICO. The reservoir looks
relatively clear on (a) 23 July 2012, but on (b) 22 August 2012, Dexter Reservoir looks
very bright, indicating an algal bloom. The approximate spatial resolution (pixel size) of
HICO is 100 meters. These RGB images were created with the spectral bands: (700, 560,
450) nm to enhance the view of chlorophyll in the water.

Spectra from 2 September 2012 are shown in Figure 6 to discuss salient features. In physically and136

biologically active inland waters, the water leaving radiance can result from a rich mixture of absorption137

and scattering processes. However, the spectra from the bloom examples from Dexter roughly can138

be understood by considering the major absorption processes during the bloom. If we assume that139

the spectral shape of reflected light to a first approximation is determined by the major absorption140
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processes, then the reflected peaks seen at approximately 550 nm and 700 nm correspond to minimums141

for absorption by phytoplankton pigments. Fluorescence from phycocyanin around 650 nm and chl-a142

near 680 nm also contribute to the observed reflectance spectra (Figure 6).143

Figure 6. Examples of remote sensing reflectance spectrum from Dexter Reservoir
highlighting the absorption processes determining the basic shape of the spectrum during
an cyanobacterial bloom. Each curve corresponds to a different location in the reservoir (see
inset).

4. Method For Estimating Absorption Peaks from Hyperspectral Images.144

To make these observations about absorption quantitative, we computed the intrinsic optical properties145

(IOP’s) using the Quasi-Analytical Algorithm (QAA) [27], recently modified for lakes by Mishra146

et. al. [18,28]. The algorithm starts with the L2 remote sensing reflectance and estimates the total147

backscattering coefficient and absorption coefficient for each water image pixel. The IOP absorption, is148

then used to identify and estimate the amplitudes of absorption peaks associated with specific pigments,149

in particular chlorophyll-a which is correlated to total phytoplankton concentrations, and phycocyanin150

which can be correlated to cyanobacteria.151

The absorption and scattering along a transect across the center of Dexter Reservoir is shown in152

the inset of Figure 7. The increase in the backscattering coefficient approaching the southeast corner153

of the reservoir explains the increase in brightness. The absorption peaks for both chlorophyll-a154

and phycocyanin are also easily identified. To estimate the relative amounts of chlorophyll-a and155

phycocyanin we modeled the absorbance spectra between 600 and 700 nm with two Gaussian functions156
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and estimated all the parameters in the two Gaussians, the means (µ), standard deviations (σ), and157

amplitudes (A), using a Nelder-Mead optimization [29]. In this method we first estimate the linear158

background, or so-called ‘continuum’ signal, before the peak finding [30]. Thus the method is like a159

line-height method except that it uses all the available hyperspectral data to estimate the location and160

amplitude of the absorbance. Since it is a nonlinear optimization, the method can find multiple solutions161

(local minima), however for the data shown here the method returned a unique and consistent solution162

for each spectrum along the transect. Figure 8 shows a typical fit of how the two Gaussians approximate163

the absorbance spectrum.164

Figure 7. (a) Absorbance and (b) scattering calculated using QAA along (c) a transect along
a middle section of Dexter reservoir for 4 September 2012. The color indicating the site
location changes from blue to red from the northwest to the southeast corners

As shown in Figure 9 the method finds a consistent center (mean) for both Gaussians across the165

transect. For 2 September 2012 the mean maximma (with standard deviation) are 625.5 ± 1.5 nm and166

673.4 ± 1.2 nm. The estimate for the amplitude of each Gaussian is also shown in Fig. 9. Similar results167

are also presented for 4 September 2012, with Gaussian fits yielding maxima of 628.4 ± 1 nm and 672.0168

± 1.3 nm.169

Coincident data from HICO and water samples are shown in Fig. 10, the plots show an empirical170

correlation between the Gaussian amplitudes and the in situ measurements of phycocyanin and171

chlorophyll-a concentrations at six sites on three different days. As mentioned, the Gaussian fits are172

made from the estimated absorption spectra computed from the hyperspectral remote sensing data. The173
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Figure 8. Peak Finding (using nonlinear optimization for fitting Gaussians) locates two
peaks with nearly the same centers in absorbance along the whole transect which are
proportional to Phycocyanin and Chlorophyll-a concentrations.

samples from 4 September 2012 (green) and 8 July 2013 (red) are from dates during a bloom, and174

have high phycocyanin values relative to 29 June 2013 (green) which immediately preceded the 2013175

bloom. The data from 2012 (red) are also systematically higher than the 2013 samples, this may be an176

artifact of the algorithm which subtracts the continuum signal (a linear base line) from the spectra before177

estimating the Gaussian amplitudes. A linear estimate for the trend for Chlorophyll-a (Fig. 10(a)) is178

ychl = 0.0025 · x+0.1 with an R2 = 0.83, and for Phycocyanin (Fig. 10(b)) yph = 0.013 · x+0.06 with179

an R2 = 0.69.180

It is useful to also track the ratio of Phycocyanin to Chlorophyll-a. For the in situ samples the ratio181

varies from about 1:2 to 6:1, with higher ratio values typically occurring with more intense blooms. We182

also attempted to estimate the Phycocyanin to Chlorophyl-a ratio from remote sensing data. A simple183

ratio of Gaussian line height (i.e., the amplitude of the Gaussian fits at ≈ 630 nm to and ≈ 675 nm)184

does not lead to a significant correlation. To improve the correlation, we assume that the absorbance185

is proportional to ε · C, where ε is the ‘efficiency’ and C is the ‘concentration’ of the pigment. The186

efficiency is not necessarily the quantum efficiency, but rather an overall constant relating the change187

in the Gaussian line height to the change in pigment concentration. This ‘empirical efficiency’ factor is188

the slope in the linear regression for the plots shown in Fig. 10, thus εph = 0.013 and εchl = 0.0025, or189

≈ 5:1. Correcting the Gaussian line heights between Phycocyanin and Chlorophyll-a for this efficiency190

ratio results in the correlation shown in Fig. 11. The correspondence between the in situ and the from191

remote sensing ratio is essentially one-to-one after the correction, with yph/chl = 0.99 · x + 0.17 with192

R2 = 0.88. Note that the correction — and hence the remote estimation of the ratio of concentrations —193

requires the use of in-situ data for calibration.194

5. Additional Examples of Absorption Spectra195
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Figure 9. The Gaussian fits for absorption by Chlorophyll-a (blue) and Phycocyanin (red).
The top row is data for a transect down the center of the reservoir from 2 September 2012 (a)
center of Gaussians (means), (b) amplitudes of Gaussians. Data from 4 September 2012 (c)
center of Gaussians (means), and (d) amplitudes of Gaussians. The site numbers run down
the middle section as indicated in Fig. 7(c).

We tested our method at two other sites, Cheney Reservoir in Kansas, and Lake Houston in Texas.196

Cheney Reservoir supplies the city of Wichita, KS, and has experienced taste and odor problems in its197

water for several years related to summer algae blooms. Additionally, Cheney has significant suspended198

sediments and high phosphorus levels from agricultural and livestock activities. Lake Houston supplies199

Houston, TX. Algal blooms often cause hypoxia in Lake Houston, which is normally well stocked bass200

and other sport fish.201

Coincident HICO images and water samples were obtained for Cheney Reservoir and Lake Houston202

in 2013 for the dates and times shown in Table 2.203

A summary results of the Cheney sampling are presented in Fig. 12. The Chlorophyll concentration204

varies from a high of approximately 30 µg/L to 6 µg/L ; while Phycocyanin varies from 15 µg/L to205

2 µg/L. A linear regression on the remote sensing and in situ data is shown in Fig. 12 (c)-(d) with206

ychl = 0.0064 · x − 0.0076 with an R2 = 0.93, and for Phycocyanin yph = 0.0034 · x + 0.025 with an207

R2 = 0.82. The ratio of slopes is PC:CHL ≈ 1:2.208

A summary results of the Lake Houston sampling are presented in Fig. 13. Six water samples where209

collected at the sites labeled 1-6 in Fig. 13(a). Low lying scattered clouds and a thick haze obscured210

the view of the Lake. A land mask (Fig. 13(b)) provides a better view of the lake, though it is overly211
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Figure 10. Correlation between in situ (a) chlorophyll-a and (b) phycocyanin concentrations,
and their respective amplitudes from Gaussian Fits at ≈ 675 nm and ≈ 630 nm across a
transect down the center of Dexter Reservoir. The red dots are data from 4 September
2012, green dots are 29 June 2013, and the blue dots are 8 July 2013. The lower values
of Phycocyanin during 29 June 2013 ((b) green dots) indicate that this day is CHAB free
relative to the the other two dates.

Table 2. Table of Co-incident HICO observations and in situ collections for additional
reservoirs. Both sites are Central Daylight Time (CDT), 5 hours behind UTC.

Site HICO Date (UTC) Angle from Nadir Conditions
Cheney Reservoir 2013-06-22 20:30:51 22.4 Clear Sky, High Suspended Sediment
Lake Houston 2013-07-25 14:50:42 -1.1 Heavy Haze

aggressive, masking out a number of water sections as well. Despite the difficult conditions, we where212

still able to get remote sensing retrievals for all the sites except for site 1 (very heavy haze) since213

the concentrations are high for both Chlorophyll (≈ 35-95 µg/L) and Phycocyanin (≈ 15-45 µg/L),214

resulting in good fits for the Gaussian Line Heights as shown in Fig. 13(c) from site 6 (orange dot),215

which had the lowest pigment concentrations. A linear regression on the remote sensing and in situ data216

is shown in Fig. 12 (d)-(e) for both Chlorophyll-a ychl = 0.0018 · x + 0.092 with an R2 = 0.60, and217

Phycocyanin yph = 0.0020 · x+ 0.041 with an R2 = 0.62. The ratio of slopes is PC:CHL ≈ 1:1.218

At all sites it appears the Gaussian fit retrieval method (because it utilizes a narrow bandwidth219

available from the hyperspectral data) is able to estimate useful line height values despite complications220

due to sediments and haze.221

6. Discussion and Conclusions222

We made use of a recently introduced QAA algorithm for fresh water cyanobacterial blooms, adapting223

it for use with HICO data, and adding a peak finding algorithm, which allows us to use the hyperspectral224

capabilities of HICO to identify and correlate the absorption of phycocyanin and chlorophyll-a with225

in situ sampling. These results show the potential of hyperspectral imagers to routinely map specific226
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Figure 11. Correlation between the ratio of in situ Phycocyanin to Chlorophyll-a
concentrations and the remote sensing Gaussian Line Heights after an ‘empirical efficiency’
correction. The one-to-one correlation shows that, after in situ calibration and correction,
remote sensing data can be used to estimate the ratio of Phycocyanin to Chlorophyll-a
concentrations.

pigments in lakes. Algorithms for data from multispectral sensors, such as MCI, are useful for identifying227

the presence of an algal bloom, but they do not have the spectral resolution to identify specific pigments,228

such as phycocyanin associated with specific functional groups of phytoplankton. Additional examples229

of peak finding for chlorophyll-a and phycocyanin using HICO hyperspectral data are also illustrated230

in a range of lakes, one with high sediment, and another with a thick haze. Future sensors like NASA’s231

proposed HyspIRI (60m, hyperspectral) [31] could use this method for hyperspectral monitoring of water232

quality in lakes and reservoirs. With additional validation, the methods described in this paper could be233

made operational, thereby providing automated and routine information for water quality managers using234

data from HyspIRI or similar sensors.235

Additionally, we examined cyanobacterial blooms in Dexter Reservoir southeast of Eugene, OR,236

using full resolution (FR 300 meter) multispectral MERIS imagery, which provides a comparison to237

hyperspectral images at 100 meters resolution from HICO. The examples in this paper also illustrate the238

potential of high resolution sensors such as ESA’s Sentinel-3 Ocean and Land Color Instruments (OLCI)239

for monitoring algal blooms in smaller lakes and reservoirs.240

This study also shows that sensors with higher spatial resolution, such as HICO, can provide valuable241

information on the spatial variation of bloom even for smaller reservoirs, which can be used guide242

selection of optimal sampling sites, or to track overall bloom dynamics.243
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Figure 12. Cheney Reservoir, KS, 22 June 2013: (a) HICO image 3:30 PM CDT, six water
samples where taken from the center of the Reservoir at the locations indicated by dots
(dark blue, North to orange, South); (b) A land masked was applied to a pseudo-color RGB
image (700 nm, 560 nm, 451 nm) to emphasize variations in water color; (c) Regression
between remote-sensing Gaussian fit Line Height and in situ Chlorophyll-a measurements;
(d) Regression between remote-sensing Gaussian fit Line Height and in situ Phycocyanin
measurements.
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