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ABSTRACT. The objective of this study was to measure the in situ spectral reflectance of lake water 
that contains a bloom of Microcyst is, a species of cyanobacteria. Reflectance spectra (350-2,500 nm) of 
lake water near a boat dock in Upper Klamath Lake, Oregoll, were collected with a portable spectrora
diometer on a cloudjree day with sunlight as a source of illumination between 0845 to 0915 hours, 
Pacific Daylight Time (PDT) on 17 August 2004, at a near-normal angle of observation. The averaged 
spectrum of the lake water containing the Microcystis bloom exhibits reflectance maxima from 550-590 
nm and neal' 710 nm wavelengths and reflectance minima neal' 630 nm and 675 nm wavelengths. The 
reflectance gradually decreases from 810-1,000 nm and has very low reflectance in the 1,000-2,500 nm 
wavelength region. Ollr results show that the spectral reflectance of Microcyst is at this stage of its bloom 
remains low for wavelengths longer than 1,000 Ilm in the near-infrared region of the spectrum. These 
spectral results have implications in selecting the spectral ratios and refining the algorithms that will be 
used to estimate phycocyanin content lIsing satellite models. Microcystis is the predominant species of 
cyanobacteria blooms in Lake Erie, which makes these spectral data as important to the Great Lakes as it 
is to Upper Klamath Lake. Satellite algorithms have been published that have mapped phycocyanin, a 
pigment more uniquely associated with cyanobacteria than is chlorophyll a, in Lake Erie with data from 
LANDSAT TM bands 1, 3, 4, 5, and 7, and the reflectance spectra reported here are the first that cover 
the entire spectral range of all those LANDSAT TM spectral bands for a Microcystis bloom. 
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INTRODUCTION 
Large accumulations of phytoplankton and algal 

species have caused significant problems in fresh
water lakes in recent years. Several lakes are report
edly dominated by a single toxin-producing 
cyanobacterium called Microcyst;s, including Lake 
Erie (Vincent et af. 2004, Budd et al. 2002, Brittain 
et ai. 2000, Taylor 1997) and Upper Klamath Lake 
(Perkins et al. 2000). Excessive Microcystis blooms 
often result in discolored, oxygen-depleted, foul
smelling water (Perkins et ai. 2000). Remote sens
ing from airborne and space borne sensors have 
been identified as an important tool for detecting 
and assessing the water quality by mapping the con
centration of pigments such as chlorophyll a (Smith 
and Baker 1982, Gons 1999, Thiemann and Kauf-
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mann 2000, Subramaniam et al. 2001) and phyco
cyanin (GOI1S 1999, Sims et al. 2005, Vincent et al. 
2004), the latter involving the use of LANDSAT 
TM data. The high spatial resolution of LANDSAT 
TM (30 m), relative to weather satellites (1,000 m), 
makes it possible to map cyanobacterial blooms in 
even small lakes that serve as drinking reservoirs. 

The purpose of this reconnaissance study was to 
collect handheld spectro-radiometer spectra of a 
bloom of Microcystis illuminated by natural sun
light in a manner that represents the near-vertical 
observation angle of a LANDSAT TM satellite sen
sor, except for the longer atmospheric path between 
target and satellite sensor. We colJected such spec
tra from Upper Klamath Lake, Oregon, while it was 
undergoing a Microcystis bloom on 17 August 
2004. 
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MATERIALS AND METHODS 
A Fieldspec Pro spectroradiometer (ASD Inc., 

Boulder, CO) with a spectral range of 350-2,500 
nm was used to collect reflectance spectra of the 
waters containing the Microcystis bloom, with no 
Microc),stis bloom, and with duck weed (Lem/la 
minor) in Upper Klamath Lake. The fore-optics of 
the spectroradiometer was aligned vertically and the 
height of the fore-optics from the water level was 
adjusted so that only the reflectance from the lake 
water filled the field of view (FOV) of the instru
ment. The fiber optic input device was held approx
imately 1 m above the water, such that the FOV 
covered a circle approximately 5 em in diameter. 
Calibration spectra of a white Spectralon panel 
(Labsphere Inc., North Sutton, NH) were acquired 
before recording the lake water spectra. The spec
tral recording software in the spectroradiometer was 
set in such a way that each reflectance spectrum 
recorded was obtained by collecting and averaging 
10 individual reflectance spectra. A total of five 
such spectra were collected across different Micro
c),stis-containing parts of the lake (that could be 
reached from the dock with approximately the same 
angles of solar illumination and observation). Simi
lar spectra Were also conected from the lake water 
containing no Microcystis bloom, and from the 
water containing the fronds of duck weed. Each 
spectrum was normalized by dividing with the mea
sured spectrum of the standard (Spectralon panel) 
and then averaged to overcome the individual varia
tions. All the spectra were obtained between 0845 
to 0915 Pacific Daylight Time (PDT) on 17 August 
2004, a cloud-free day, with sunlight as a source of 
illumination. Digital photos were taken with a digi
tal camera (Kodak, Model CX7530) that were rep
resentative of the waters containing Microcvstis 
bloom, with no Microsystis bloom, and with duck 
weed as measured by the spectrometer, except that 
the FOV of the spectrometer was only a few per
cent of the total photo area. The images correspond
ing to the blue, green, and red bands were extracted 
from a 1 %-99% stretched natural color digital 
photo using the ERMapper image processing soft
Ware. These images were obtained to observe the 
characteristics of Microcystis bloom at different 
band widths. 

RESULTS AND DISCUSSION 
The lake water of which we measured the spec

tral reflectance of Microcystis was calm and had a 
free-floating biomass of Microcystis suspended at 

various depths below the water surface. Figure 1 
shows the natural color images and the averaged (n 
;:= 5) reflectance spectrum of the lake water with Mi
crocystis (Fig. 1A), with no Microcystis (Fig. lB), 
and with water covered with fronds of duck weed 
(Fig. 1 C) obtained at Klamath Lake. Because each 
of the five reflectance spectra was averaged over 10 
spectra during data collection, the final spectrum of 
each of the three spectra shown in Figure ID is ac
tually an average of 50 individual spectra of the 
lake. The spectrum of the lake water containing the 
Microc),stis bloom was obtained near a dock and 
the spectrum of the lake water containing no Micro
cystis was collected along the lake shore a few 
miles north of the docks. Here the lake water had 
no visible Microcystis, but the water was brownish, 
assumedly from tannins in the water. It smelled like 
raw sewage, though we were assured by local ex
perts that no sewage entered this lake anywhere 
near this place, which was uninhabited. They asso
ciated the smell wilh a crashed algal bloom. An
other spectrum of the lake water, which was 
completely infested with fronds of duck weed, was 
collected further to the northern side of the lake. 

'The spectrum of the Microcvstis bloom taken 
near the dock shows reflectan'ce maxima in the 
wavelength region 550-590 111U and near 710 nm 
and reflectance minima near 630 nm and 675 nm 
(Fig. ID, Fig 2). In that spectrum, the reflectance 
gradually decreases from 810-1,000 nm and has 
very low reflectance in the 1,000-2,500 nm wave
length region. The spectrum of the lake water con
taining no Microcystis shows lower reflectance in 
the spectral region from 350-1,000 nm and remains 
distinctly different from the spectra of the water 
contaminated with Microcystis bloom (Fig. 1 D, Fig 
2). The spectrum of the water containing duck weed 
(Fig ID) shows absorption maxima in the blue and 
red regions at 470 nm and 680 nm, respectively, 
and green reflectance peak occurs at 550 nm. The 
reflectance in the near infrared (NIR) region from 
700-1,300 nm, 1,400-1,800 nm, and 2,000-2,500 
nm remains high, as the absorption is minimal. The 
dis?ontinuities in all the spectra beyond 1,300 nm 
reglOn are due to the presence of major atmospheric 
water absorption bands, which are centered at the 
approximate wavelengths of 1,400 and 1,900 nm. 

Gons (l999) reported the presence of a character
istic phycocyanin absorption band (a reflectance 
minimum) centered at 630 nm from spectral re
flectance measurements of lake water contaminated 
with cyanobacteria, but the spectrum was limited to 
the spectral region of 380-780 nm only. Later Vin-
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FIG. 1. Natural color images of the Klamath Lake water containing the Microcystis bloom 
(A), with no Microcystis bloom (B), and with fronds of duck weed (C). Also shown in the figure 
is the different spectral reflectance features of the water associated with these contaminants (D). 
Note: a = lake water containing Microcystis, b = lake water with 110 Microcystis, and c = lake 
water contai1ling tlte fronds of duck weed. 

cent et a1. (2004) showed that phycocyanin, a pig
ment more uniquely identified with cyanobacteria, 
could be successfully mapped from LANDSAT TM 
data in Lake Erie. as the absorption band of phyco
cyanin falls between and partly within the wave
length limits of LANDSAT bands 2 and 3. The 
spectral range of the 6 LANDSAT TM bands that 
fall within the spectral range of 350-2,500 nm are 
as follows: Band 1: 450-520 nm; Band 2: 520-600 
nm; Band 3: 630-690 nm; Band 4: 760-900 11m; 
Band 5: 1,550-1,750 nm; and Band 7; 2,080-2,350 
11m. The characteristics of phycocyanin reflectance 
in LANDSAT bands 4, 5, and 7 were not mentioned 
in any of the previous studies because of the lack of 
spectral reflectance data beyond the 750 nm spec
tral region. This particular study is an attempt to 
bridge this gap by providing the spectral features of 

the Microcystis in the entire spectral rangc of 
350-2,500 nm. 

Our spectral results for this Microcystis bloom in 
lake water show that beyond 750 um there is a 
minor absorption around 765 nm, the reflectance 
reaches a plateau at 780-810 nm in the near-in
frared region, and then the reflectance gradually de
creases from 810-1,000 nm (Fig. 2). The 
reflectance remains low in the 1,000-2,500 11m re
gion of the spectrum because the optical depth of 
water decreases with increasing wavelength, and 
there are too few colonies within the optical depths 
of those wavelengths longer than 1,000 nm to re
flect much sunlight. When all the spectral bands of 
LANDSAT TM are used to observe lake water, we 
are actually sounding different depths of the near
surface lake water, with reflectance from bands 1-3 
coming from greater depths than bands 4, 5, and 7. 
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FIG. 2. Spectral reflectance (n = 5) of the Klamath Lake water containing the 
Microcystis bloom. The lower panel shows the reflectance from 450-900 nm 
while the upper panel shows the reflectance from 350-2,500 mn spectral range. 
Each reflectance spectrum recorded was obtained by collecting and averaging 10 
individual reflectance spectra, and a total of five slIch spectra was collected 
across different Microcystis-containing parts of the lake near the dock. Each 
spectrum was normalized by dividing with the measured spectrum of the standard 
(Spectralon panel) and then averaged to overcome the individual variations. All 
the spectra were obtained between 0845 to 0915 Pacific Daylight Time (PDT) Oll 

17 August 2004, a cloud-free day, with sunlight as a source of illumination. Note: 
a = lake water containing Microcystis and b = lake water with no Microcystis. 

However, having data from these spectral bands 
helps us segregate early Microcystis blooms, where 
colonies float just below the surface, from other 
algae that float at the surface. This is the most 
likely explanation for Vincent et al. (2004) finding 
that spectral ratios that involve all LANDSAT TM 
bands except band 2 were selected in the best 
model for mapping phycocyanin in Lake Erie. 

wavelength bands, as well as a 1 %-99% stretched 
natural color image of the silicon-sensor camera, 
are shown counter-clockwise from the upper left in 
Figure 3, respectively. Images from the blue and 
green bands show greater depths than the red band. 
The size and depth profile of Microcystis colonies 
will affect the spectral reflectance differently in all 
spectral bands, and water depths examined by 
wavelengths beyond 1,000 nm become shallower 
with increasing wavelength. Note jn Figure 3 the 
floating vegetation is obvious in the visible photo in 
all wavelengths and would very likely be obvious in 

Figure 3 shows a digital photo of the Microcystis 
bloom that was measured (in part) by the spectrom
eter, within a few minutes of the spectral measure
ments. Images of the blue, green, and red visible 
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FIG. 3. Microcystis bloom in Upper Klamath Lake, OR, 17 August 2004: 
Upper Left (blue band), Upper Right (green band), Lower Right (red band), 
and Lower Left (contrast-stretched natural color image, with these three 
ballds of tlte digital camera displayed as bgr, respectively). The horizontal 
patchilless of the Microcystis bloom appears toward the left side of the 
boundary which is clearly seen in the blue balld and the stretched color 
images. 

LANDSAT TM bands 4, 5, and 7 also, if they oc
cUlTed over pixel-sized areas (30 m x 30 m). 

As shown in Figure 2, significant spectral re
flectance and absorption bands of the lake water 
containing Microcystis were limited to 350-1,000 
nm of the spectral region, though the wavelengths 
longer than 1,000 nm are useful for separating out 
floating surface objects from submerged Microcystis 
colonies. This study has important implications in 
optimization of algorithms and spectral ratios that 
can be used to estimate phycocyanin content of Mi
crocystis blooms in the Great Lakes, Upper Klamath 
Lake, and other freshwater bodies. Reflectance spec
tra of cyanobacterial blooms in salt water and a time 
sequence of reflectance spectra during different 
stages of Microcystis blooms in fresh water lakes 
would be helpful for future research. 
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