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The hypereutrophic condition of the Upper Klamath and Agency lake complex is 
characterized by enormous blooms of the blue-green alga (cyanobacterium) 
Aphanizomenon flos-aquae, which have devastating effects on biota inhabiting the lake.  
Blooms begin in earnest in June, rapidly reaching very high densities (chlorophyll a 
concentrations frequently exceed 250 micrograms/L for long periods during June and 
July).  The resulting intense photosynthesis supersaturates dissolved oxygen in the 
surface water layers and elevates pH above 10.0 for extended periods during the active 
growing phase of the bloom.  By late July or early August the bloom will frequently 
crash, meaning that most of the algal cells die and decay.  At this point bacterial decay of 
the dead algal cells leads to extended periods of very low dissolved oxygen (<3 mg/L) 
and high concentrations of unionized ammonia (>1 mg/L), conditions which led to three 
major kills of endangered fishes in Upper Klamath Lake in the 1990’s.   
 
It is clear that the distribution and density of blue-green algae greatly influences water 
quality conditions in Upper Klamath and Agency lakes, and that water quality conditions 
are very important to the lake biota.  Furthermore, changes in the seasonal distribution 
and density in the lakes likely exerts a powerful influence on the quality of local fish 
habitats.  Despite the obvious utility of tracking the lake-wide distribution and density of 
the algae blooms throughout the summer, the size of the lakes (>70,000 acres) makes this 
task impossible using a standard approach of direct measurement with water samples.  In 
August, 1995 the US Bureau of Reclamation mapped chlorophyll density and water 
temperature for a single Landsat 5 scene of Upper Klamath Lake (Eckhardt 1995).  Their 
effort was successful, and they recommended alternate methodological approaches which 
should improve the quality of subsequent efforts.   
 
Therefore, the Klamath Tribes undertook an effort to use the Landsat 7 satellite to map 
chlorophyll density and surface water temperature in Upper Klamath and Agency lakes, 
following recommendations from Eckhardt (1995).  Our objectives were to: 1) map 
chlorophyll a and surface water temperature biweekly from June – September;  2) 
develop pixel classification functions which could be used in future efforts to map 
chlorophyll a and water temperature without additional calibration/validation efforts. 
 

Methods and Results 
 
Both Landsat 5 and 7 satellites pass over our geographic region at 16 day intervals, but 
are offset by 8 days so that a scene of our area is collected every 8 days.  We planned to 
acquire 7 scenes of Landsat 7 imagery on June 14 and 30, July 16, August 1 and 17, and 
September 2 and 18.  Since weather is always a prime consideration, we planned to use 
the Landsat 5 as a backup.  Weather conditions on July 16 and September 2 were too 



cloudy, so we used Landsat 5 scenes for July 24.  Unfortunately, it was too cloudy on 
September 10 as well.  In the end we successfully acquired 6 scenes. 
 
On each date for which we acquired a Landsat scene, field crews sampled chlorophyll a 
and measured surface water temperature within a two hour window of the satellite over-
flight.  Our standard calibration effort involved collection of 24 samples per date.  On 
two dates (June 30 and August 17), however, we increased sample size to 60 (made 
possible by field assistance from US Geological Survey, Klamath Field Station). We 
attempted to collect all samples within 1 hr (2 hr window) of the satellite over-flight.   A 
sample event proceeded as follows:  
1) To minimize disturbance of algae, a sample location was approached at idle speed by 

boat and then engine power was cut, the boat coasted to a stop, and anchors were 
gently deployed from the bow and stern; 

2) Water samples for algal density measurement were collected from the surface to a 
depth of 0.5 m using a 2 inch diameter PVC pipe with a flapper-style check valve on 
the end.  The apparatus was quickly inserted in the water vertically to a depth of 0.5 
m, and then removed.  The weight of the water on the flapper valve sealed the 
sampler, preventing water loss.  The sample was then decanted into a bucket, and the 
process was repeated until a single sample had been collected from all four corners of 
the boat.  The four samples were then mixed in the bucket, decanted into a brown 500 
ml Nalgene™ sample container, and immediately placed in an ice-filled cooler. 

3)  A Hydrolab Quanta™ or Surveyor™ was then used to measure surface water 
temperature to the nearest 0.1° C, except on June 14 when a laboratory grade mercury 
thermometer was used. 

4)  Global positioning systems were used to record each sample location.  The US 
government had deactivated selective availability and so differential correction was 
unnecessary.  We used real-time military GPS, Trimble Pro XL units, and Garmon 
handhelds.  Positions were stored in and downloaded from the Pro XL units, while 
positions were recorded in the field with the others.  The Pro XL units yielded sub-
meter accuracy, while the others reported accuracies of ±4 m.   

5) Transparency was measured to the nearest 0.01 m, using standard 300mm diameter 
secchi disks. 

6)  Anchors were carefully pulled and the boat idled away from the sample location, and 
did not increase speed until at least 30 m away from the sample location.  

 
We attempted to locate and sample a wide variety of algal densities, selecting patches 
that appeared to be large and fairly homogeneous.  However, because of the limited 
perspective of an observer in a boat, it was impossible to be certain of sampling a 
homogeneous patch.  We limited sampling to open water sites no closer than 100 m to 
land or emergent vegetation, to avoid contamination of the satellite image pixels.   
 
Following the field sampling, chlorophyll samples were immediately shipped to Aquatic 
Research Inc. (Seattle, WA), who analyzed them and measured chlorophyll a in mg/L.  
Chlorophyll a, temperature, and position of the sample sites were then combined with 
spectral reflectance data from the appropriate pixels from each of the 6 Landsat scenes.  
This data set was used to generate regression equations relating chlorophyll a to some 



combination of the blue, red, green, near infrared (NIR), mid infrared 1 (MIDIR1), and 
mid infrared 2 (MIDIR2) spectral bands.  Similarly, a regression equation relating surface 
water temperatures to the high thermal (HTHERMAL) band was developed.  These 
equations were then applied to all pixels in the appropriate Landsat image to display the 
lake-wide distribution of algae (chlorophyll a) and surface water temperatures through 
the summer months.  
 
Regression analyses (conducted using Systat 7.0) included careful assessments of the 
degree to which we met the assumptions of normality, homoscedasticity, and (in multiple 
regressions) independence of predictor variables.  The first two were primarily assessed 
by examining Studentized residuals, while independence of predictors was assessed using 
condition indices and variance proportions of eigenvalues, as well as tolerance values.  
We found that many potential predictors were correlated, which rendered many candidate 
multiple regressions unusable due to mulitcollinearity.   
 
Inherent in the Landsat imagery is a horizontal position error of ±15 m.  In addition, most 
of our GPS positions were horizontally accurate to ±4 m.  After image processing (we 
followed the same process as in Eckhardt 1995), the satellite pixels are 28.5 m square, so 
there is significant uncertainty that the target pixel in the imagery is the one we actually 
sampled.  Alternatively, a sample may have been collected right on the boundary between 
two pixels.  To minimize the bias associated with these problems, we screened our data 
prior to analysis as follows.  We focused on the NIR for the screening process, since it 
consistently had the highest range of reflectance values.  We subtracted the target pixel 
NIR from the NIR of each of the eight adjacent pixels.  Then we calculated the range of 
these differences, and excluded from subsequent analyses all target pixels with a range 
greater than 1 NIR unit.  Thus we minimized the biases associated with incorrect target 
pixel assignment by restricting our analysis to nearly uniform blocks of  nine pixels.   
 
We also excluded all sample sites for which transparency equaled the water column depth 
(that is, when a secchi disk could be seen when lying on the lake bottom).  This was 
necessary because if the satellite “sees” the lake bottom, the spectral reflectance of that 
pixel will be “polluted” with non-chlorophyll material, introducing unnecessary error into 
our analysis.   
 
One other source of error in the data could not be systematically controlled for, nor 
identified with certainty, and it related to the difference in scales between the chlorophyll 
data collection on the ground and the spectral data collection in space.  Landsat pixels are 
28.5 m square, and each pixel basically represents the average reflectance of the surface 
within the pixel.   We collected water samples at a much finer scale, forced to make the 
assumption that we could adequately characterize the algal density within the pixel by 
collecting four subsamples spaced 3-6 m apart (at the corners of the boat).   Therefore, if 
a sample collected from an algal patch differed from the “average” condition seen by the 
satellite for that pixel, the difference would generate variability in our analysis.  Indeed, 
this was likely the main source of variability in our analyses, but our point here is that it 
will sometimes generate extreme outliers, which we chose to exclude from some of our 
regression equations. 



 
For surface water temperature, samples on all dates except June 14 were included in a 
single predictive relationship.  About half of the samples collected on June 14 were very 
significant outliers to the linear relationship with the HTHERMAL band consistently 
displayed by all other dates.  We suspect that errors were made reading the thermometer 
used on that date.  Therefore, we excluded June 14 from the surface temperature 
relationship used to classify satellite pixels, which was: 
 

TEMPERATURE (°C) = 0.365*HTHERMAL - 32.739 
n = 83, r2 = 0.93, p<0.001, SEest = 0.520, MSE = 0.270 

 
Since we believe observer error the likely cause of problems on June 14, we went ahead 
and classified the June 14 satellite scene with the regression equation generated from the 
other dates.   
 
Initial regression analyses unsuccessfully attempted to generate a single predictive 
relationship for chlorophyll, and instead we generated date-specific relationships. No 
relationship between spectral reflectance and chlorophyll was found for July 24, probably 
due to small sample size (n=8) resulting from a malfunctioning GPS unit.  On June 30, 
despite a relatively large sample size (n=29), we were unable to generate a relationship 
between spectral reflectance and chlorophyll with an r2 > 0.60, so we were unable to map 
chlorophyll on that date.   Table 1 describes the regression equations found for the 
remaining dates. 
 
 
Table 1.  Regression equations describing the relationship between spectral reflectance 

and chlorophyll a in Upper Klamath and Agency lakes on four dates in 2000.  
Variables not defined in the text are:  CHLA = chlorophyll a concentration in 
μg/L, SQR (x) = square root of x, NTR = NIR*RED, GDB = GREEN/BLUE, 
SEest = standard error of the estimate, MSE = mean square error. 

 

Date Regression equation n 
r2 or 
R2 SEest MSE 

Jun 14 SQR(CHLA) = 16.584ln(NTR) – 84.174 9 0.89 2.076 4.310 

Aug 1 ln(CHLA) = 14.086ln(GDB)  + 9.947 13 0.77 0.397 0.158 

Aug 17 CHLA = 258.004SQR(NIR) – 30.916MIDIR1 – 493.284 23 0.94 23.314 543.559 

Sep 18 SQR(CHLA) = 21.060ln(NTR) – 121.939 16 0.85 1.067 1.139 

 
  
Two outliers encountered on September 18 were excluded in developing the equation in 
Table 1.  The first was from a sample with a chlorophyll a concentration of 833 μg/L, 
which was more than 600 μg/L higher than all other samples on that date.  In addition, it 
was associated with an extremely high phaeophytin a concentration (a pigment associated 
chlorophyll a degradation).  The second had a very large Studentized residual (3.793), 
and was strongly effecting the entire regression.  We assume that this point represented a 



case of sampling a small scale algal patch of high density, which was “averaged out” by 
the larger scale of the satellite image (see discussion above).   
 
 

Discussion 
 
Our first objective was partially met in that we successfully mapped algal distributions 
from June – September, although we were unable to produce maps for June 30 or July 24.  
Surface water temperature maps were successfully created for all dates.  Our second 
objective proved impossible for the chlorophyll relationships, but highly successful for 
the surface water temperature relationship.   
 
While we expected a particular spectral band to consistently explain most of the variation 
encountered in the chlorophyll samples, this was not true over the summer.  Apparently, 
the spectral characteristics of the algae changed between our samples.  Potential 
explanations for this phenomenon include variations in the species composition of the 
algal community, changes in the physiological condition of the Aphanizomenon, or 
variation in the buoyancy of the Aphanizomenon.    
 
Algal community species composition could change spectral characteristics.  For 
example, Microcystis aeruginosa (another blue-green) periodically blooms along with the 
dominant Aphanizomenon.  Differences in growth form and color may account for the 
seasonal changes in the reflectance – chlorophyll relationships.  Also, the physiological 
condition of the Aphanizomenon bloom may have influenced our results.  As a bloom 
ages, chlorophyll degradation products (phaeophytin) can accumulate, which may alter 
the reflectance – chlorophyll relationships.   Another potential source of variation lies in 
the ability of Aphanizomenon to regulate its buoyancy, allowing it to seek out an optimal 
light environment.  At various stages of the bloom one might encounter Aphanizomenon 
well mixed in the water column, or concentrated in a dense layer near the surface.  Under 
the latter conditions, the satellite may only ‘see’ the surface of the dense algal layer, 
while our sampling would measure algae below the dense layer as well.  Since we 
measured only chlorophyll concentration, we could not account for variation related to 
community dynamics or buoyancy characteristics.   
 
Thus, while we successfully mapped a portion of the seasonal dynamics of algal 
distribution in Upper Klamath and Agency lakes in 2000, we were unable to develop a 
standard classification function that would allow classification of future Landsat imagery 
without additional calibration sampling efforts.  However, we were able to develop such 
a relationship for surface water temperature. 
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