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Monitoring Water Quality Conditions 
in a Large Western Reservoir with 
Landsatimagery 
Correction of Landsat data for sun angle and atmospheric effects 
permitted estimation of reservoir conditions for dates without surface 
sampling data. 

M ANY INVESTIGATORS have successfully used 
Landsat multispectral scanner digital im- 

agery in lake and reservoir water quality studies. 
Recent examples include the work of Martin et al. 
(1983) and Lillesand et al. (1983). They used 
Landsat and surface sampling data to perform 
trophic classifications of large numbers of lakes in 
Wisconsin and Minnesota, respectively. Meinert et 
al. (1980) and Grimshaw et al. (1980) performed 
similar studies of large reservoirs. A useful review 

ability of funds, personnel, and equipment. This 
paper reports on recent work by the Bureau to in- 
vestigate the incorporation of remote sensing in res- 
ervoir water quality sampling design in order to in- 
crease the benefits derived from sampling efforts. 

Most remote sensing water quality studies make 
use of digital imagery and concurrently acquired 
surface sampling measurements. Correlations be- 
tween measurements at sample sites and scanner 
data at these same points are exploited to develop 
predictive equations for water quality parameters or 
trophic state indexes. The equations are then used 

ABSTRACT: Seven Landsat multispectral scanner scenes were processed to portray 
water quality conditions in Flaming Gorge Reservoir, a large Bureau of Recla- 
mation impoundment in Utah and Wyoming. Concurrent surface sampling data 
were available for fmr  of the seven scenes. A deterministic approach employing 
an atmospheric radiative transfer model was used to account for effects of sun 
angle and atmosphere in the Landsat imagery. This permitted the development of 
water quality predictive regression equations using surface sampling data from all 
four dates at once. It also permitted the estimation of reservoir conditions for the 
three scenes for which no concurrent surface sampling was carried out. The two 
equations, providing estimates of Secchi transparency and chlorophyll a concen- 
tration, were used to monitor the year-to-year sp~tial variation of trophic zones 
in the reservoir. 

of the literature describing the application of remote 
sensing to surface water quality studies is provided 
by Witzig and Whitehurst (1981). 

The Bureau of Reclamation is responsible for the 
management of over 300 reservoirs throughout the 
17 Western States. Many of these reservoirs are of 
large areal extent in remote locations and, conse- 
quently, the monitoring of their water quality con- 
ditions poses a considerable challenge. Surface sam- 
pling designs must be extensive enough to sample 
all zones of limnological significance while staying 
within constraints imposed by the limited avail- 
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to characterize conditions for all surface water ap- 
pearing in the scene. A unique set of equations is 
developed for each scene. Initial efforts of the Bu- 
reau of Reclamation were of this type (Verdin and 
Wegner, 1983). It became apparent that Landsat 
imagery could be of even greater utility if the sun 
angle and atmospheric effects in the data could be 
removed. This would permit the development of a 
single set of water quality predictive regression 
equations from concurrent surface and satellite ob- 
servations collected on multiple dates. It would also 
permit the application of the resulting predictive 
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equations to the  estimation of reservoir water 
quality conditions with imagery obtained on dates 
when there were no surface sampling crews in the 
field. 

Flaming Gorge Reservoir is a large impoundment 
at an elevation of 2000 metres on the Green River, 
a major tributary of the Upper Colorado River 
Basin. The dam, located in northeastern Utah, was 
completed in 1963. The reservoir extends 125 kilo- 
metres upstream of the damsite, well into south- 
western Wyoming. Annual filling of the reservoir is 
achieved primarily by spring snowmelt from the 
Uinta, Wind River, and Wyoming ranges of the 
Rocky Mountains. The stored waters are used to 
produce hydroelectric power and to meet down- 
stream water supply commitments through the 
year. The reservoir and adjacent lands comprise the 
Flaming Gorge National Recreation Area. 

Wegner (1982) has documented and analyzed sea- 
sonal changes in the spatial distribution of chloro- 
phyll a concentrations and Secchi disk transparency 
since the reservoir was first filled. His analyses 
showed that Flaming Gorge Reservoir can be di- 
vided into three hydrodynamic water quality zones: 
the riverine inflow area, a transition zone, and the 
lacustrine main body of the reservoir. These zones 
are indicated in Figure 1. The inflow area is char- 
acterized by high turbidity, extensive mixing, and 
high nutrient concentrations. The transition zone 
exhibits reduced sediment turbidity and high pri- 
marv vroductivitv. The location of the transition 
zone Aries from ieason to season and annually as a 
function of reservoir elevation, meteorological con- 
ditions, inflow patterns, and hydrodynamics. Wa- 
ters of the main body are very clear with low levels 
of primary productivity. 

Limnological sampling surveys typically involve 
measurement of a variety of water quality parame- 
ters, including nutrient concentration, tempera- 
ture, light penetration, conductivity, dissolved ox- 
ygen, heavy metals, chlorophyll concentrations, and 
samples of plankton and benthos. Only those char- 
acteristics which affect the optical properties of res- 
ervoir surface waters, either directly or by means of 
a companion substance, can be expected to correlate 
with Landsat multispectral scanner data. In this 
study, use was made of measurements of Secchi 
transparency and chlorophyll a concentration at less 
than 1 metre depth. These variables are often good 
indicators of trophic state and had correlated well 
with remote sensing data in date-specific studies of 
Flaming Gorge Reservoir (Verdin and Wegner, 
1983). Measurements were available for four dates 
when Landsat imagery of the reservoir had been 
acquired. The data were gathered by the Environ- 
mental Protection Agency, the U. S. Geological 
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24 August 1982 band 7 Landsat scene of Fla~ 
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Survey, and the Bureau of Reclamation. They are 
summarized in Table 1. 

Computer compatible tapes were obtained for the 
Landsat scenes of Flaming Gorge Reservoir ac- 
quired on 22 September 1975, 2 August 1978, 9 
September 1981, and 24 August 1982. As men- 
tioned before, concurrently acquired surface sam- 
pling data were available for these dates. In addi- 
tion, scenes showing the reservoir on 17 September 
1976, 18 October 1977, and 13 October 1978, were 
purchased from the EROS Data Center, Sioux Falls, 
South Dakota. No surface sampling had been car- 
ried out during the 1976 through 1978 algae bloom 
periods (late August through October), and it was 
hoped that analysis of these images would fill an 
informational gap. The choice of dates for these sea- 
sons was based on the availability of cloud-free iin- 
agery and the judgment of those fitmiliar with the 
reservoir during the period in cluestion. In all cases, 
data without geometric correction were purchased, 
except for the 9 September 1981 scene, when this 
format could not be provided. The preference for 
this format is due to the effects along shorelines of 
the cubic convolution interpolation algorithm, 



Date 

22 September 75 
22 September 75 
22 September 75 
22 September 75 
22 September 75 
22 September 75 
22 September 75 
22 September 75 
24 September 75 
25 September 75 
25 September 75 
25 September 75 
24 September 75 
23 September 75 
23 September 75 
23 September 75 
22 September 75 
22 September 75 
23 September 75 
23 September 75 
23 September 75 
23 September 75 
23 September 75 
23 September 75 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
2 August 78 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 
9 September 81 

24 August 82 
24 August 82 
24 August 82 
24 August 82 
24 August 82 
24 August 82 
24 August 82 
24 August 82 
24 August 82 

Agency Station 

E PA EPAl 
E PA2 
EPA3 
EPA4 
EPA6 
EPA7 
EPA8 
EPA9 

USGS GS1 
GS2 
GS5 
GS6 
GS8 
GS9 
GSlO 
GSl l  
GS13 
GS14 
GS15 
GS17 
GS20 
GS21 
GS22 
GS23 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

USBR FG4 
FG5.1 
FGlO 
FGlO. 1 
FG10.2 
FG10.3 
FG12 
FG15 
FG15.1 
FG15.2 
FG15.3 
FG15.4 
FG15.5 
FG20 
FG20.1 
FG20.2 
FG22 
FG22.1 
FG22.2 
FG22.3 

USBR FG2 
FG4 
FG5 
FGlO 
FG12 
FG15 
FG15.1 
FG20 
FG22 

Secchi 
depth (m) 

Chlorophyll a 
(mghn3) 

12.3 
6.9 

16.9 
3.3 
3.1 

Band 4 Band 5 

12.6 
12.0 
8.8 
5.7 
5.4 
5.5 
4.5 
4.3 
4.9 
5.1 
5.4 
5.4 
5.4 
6.1 
5.9 
6.4 
8.0 
7.2 
7.4 

10.5 
9.0 

10.2 
14.1 
14.6 
18.8 
12.2 
18.1 
10.8 
9.7 
7.6 
8.1 
8.6 
6.4 
7.2 
7.0 
6.2 
7.4 
7.9 
8.6 
7.5 
6.4 
8.2 
7.9 
7.6 
7.9 
8.9 

10.9 
10.4 
11.3 
13.6 
17.0 
17.0 
31.7 
11.7 
10.9 
11.2 
12.9 
19.3 
38.0 
39.1 

6.3 
7.5 
8.0 
8.6 

10.7 
11.5 
11.5 
13.0 
15.0 

Band 6 
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which were first noted by Olsen et al. (1981) and 
were further described by Verdin (1983). 

Upon receipt of the imagery, it was entered onto 
an interactive digital image processing system and 
displayed on a video console. Sampling stations 
were located by visual inspection while referring to 
maps supplied with the surface data. In some cases, 
sample site locations had been marked on U.S. Geo- 
logical Survey 7.5-minute quadrangle maps and the 
same spots could be found in the scene quite reli- 
ably. In other cases, only small-scale maps and an 
estimate of distance miles above the dam were avail- 
able, and site identification was made with less cer- 
tainty. In part to compensate for this uncertainty, 
mean brightness counts were recorded for three-by- 
three pixel blocks at the identified points. Excep- 
tions to this practice were made in the narrow arms 
of the reservoir, when a three-by-three block would 
take in shoreline pixels, and also in cases where 
linearly shaped algal blooms would not fill such a 
block. Mean digital counts in bands 4, 5, and 6 for 
the sample sites are presented in Table 1. Sunlight 
in the band 7 wavelengths penetrates clear water to 
a depth of only 10 cm (Hoffer, 1978), and for this 
reason band 7 data were not employed for surface 
water quality analysis. The spectral identities of the 
Landsat bands are presented in Table 2. 

Use of satellite image data from multiple dates 
requires that sun angle and atmospheric effects be 
accounted for in order to infer the reflectance of 
targets on the Earth's surface. Ahern et al. (1977) 
described a technique for doing this which does not 
require any ground measurement of solar radiation. 
The method was applied successfully by Richardson 
et al. (1980). For these reasons, the technique was 
selected for the study of Flaming Gorge Reservoir. 
In this approach, the simplified model of the inter- 
action of solar radiation with the atmosphere is 
stated as 

where L,, is the radiance sensed by Landsat in a 
given spectral band (inW/cm%r), r is target reflec- 
tance, defined as the ratio of upwelling radiance to 
downwelling irradiance (sr-I), T is atmospheric 

TABLE 2. SPECTRAL BANDS OF THE LANDSAT 
MULTISPECTRAL SCANNER 

Band* Wavelength (km) Color/spectrum 

4 0.50-0.60 Green 
5 0.60-0.70 Red 
6 0.70-0.80 Near infrared 
7 0.80-1.10 Near infrared 

* With the launch o f  Landsat 4,  the \tss bands have been renumbered 1 
through 4.  However. only one scene used in this study was acquired by 
that satellite, so the old numbering scheme has been retained. 

transmittance from surface to satellite (dimension- 
less), H,,, is total irradiance incident on a horizontal 
surface at the bottom of the atmosphere (mW/cm2), 
and L, is atmospheric path radiance (mW/cm%r). 

Values of L,,, are computed from the digital counts 
making up a Landsat scene by the following equa- 
tion (Robinove, 1982): 

DC 
L s , t = D C . , ( L m U - L m , n ) + L m , n  (2) 

where DC is the digital count for a pixel of interest, 
DC,, is the maximum digital count for the band of 
consideration (127 for bands 4, 5, and 6; 63 for band 
7), L,, is the radiance yielding detector saturation, 
and L , , ,  is the lowest radiance measured by the 
detector. Values of L,,, and L,,, for Landsats 1 
through 4 are presented in Table 3. Target reflec- 
tance, r, is an observational quantity and differs 
from p, the reflectance of a Lambertian surface, ac- 
cording to the relation: 

p = ar (3) 

where p is a dimensionless quantity representing 
the ratio of upwelling to downwelling irradiance. 
Atmospheric transmittance, T, from surface to sat- 
ellite is defined as 

T = e ( - ~ q e ~ e n )  (4) 

where T is the total optical depth of the atmosphere 
and 8, is the satellite nadir view angle. Total irra- 
diance, H,, , ,  is made up of direct and diffuse inso- 
lation: i.e., 

Htot = Ho cosZ e(-T"cz) + H sky. (5) 
In Equation 5, Ho is the solar irradiance at the 

top of the Earth's atmosphere (mW/cm2), Z is the 
solar zenith angle, and Hsky is the irradiance on a 
horizontal surface due to diffuse skylight. Rich- 
ardson et a1. (1980) cite several sources for values of 
H o ,  including Thekaekara et al. (1969) and Rogers 
and Peacock (1973). Diffuse sky irradiance, H s L y ,  de- 
pends on L, and 7 and cannot be directly measured. 

By manipulating the foregoing relationships, the 
following expression for the apparent Lambertian 
reflectance of a surface target is found: 

a ( L , , t  - L,) 
P = H e ( - ~ s e c e n )  

tot 

Solution of Equation 6 for a point of interest re- 
quires values of T and Lp which are defined by con- 
ditions prevailing at the time of image acquisition. 
Ahern et al. (1977) proposed the use of oligotrophic 
lakes as standard reflectors which could be used to 
evaluate L, by means of the expression 

Lsat = (LC + L, + L,) T + L, (7) 

where L, is water volume radiance, L, is water sur- 
face radiance, and L , is sun glint radiance produced 
by solar zenith angles less than 30' or wave action 
due to strong winds. They defined L, = r, H t o t ,  
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FIG. 2. Input and output parameters of the Turner- 
Spencer at~nospheric radiative transfer model. 

where r, is water volume reflectance (sr-I). Rich- 
ardson st al. (1980) fitted equations to the field ob- 
servations of Ahern et al. (1977) to obtain the equa- 
tion 

where h is the wavelength of interest in the 0.4- to 
3 . 0 - ~ m  range. They also used these observations to 
define L, = 0.006 H&. For the Canadian lake where 
Ahern et al, carried out their work, L, was equal to 
zero. This was assumed to be the case for Flaming 
Gorge Reservoir as well. Solving of Equation 7 for 
L, requires the use of the radiance over a clear lake 
appearing in the scene of interest and an appro- 
priate atmospheric radiative transfer model. 

Turner et al. (1971) and Turner and Spencer 
(1972) described a deterministic model of atmo- 
spheric radiative transfer which assumes a plane- 
parallel, homogeneous, aersol-filled atmosphere 
whose haze content is defined by the horizontal vi- 
sual range at the surface. A schematic of the input 
and output parameters for the FORTRAN version of 
the model used in this study is presented in Figure 
2. Specification of the visual range directly deter- 
mines the value of total optical depth, T ,  in the 
model which in turn perinits calculation of path ra- 
diance, L,,. By speclfylng among the input param- 
eters a visual range value that yields a path radiance 
value satisfying Equation 7 [i.e., L,, - (L, + L, + 
L ) T - L = O)], one obtains results permitting the 
sorution of ~ ~ u a t i o n  6 for other scene targets in the 
vicinity. This visual range value must be found in 
an iterative fashion. 

In applying the described method of accounting 
for atmospheric effects in Landsat imagery of 
Flaming Gorge Reservoir, it was assumed that uni- 
form atmospheric conditions existed for the entire 
reservoir in any given scene of interest. Because air 
masses in the region are characteristically clear and 
dry and there are no adjacent urban areas which 
might introduce a nonhomogeneous distribution of 
aerosols, it was felt that this was a reasonable as- 
sumption. An area 20 pixels square in the main body 
of the reservoir near Lucerne Bay was selected as 
the oligotrophic standard reflector to provide radi- 
ances (L,,) for the solution of Equation 7. Its loca- 
tion is indicated in Figure l. This area was chosen 
because it is consistently characterized by extremely 
clear, deep waters free of bottom and edge effects. 
The latitude and longitude of this target were used 
in all calculations defining the scene geometry for 
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Altitude Relative 
Date Landsat Path-row & m) Z 81, Azimuth 

22 September 1975 2 39-31 917 47.44 2.6 - 142.2 
17 September 1976 2 40-31 917 47.29 5.4 33.6 
18 October 1977 2 40-31 917 58.51 2.3 38.7 
2 August 1978 2 40-31 917 38.18 4.5 12.9 

13 October 1978 2 40-31 917 55.80 4.5 39.9 
9 September 1981 2 40-31 917 44.19 5.1 32.2 

24 August 1982 4 37-31 705 38.85 3.1 28.3 

use of the Turner-Spencer model. A solar ephemeris 
was used to compute solar zenith and azimuth an- 
gles for this target at the time of image acquisition. 
Scan azimuth and nadir view angles were approxi- 
mated according to the location of the standard re- 
flector target in the Landsat image. The relative 
azimuth angle required by the model was provided 
by subtracting the scan azimuth angle from the solar 
azimuth angle. Scene geometry data are presented 
in Table 4. Mean clear lake radiances appear in 
Table 5. 

Application of the Turner-Spencer model also re- 
quires nominal target and background reflectance 
values as inputs. These were obtained by examining 
histograms for bands 4, 5, and 6 for a 2 August 
1978 scene subset like that of Figure 1. The water 
and land modal digital counts were converted to 
radiance values by Equation 2 and used to solve the 
following approximation to Equation 6: 

where j & the nominal reflectance in the band of 
interest, L,,, is the modal radiance for either land or 
water and H ,  and Z are as defined before. The 
values obtained from the 2 August 1978 data were 
used in all runs of the model. They are presented 
in Table 6. Wavelength values of 0.55, 0.65, and 
0.75 km at the centers of bands 4, 5, and 6 were 
specified. Thus, for all seven scenes, the necessary 
input parameters for the model (refer to Figure 2) 

Date 

22 September 1975 
17 September 1976 
18 October 1977 
2 August 1978 

13 October 1978 
9 September 1981 

24 August 1982 

Band 
4 

0.2416 
0.2500 
0.2283 
0.2844 
0.2369 
0.2922 
0.2385 

Band 
5 

0.1280 
0.1335 
0.1138 
0.1493 
0.1366 
0.1596 
0.1408 

Band 
6 

0.0762 
0.0779 
0.0646 
0.0924 
0.0816 
0.0926 
0.0746 

were determined, with the exception of visual range 
at the surface. 

Three wavelengths were considered, then, for 
each of the seven reservoir scenes. For each case, 
the Turner-Spencer model was run iteratively with 
visual range specified as an integer value in kilo- 
metre units. The value specified was incremented 
in one-kilometre steps until that solution to Equa- 
tion 7 with the smallest residual was found. Residual 
values were typically less than 0.001 mW/cm%r. 
Model results obtained are presented in Table 7. 
With this accomplished, Equation 6 was used to 
calculate apparent Lambertian reflectance values 
for all surface sampling sites listed in Table 2. In this 
way, the remotely sensed observations were re- 
duced to a form where they could be quantitatively 
related to the Secchi transparency and chlorophyll 
a observations of Table 1. 

Least-squares regression procedures were used to 
produce estimator equations for Secchi transpar- 
ency and chlorophyll a concentration in terms of 
Landsat-derived reflectances. For Secchi transpar- 
ency, the best equation found was 

where SD is Secchi transparency (metres) and p, is 
the apparent Lambertian reflectance for band 5. 
This equation was derived from data for 69 obser- 
vations, with a coefficient of determination (P) of 
0.94 and standard deviation about the mean of about 
1.5 metres. The goodness of fit is illustrated in 
Figure 3. The best chlorophyll a predictor obtained 
was 

Band Water Land 
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(ABLE 7. RESULTS OBTAINED \VITH THE TURNER-SPENCER MODEL FOR THE SEVEN LANI>SA'T SCENES OF FI.AXIINC: 
GORGE RESERVOIR 

- - 

Wavelength Visual range 
Date ( w I ~ )  (km) L,, (mW/c~n%sr) T HI,, (m W/cm2) 

22 September 1975 

17 September 1976 

18 October 1977 

2 August 1978 

13 October 1978 

0.55 
0.65 
0.75 
0.55 
0.65 
0.75 
0.55 
0.65 
0.75 
0.55 
0.65 
0.75 
0.55 
0.65 
0.75 

9 September 1981 0.55 
0.65 
0.75 

24 August 1982 0.55 
0.65 
0.75 

where C H L A  is chlorophyll a concentration (mlrjm3) 
and p6 is reflectance for band 6. Forty-four obser- 
vations were used to develop this equation with P 
= 0.74 and standard deviation about the mean of 
about 3.0 mg/m3. Figure 4 illustrates its goodness 
of fit. 

Development of Equations 10 and 11 made pos- 
sible the production of color coded water quality 

images for all seven dates of interest. The objective 
of the study was to monitor year-to-year changes in 
the spatial distribution of general zones of trophic 
state. From an examination of historical records of 
Secchi transparency and chlorophyll a concentra- 
tion, and the digital imagery, it was determined that 
the trophic intervals of Table 8 would yield mean- 
ingful maps of trophic spatial variability. For each 
scene of interest, then, color coding schemes were 
used to define two trophic state maps, one based on 

- --. 
REFLECTANCE (pl IN THE 0 . 6 0 - 0 . 7 0 p m  BAN0 

FIG. 3 .  Illustration of goodness of fit of Secchi transparency predictor 
equation. 
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FIG. 4. Illustration of goodness of fit of chlorophyll a concentration pre- 
dictor equation. 

Secchi transparency and one based on chlorophyll transparencies less than 0.5 metre, according to 
a concentrations. Color photographic prints of these Equation 10, had conditions of high suspended sed- 
digital images were produced for limnological inter- iments. These areas were then masked out before 
pretation and analysis of the annual trends por- applying Equation 11 and in this way erroneous es- 
trayed. Figures 5 and 6 present examples of the 
trophic zones identified with Equation 11. 

One important consideration that arose was the 
potential confusion between turbidity due to sus- 
pended sediments and that due to the presence of 
algae. Areas of high suspended sediment concentra- 
tion exhibit relatively high band 6 reflectances 
which, according to Equation 11, would suggest 
high concentrations of chlorophyll a.  In reality, 
chlorophyll a concentrations are low in such areas 
due to the limitation of light available for photosyn- 
thesis. Fortunately, areas of organic and inorganic 
turbidity are normally spatially discrete in Flaming 
Gorge Reservoir, permitting the taking of steps to 
avoid this confusion. Meteorological records for the 
days immediately preceding image acquisition were 
examined to determine the likelihood of there being 
sediment plumes present. The relevant scenes were 
examined interactively in their digital form, and it 
was determined that those areas having Secchi 

TABLE 8. I~TERVALS OF SEC:C:HI TRANSPARENCY AND 

CHLOROPHYLL a CONC:EN~RAIION AND CORRE~PONUINC. 
TROPHIC STATES 

Secchi Chlorophyll a 
Trophic state transparency (m) concentration (mg/ln3) 

Oligotrophic >3 <4 
Mesotrophic 1-3 4- 10 FI~ : .  5. Characterization of trophic states in Flaming 

Eutrophic <1 >10 Gorge Reservoir on 17 Septelnber 1976, as identified with 
Equation 11. 
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FIG. 6. Characterization of trophic states in Flatllitlg 
Gorge Reservoir on 13 October 1978, as identified with 
Equation 11. 

timates of trophic state, as defined by chlorophyll 
a, were avoided. Figures 5 and 6 show areas of high 
suspended sediments identified in this manner. 

The method employed here for removal of at- 
mospheric effects in the Landsat data necessarily 
involves simplifying assumptions to permit a prac- 
tical modeling of complex physical processes. Ahern 
et al. (1977) back up their assumptions with an ex- 
tensive set of field measurements and theoretical 
calculations. A full discussion of these issues, how- 
ever, is beyond the scope of this paper. Nonethe- 
less, the data on Flaming Gorge Reservoir may be 
used to assess the magnitude of the atmospheric 
effects that can be modeled with this approach. 

Using the data from Table 1, a regression equation 
similar to Equation 10 was derived, with the differ- 
ence that uncorrected band 5 digital counts were 
used instead of reflectance values. The equation 
yielded was 

1 - = - 0.744 + 0.134 DC, 
S D (12) 

where DC, represents digital counts in band 5. The 
coefficient of determination (t2) is 0.90 and the stan- 
dard deviation about the mean 1.6 metres. The 
lower 12 and higher standard deviation, when com- 
pared with the corresponding values for Equation 

10, indicate a poorer goodness of fit when atmo- 
spheric correction has not been undertaken. Simi- 
larly, a chlorophyll concentration predictor equation 
was developed with digital count data: i.e., 

[;"LA = 0.820 e(O 354 D"C6) (13) 
where DC, represents band 6 digital counts. Again, 
a poorer goodness of fit is seen when compared to 
the equation pepared from reflectance data, as ev- 
idenced by a lower coefficient of determination 
(0.68) and higher standard deviation about the mean 
(3.3 mg/m3). 

Although the coefficients of determination and 
standard deviations for Equations 12 and 13 are 
poorer than those for Equations 10 and 11, one 
might conclude that they are good enough for esti- 
mation purposes and that atmospheric correction of 
the satellite data could be dispensed with. What 
follows is an illustration of the potential pitfalls of 
such an assumption. 

Consider, for example, a reservoir site with p, = 
0.025. Using the scene geometry and atmospheric 
properties for 18 October 1977, from Tables 4 and 
7, one may in turn compute a corresponding digital 
count by means of Equations 1 and 2. This value, 
DC, = 5.9, when substituted into Equation 12, 
yields an estimate of Secchi transparency of 21.4 
metres, which would suggest an ultra-oligotriphic 
condition. By contrast, if scene geometry and at- 
mospheric properties for 2 August 1978 are used, a 
value of DC, = 10.4 is obtained. Substitution of this 
value into Equation 12 gives an estimated Secchi 
transparency of 1.5 metres, a mesotrophic condi- 
tion. 

Similarly, a reservoir site with p6 = 0.015 would 
exhibit a digital count of 1.5 under the conditions 
of 18 October 1977 as compared with a digital count 
of 5.1 for 2 August 1978. When these values are 
substituted into Equation 13, chlorophyll concen- 
tration estimates of 1.4 mg/m3 and 5.0 mg/m3, re- 
spectively, are obtained. In the first case, oligo- 
trophic conditions are indicated, whereas in the 
second case, the chlorophyll concentration estimate 
suggests a ~nesotrophic state. Quite clearly, an ac- 
counting for atmospheric effects is required if mul- 
tidate satellite data are to be used to reliably esti- 
mate reservoir trophic state. 

One troublesome aspect of the data anlaysis pro- 
cedures was the difficulty in reliably identifying sur- 
face sample sites in the Landsat scenes. It is be- 
lieved that this problem contributes to the signifi- 
cant difference in goodness of fit between Equations 
10 and 11. The spatial variation of Secchi transpar- 
ency, a characteristic of the water colulnn as a 
whole, is usually not sharply defined and seems to 
agree fairly well with remote sensing measurements 
regardless of errors in sample site location. Chlo- 
rophyll a concentration, on the other hand, can vary 
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markedly within short distances, because algae 
blooms are very patchy. Regression on Landsat data 
is therefore more sensitive to these locational er- 
rors. The observed decrease in goodness of fit for 
Equation 11 with increasing chlorophyll concentra- 
tion is consistent with such a situation. A possible 
remedy might be the carrying of a Loran-C navi- 
gation unit by field sampling crews. Landsat im- 
agery could be mathematically linked to a map grid 
prior to analysis, and sample sites located subject 
only to the quantifiable inaccuracies of the coordi- 
nate transformation and the navigation system. 

Using data collected on Flaming Gorge Reservoir, 
it has been shown that an accounting for atmo- 
spheric effects in Landsat imagery permits the de- 
velopment of a single set of water quality predictive 
equations from measurements obtained on several 
different dates. Such an approach also permits es- 
timation of reservoir trophic state from image data 
acquired on dates for which there is no concurrently 
acquired surface sampling data. Failure to account 
for atmospheric effects when working with multi- 
date imagery can potentially lead to erroneous as- 
sessments of reservoir trophic state. This was illus- 
trated with hypothetical examples. The potential for 
errors in the approach due to uncertainty in locating 
sample sites in the image data was noted, along with 
the possible effects on regression goodness of fit this 
might cause. In spite of these problems, it is felt 
that the work described here represents a successful 
application of satellite remote sensing to the moni- 
toring of water quality in a large Bureau of Recla- 
mation reservoir. Given the costs of conducting sur- 
face sampling of such a reservoir, the results suggest 
that sampling designs should routinely incorporate 
remote sensing techniques in order to magnlfy the 
benefits of these measurements by extrapolating 
them spatially and temporally. The contribution to 
understanding reservoir limnology appears to be 
significant. 
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