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Analysis of Suspended Solids in Water 
Using Remotely Sensed High Resolution 

Derivative Spectra 

Abstract 
Discrimination of the chlorophyll signal from those of sus- 
pended sediments and the water itself has proven to be a 
difficult problem in optical remote sensing of algal biomass. 
Our study uses numerical differentiation of high resolution 
spectral data collected at close range over experimental 
tanks to address this problem. Results indicate that pure 
water effects can be reduced by a first-order derivative curve 
and suspended sediment effects can be removed by a sec- 
ond-order transformation. Chlorophyll content is correlated 
with the difference between the second derivatives at 660 
and 695 nanometres. This relationship holds even in the 
presence of background turbidity. Thus, it is an effective 
means of compensating for interjerence from suspended sol- 
ids. Our findings are discussed as they relate to the use of 

1 remote sensing for lake and reservoir management. 

Introduction 
Remote sensing technology has been used extensively to de- 
tect and quantify water quality parameters in natural water 
bodies and reservoirs (Horn and Morrissey, 1984; Verdin, 
1985; Jensen et al., 1989). Sensors with a wide variety of 
spectral, spatial, and temporal resolutions, mounted on an 
assortment of platforms including satellites and aircraft, have 
been used to evaluate chemical pollutants, suspended solids, 
and chlorophyll abundance. One of the most persistent prob- 
lems in remote sensing of suspended solids (including or- 
ganic solids) in water is discriminating the effects of 
turbidity due to suspended sediments from those of algal 
chlorophyll. This is particularly significant in lakes and res- 
ervoirs because levels of algal chlorophyll are an indicator of 
trophic condition and an indirect indicator of other impor- 
tant management concerns such as pollution by agricultural 
fertilizers, pesticides, and herbicides (Alfoldi, 1982; De- 
Noyelles et al., 1982). Low resolution imaging spectroradi- 
ometers such as those on the Landsat satellites are optimized 
for examining terrestrial rather than aquatic systems (Hilton, 
1984), and are, therefore, less than ideal for addressing this 
problem. In particular, Landsat sensors record data in only a 
few broad spectral bands, the resolution cf which are too 
coarse to detect much of the spectral "fine structure" associ- 
ated with suspended solids in water, 

Aircraft-mounted high resolution imaging spectrometers 
such as the Advanced Visiblefinfrared Imaging Spectrometer 
(AVIRIS), with 224 narrow contiguous bands ranging from 400 
to 2400 nanometres (nm), are capable of detecting spectral 
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fine structure, and offer improved capability for separating 
the effects of sedimentary turbidity from algal chlorophyll in 
water. Discriminating the effects of these two substances, 
however, remains a significant problem even for instruments 
of high spectral resolution. Quibel (1991) suggested that the 
difference between the reflectance peak at 710 nm and the 
trough at 660 nm in algae-laden waters remained roughly 
constant with increasing suspended sediment content and 
could, therefore, be used to gauge algae content despite vari- 
able turbidity. Demetriades-Shah et al. (1990) proposed the 
use of derivative spectra to separate the effects of "vegetation 
foreground" from "soil background in spectra of agricul- 
tural crops. This technique has been used extensively in ana- 
lytical chemistry to enhance minor components within a 
composite spectrum (Martin, 1957; Green and O'Hare, 1974). 
Demetriades-Shah et al. suggested that it should be possible 
to decompose other composite signals, including turbid 
water, using this method. Our research investigates the use 
of derivative spectra for separating the effects of turbidity 
and chlorophyll in data acquired by means of high-resolution 
spectrometry. 

Derivative Spectra 
Spectral reflectance from a volume of water in a turbid lake 
or reservoir can be conceptualized as a composite signal rep- 
resenting the weighted sum of the three components: water, 
suspended sediments, and suspended algal chlorophyll. The 
reflection from the target can thus be summarized as 

where 

R = composite volume reflectance from all 
sources; 

r,, r,, and r, = reflectance from water, turbidity, and 
chlorophyll components; and 

W, W, W ,  = the weighting of each component. 

Each component has a distinctive spectral pattern or signa- 
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ture, and the blending of these patterns produces the spectral 
signature for turbid water. 

Each component of the composite signal can be rep- 
resented by an N t h  order polynomial. If N varies for the indi- 
vidual components, then successive differentiation of the 
original (0th order) composite curve should systematically re- 
move the lower-order effects. 

To demonstrate the effect of successive differentiation on 
a turbid water spectrum, consider the zero-, first-, and sec- 
ond-order spectra for clear water, turbid water, and algal 
chlorophyll with turbidity in water (Figures 1, 2, and 3, re- 
spectively, data collected by the methods described below). 
The zero-order (or reflectance) spectrum for clear water (Fig- 
ure 1) shows higher reflectance in the visible wavebands 
(400 to 700 nm), peaking at about 500 nm, but very little re- 
flectance in the near-infrared (700 to 900 nm), a portion of 
the spectrum strongly absorbed by liquid water (Curcio and 
Petty, 1951). Both the first-and second-order curves are vir- 
tually zero at all wavelengths. From this, we may conclude 
that most of the spectral effects of water reflection are effec- 
tively negated by the first derivative. Reflection from clear 
water can, therefore, be considered a first-order effect. Simi- 
larly, Figure 2 suggests that turbidity is a second-order effect, 
because the first-order spectral signature for turbid water ex- 
hibits a characteristic trough or depression centered at ap- 
proximately 720 nm and the second differentiation of the 
curve negates this effect. 

The zero-order spectral signature for algal chlorophyll 
combined with turbidity in water (Figure 3) is more complex 
than either clear or turbid water. In the visible region, a peak 
in the green spectrum (500 to 600 nm) which is specific to 
chlorophyll is prominent. The zero-order curve also shows a 
strong reflection peak at the redlnear-infrared boundary 
( ~ 7 0 0  nm), which is reduced further into the infrared. The 
first-order curve shows a peak at approximately 530 nm and 
a distinctive peak-and-trough pattern between 680 and 750 
nm. More significantly, the second-order curve continues to 
show a regular pattern of peak and trough at 660 and 710 
nm. This indicates that the first-order turbidity effects have 
been removed [see above discussion), and the remaining ef- 
fect is specific only to algal chlorophyll. The effects are not 
as apparent when all three curves are shown on the same 
axes due to a reduction in the magnitude of the derivatives 
with each successive differentiation. Later, several curves are 

WAVELENGTH (nm) 

Figure 1. Zero-, first-, and second-order curves for 
water with no suspended solids. 

Figure 2. Zero-, first-, and second-order curves for 
water with suspended sediments. 1 

presented with an enlarged scale which clearly shows this 
pattern. 

Methodology 
From the above discussion, it seems evident that water ef- 
fects can be removed by the first derivative and turbidity ef- 
fects by the second, leaving a curve consisting only of 
features associated with chlorophyll. We tested this hypothe- 
sis with data collected using high resolution close-range re- 
mote sensing over experimental tanks with controlled 
chlorophyll and turbidity conditions. Use of close-range in- 
struments enables spectral effects to be evaluated without the 
confounding effects of the atmosphere and viewing geometry 
encountered with aircraft or satellite data sets. 

The tanks used in these experiments were circular, with 
a diameter of 3.5 m and a depth of 0.85 m. They were lined 
with 0.15 mil black plastic to reduce internal reflec- 
tion.Spectral data were collected using a Spectron Industries 
SE-590 portable spectrometer suspended over the tanks on a 
truck-mounted telescoping aluminum boom at a height of ap- 

WAVELENGTH (nm) 

Figure 3. Zero-, first-, and second-order curves for 
water with suspended sediments and algal chloro- 
phyll. 
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proximately 3.5 metres above the water surface. A 15" field- 
of-view optic was fitted to the spectroradiometer, giving an 
instantaneous field of view on the water surface of about 1.0 
mZ. The SE-590 collects data in 252 discrete, contiguous 
bands with a nominal bandwidth of 2.96 nrn and spectral 
range of 358 to 1137 nm. In this analysis, only data between 
400 and 900 nm were used. The Spectron instrument was in- 
terfaced to an IBM compatible microcomputer for control and 
data-logging. In all experiments, the truck was oriented east- 
west with the instrument package pointed south to minimize 
the effects of shadowing in the target area. 

The procedure for data collection varied according to the 
effect being investigated. Reflectance spectra in all experi- 
ments were obtained by first scanning the target (the tank 
surface) at regular intervals, then calibrating over a BaS04 
panel. Target and calibration scans were then ratioed accord- 
ing to 

where 

R, = reflectance in band i, 
q = radiance from the target in band i, 
rcl = radiance from the calibration panel in band i, and 
W, = factor to correct for non-Lambertian reflectance from 

calibration panel in band i, 

to calculate reflectance factors for each spectral band. Sus- 
pended-sediment data were collected by filling the tank with 
clean water and introducing measured quantities of sedi- 
ments at fixed time intervals, then scanning following the se- 
quence described above. Water samples were taken 
periodically throughout the experiment, and suspended-sedi- 
ment concentration was determined using a Hach model 
2100A turbidimeter calibrated in NephelomeMc Turbidity 
Units ( m s ) .  A high correlation (r> 0.90) existed between 
our measured turbidity values ( m s )  and total suspended 
particulate concentrations. Spectra of algal chlorophyll at 
varying concentrations were obtained by first stimulating an 
algal bloom by fertilization, then diluting it with freshwater 
while making sequential spectral scans. Periodic samples 
were taken and analyzed for chlorophyll biomass using fil- 
tration on glass fiber filters. Pigment was extracted from the 
filtrate with 90 percent buffered acetone and analyzed spec- 
trophotometrically, with acid correction for degraded phaeo- 
phytin (APHA, 1989). The spectral effects of chlorophyll 
with a suspended-sediment background were investigated by 
introducing measured amounts of sediments into a tank with 
an existing algal bloom and scanning after each treatment. 
Periodic sampling was used to determine both suspended 
sediment load and chlorophyll concentration. As before, re- 
flectance was calculated using Equation 2. In all experi- 
ments, solid material suspension was maintained by stirring. 

Derivative curves were calculated from reflectance spec- 
tra using a seven-point numerical differentiation technique 
derived from the LaGrangian interpolation polynomial. This 
method estimates the derivatives at both endpoints and the 
midpoint of any seven points, as long as the points are con- 
tiguous and evenly spaced (Burden and Faires, 1989). The 
interpolation algorithm uses three related formulas, one for 
each endpoint and one for the midpoint: i.e., 

The terms f(x,) through f(x,) represent the reflectance values 
at the seven points, with fix,,) and fix6) being the left and 
right endpoints, respectively; fix3) the midpoint; and h the 
distance between the points. An algorithm was developed 
which applied these equations sequentially over a zero-order 
reflectance curve, creating a first-order curve consisting of 
derivatives calculated at each spectral band value. Second- 
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Figure 4. Zero-, first-, and second-order curves for a series 
of four spectra of water with suspended sediments. 
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order curves were calculated by applying the same algorithm 
to a first-order curve. Because differentiation tends to mag- 
nify the effects of high-frequency noise in the spectra, a 
seven-point moving average smoothing filter was passed over 
the data prior to calculating derivatives. When second-order 
curves were used, they were calculated from smoothed first- 
order curves. 

Results and Discussion 
Figures 4a, 4b, and 4c show the zero-order reflectance and 
first- and second-order curves for sedimentary turbidity at 
four concentrations. For clarity of illustration, only four 
curves from the full data sets are plotted. Figure 4a clearly 
shows the increased reflectance from the water as turbidity 
increases, as well as a broadening of the peak as it shifts to 
longer wavelengths, Notice also that, although the general 
shape of the curve remains constant, the distance from peaks 
to troughs and the slope of the curve in between them in- 
creases with increasing concentration. Because, mathemati- 
cally, derivatives are related to the rate of change, these 
differences will determine the shape of the derivative curves. 

Figure 4b shows that first derivatives for curves with 
higher turbidity concentrations generally have higher abso- 
lute values throughout the spectrum, but show a particularly 
orderly pattern at about 720 nm. Figure 4c supports the con- 
tention that a second differentiation of the turbidity curves 
removes the effects of suspended solids. The second-order 
curve shows only very small derivative values and no or- 
derly pattern or structure which can be attributed to condi- 
tions in the water. 

Figure 5 shows the results of correlating suspended sedi- 
ment concentration with the absolute value of the first deriv- 
ative at the 720-nm trough for all eight scans in the data set. 
The high correlation coefficient (r = - 0.95, p < 0.0001) in- 
dicates that this feature is strongly related to sediment con- 
centration. 

Figures 6a through 6c illustrate a series of curves similar 
to those in Figure 4 but with only algal material in the tank. 
As described in the methodology section, chlorophyll con- 
centration was systematically reduced by diluting the tank 

Figure 5. Correlation of first derivative at 720 nm with turbidity. 

with pure water while a series of scans were taken. The 
overall pattern of reflectivity change is similar to those 
shown by the turbidity curves, with higher values at larger 
chlorophyll concentrations. The first-order curves show a 
well-defined peak-and-trough pattern in the spectral region 
between 670 and 750 nm. Comparison of Figures 4b and 6b 
indicates that, while chlorophyll shows a very distinctive 
pattern in this region, the trough occurs at nearly the same 
location as the trough feature in the turbidity curves, making 
the first-order curve less effective as a means to discriminate 
between the effects of the two components. The second-order 
curve also shows a peak-and-trough pattern, but the minima 
and maxima occur in slightly different places. Correlation 
between the difference of the minima and maxima and chlo- 
rophyll concentration indicates a relationship (r = 0.89, p > 
0.001), although not as strong as the one seen in the turbidity 
data (see Figure 7). 
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Figure 6. Zero-, first-, and second-order curves for a series 
of four spectra of water with algal chlorophyll. 
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The effects of differentiation on composite turbidity- 
chlorophyll spectra are shown in Figure 8. The reflectance 
curves (Figure 8a) show a transition from a single, well de- 
fined reflectance peak at 550 nm at lower turbidity values to 
a broader, more flat-topped peak extending from 550 to 650 
nm at higher turbidity levels. This results from the masking 
of the chIorophyll green peak by suspended sediments. The 
peak at about 710 nm, however, remains well-defined in all 
cases, as does the chlorophyll-a absorption trough at 670 to 
680 nm. The first-order curve (Figure 8b) shows systematic 
increase in absolute value with increasing sediment content 
at ~ 7 2 0  nm, but the second-order curves, although some- 
what "noisy," remain essentially constant at all suspended- 
sediment concentrations. Because, according to the above 
discussion, the 720-nm region should respond only to 
changes in algal chlorophyll concentration, and the algal 
chlorophyll content of the tank was roughly constant 
throughout the experiment, this finding supports the suppo- 
sition that second-order derivative spectra can effectively be 
used to filter the effects of suspended sediments from com- 
posite spectral signatures. Our conclusion is further sup- 
ported by comparing the difference of the second derivative 
minima and maxima (at 660 and 695 nm) to the difference 
between the reflectance at 665 nm and 710 nm suggested by 
Quibel (1990), as an index of chlorophyll content. Figure 9 
shows that, while the appearance of the two curves are simi- 
lar, at lower turbidity levels the difference in second deriva- 
tive extrema are flatter, and therefore a superior index of 
chlorophyll content. 

Summary and Conclusions 
Derivative spectra have been shown to be an effective tech- 
nique for separating the contribution of the various compo- 
nents of the composite spectrum of water with suspended 
solids. Second-order derivatives are especially well suited to 
discriminating the effects of algal chlorophyll from those of 
suspended sediments, especially at lower turbidity levels. In 
particular, the difference between the second derivatives at 
660 nm and 695 nm shows a strong relationship with chloro- 

phyll content. It is uncertain whether there is a unique rela- 
tionship between this difference and measured chlorophyll 
concentration. If there is no unique relationship, relative lev- 
els of chlorophyll concentration can be obtained directly 
from remotely sensed data. If absolute values are required, 
some field sampling must be done in order to establish a 
measurement scale. Further research into the relationship be- 
tween this difference index and chlorophyll content, and ad- 
ditional investigation of other possible relationships between 
first-, second-, or higher-order derivatives and water quality 
conditions, is warranted. 

High spectral resolution imaging systems mounted on 
aircraft are currently available, and in the future similar sat- 
ellite-borne instruments will provide routine high spectral 
resolution imagery for almost the entire Earth's surface. The 
availability of these systems provides resource managers 
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Figure 8. Zero-, first-, and second-order curves for a series 
of four composite spectra of water plus suspended sedi- 
ments and chlorophyll. 
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Figure 9. Comparison of two indices of chlorophyll content 
with increasing turbidity. The dashed line is the difference 
between reflectivity a t  665 and 710 nm, the solid line is 
the difference between the  second derivatives at 660 and 
695 nm. 
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