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INTERPRETATION OF SPECTROPHOTOMETER 
READINGS ON CHESAPEAKE BAY WATERS 1 

BY 
WAYNE V. BURT2 

Chesapeake Bay Institute, The Johns Hopkins UniverB'ity 

ABSTRACT 

Numerical results of the Mie theory of scattering of light energy by suspended 
particles have been applied to light extinction measurements obtained from waters 
of Chesapeake Bay and its major tributaries. A Beckman Model DU Quartz 
Prism Spectrophotometer with 10 and 50 cm liquid absorption cells was used on 
raw and filtered samples to determine the extinction as a function of wave length. 
Extinction in these waters is primarily due to absorption and scattering by sus-
pended materials; Application of theory to observed data indicates that a large 
share of the particles that cause the extinction are less than one micron in radius 
and that these particles occur in concentrations ranging from less than one to ap-
proximately 60 ppm by volume. 

INTRODUCTION 

This study was undertaken to determine some quantitative facts 
about the physical processes involved in the attenuation of light 
in turbid natural waters and to find out something about the materials 
causing the attenuation. Some 25,000 extinction readings were 
made aboard ship on freshly drawn samples which were collected 
as part of the regular survey work in the Chesapeake Bay and its 
tributaries. Observations covered the entire range of depths and 
seasons over the whole of the Bay system. The data are presented 
in the Data Report series of the Chesapeake Bay Institute. 

This paper shows that the characteristic curve of extinction against 
the wave length of light for the visible part of the spectrum may be 
interpreted in terms of the Mie theory. From this interpretation 
estimates may be made of the size range, size distribution, and con-
centration of suspended materials. A second paper (Burt, 1955; 
see page 47 of this issue) furnishes material on the seasonal, areal, 
and depth distributions, as functions of the extinction measured at 

1 Contribution No. 21 from the Chesapeake Bay Institute. Results of work 
carried out for the Office of Naval Research of the Navy Department, the State 
of Maryland (Department of Research and Education), and the Commonwealth 
of Virginia (Virginia Fisheries Laboratory) under contract with The Johns Hopkins 
University. 

2 Now at the Department of General Science, Oregon State College. 
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several wave lengths. Further studies are bei11:g ma?e ?n t~e relation 
of extinction to the absolute values of the particle d1stnbut10n. 

Some of the material contained in this paper is taken from Burt 
(1952), which contains a more complete discussion of the problem. 
Errors in calculation in that paper have been corrected and the 
material has been amended to conform with more complete and 
exact computations for the application of the Mie theory which 
have recently become available. In addition, some terminology 
has been changed to conform with that of Middleton (1952) and 
Penndorf (1953). 

INSTRUMENTATION AND SAMPLING METHOD 

The instrument used in this study had to supply information 
which would make possible a plot of extinction against wave length 
across the whole visible light spectrum, and furthermore, it had to 
be usable aboard ship. The only instrument which met these re-
quirements is the Beckman Spectrophotometer. Methods for using 
the instrument as well as information on its accuracy and limitations 
are given by Cary and Beckman (1941), Gibson and Balcom (1947) 
and Caster (1951). 

The instrument is designed for use on nonturbid media. Some 
sources of error which occur when the instrument is used to measure 
extinction in turbid media have been discussed and partially evaluated 
by Burt (1952). 

Water samples were pumped aboard from desired depths through 
an ordinary garden hose by a rubber impeller "Jabsco" pump, and 
samples were drawn before they reached the pump. To minimize 
changes in transparency due to chemical and biological activity 
during storage, extinction measurements were made in the Spec-
trophotometer soon after the samples were drawn. 

THEORY 

Measurements in the Beckman Spectrophotometer eliminate the 
effects of the water itself, since the instrument is adjusted to read 
100% transmission through a distilled water blank. Extinction 
measurements on both filtered ("fine" Berkefeld Filter) and un-
filtered samples from Chesapeake Bay have shown that the extinction 
in the waters examined may be considered as being due primarily 
to suspended material, since the effects of filterable material are 
usually considerably greater than the effects of filter passing material 
(Burt, 1953). Clarke and James (1939) reported that filtered sea 
water was optically similar to distilled water. The Beckman Spec-
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trophotometer reads in optical density E-,.., which is defined as the 
negative logarithm to the base ten of the fraction of light energy 
which passes through the cell. Thus 

ba,p + b,,p = PE-,.., (1) 

where the proportionality factor P is a function of the length of the 
cell and of the length unit used for the partial extinction coefficients, 
ba,p and b,,p; ba,p denotes the partial extinction coefficient due to 
absorption by suspended particles, b, ,P that due to scattering. If 
centimeters are employed for the partial coefficients and if E-,.. is 
the optical density for the 10 cm path length considered in this paper, 
then P has a constant value of 0.23. 

In order to apply the Mie theory it is necessary to introduce the 
effective area coefficient K (sometimes called the scattering area 
ratio or the efficiency factor). It is defined as the dimensionless 
number by which the geometric cross-sectional area of a particle 
(in the plane perpendicular to the direction in which the original 
direct light beam is traveling) must be multiplied in order to determine 
its effectiveness in removing or deflecting light from a direct beam 
by processes of scattering and absorption; i.e., K equals the energy 
lost by the incident wave divided by the energy of the pencil that 
is geometrically obstructed by a particle. For N spherical particles 
per cubic centimeter with constant radius r (in centimeters), we have 

0.23 E-,.. = 7rT2 NK. (2) 

Solving the Mie equations, we obtain values of K as a function 
of r, >., and m(l - ik), the complex relative refractive index of the 
material in the particle relative to the suspending medium. (Here 

mis the refractive index, i is the V - 1, and le is the bulk absorption 
coefficient of the material in suspension.) If the particles are in 
the size range of the wave length of light, or smaller (where scattering 
predominates over absorption), and if they are nearly transparent 
(at most only slightly absorbing), it can be assumed without serious 
error that the values of K for nonabsorbing particles of the same 
size and real relative refractive index m are applicable (Van de Hulst, 
1946: 70; Burt, 1952: 28; Sinclair, 1951). Then 

K = f (a,m), where a = 27rT/X. (3) 

Values of K for various values of a and for several values of m 
equal to or greater than 1.20 have been computed by Gumprecht 
and Sliepcevich (1951). If these values of K are plotted against 
a (m - 1) rather than a, we can draw curves of K (one for each 



36 Journal of Marine Research [14, 1 

value of m considered) which are quite similar to each other. Van 
de Hulst (1946: 56-58) furnishes an equation for a curve of K vs 
a (m - 1) for values of m close to unity which can also be super-
imposed on the curves for m = 1.20, m = 1.33, etc. 

The limiting cases of the Mie theory r « X and r »~reduce to_the 
two familiar results of Rayleigh's theory of scattenng (Rayleigh, 
1899; Stratton, 1941: 572; Sinclair, 194 7; Houghton and Chalker, 
1949). When r « X, K ~ (r/X) 4 and K can be readily computed 
for any given value of m. When r >> X, K -t 2.0. 
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Figure 1. Effective area coefficient, K, as a function of ex (m - 1) for a relative refractive 
index, m, of 1.15. 

The above information is sufficient to provide values of K for 
values of m less than 1.20. The relative refractive indices of both 
the organic and inorganic materials found in Chesapeake Bay waters 
cluster closely about 1.15 (Burt, 1952: 27). This value will be as-
sumed for the relative refractive index of all materials in suspension. 

Fig. 1 shows K as a function of a(m - 1) for m = 1.15. The 
curve is based on the assumption that the particles are spherical, 
whereas those found in natural suspensions are usually not spherical. 
Penndorf (1953), considering theoretical work by previous investi-
gators, concludes that the results of the Mie theory may be used 
for nonspherical particles without introducing an appreciable error 
so long as the relative refractive index is less than approximately 2.00. 

The relationship shown in Fig. 1 may be replotted in a more use-
ful ~o~m (Fig. 2). Since m = ~.15, a(m - 1) = 0.15a, and by 
defirut10n, a = 2-,rr/X. Therefore, mstead of K = f(a), we may plot 
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Figure 2. Variation in effective area coefficient, K, with particle radill8 and wave length. 
Relative refractive index of 1.15 in water. 

K = f(2-,rr/"X.) for various values of r and "'JI.. In applying these re-
lationships to suspensions in water we must remember that the 
wave length of light in water is only¾ of the wave length of the same 
wave in air and that the theoretical computations are for the wave 
length of light in the suspending medium. This correction has been 
taken into account in drawing the curves of Fig. 2; therefore they 
apply only to transmission through water or through a medium with 
a Jike index of refraction. In order to avoid confusion, the abscissa 
scale is labeled for the wave length of light in air, as on the Spectro-
photometer, and thus it corresponds to the various colors usually 
associated with various wave lengths of light in air. 

Comparison of the slopes and shapes of the curves in Fig. 2 is 
made easier if the ratio Kx,,/K600,, is plotted against "'JI. (Fig. 3). Kx,, 
is the effective area coefficient for a particular value of r as a function 
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Figure 3. Variation in relative effective area coefficient, f(K) with particle radius and 
wave length. Relative refractive index 1.15 in water. 

of }., and K 600 , , is the value of the effective area coefficient for the 
same value of r and }. = 600mµ. 

To illustrate the relationship between the effective area and wave 
length for Rayleigh scattering, the broken line in Fig. 3 was added 
to show that Rayleigh scattering is approached when particles have 
radii of less than 0.1µ. Fig. 3 also shows that in water, within the 
wave length band 400 to 800 mµ, the Mie scattering curves for par-
ticles smaller than 0.6µ are characteristically " J" shaped, the magni-
tude of the slope increasing with decreasing wave length. For 
particles with a radius of about 0.6µ, the first Mie maximum begins 
to appear at the low end of the curve; as the particle size increases 
this maximum appears at larger and larger wave lengths. 
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OPTICAL DENSITY CURVES OF NATURAL SAMPLES 

From eq. (2) it is seen that the shape (relative slope and curva-
ture) of an optical density curve (E>. vs >..) for a suspension of com-
pletely uniform particles is dependent on the shape of the effective 
area coefficient curve (K vs >..) for the individual particles. In addi-
tion, this equation shows that the numerical value of E>. at any 
given value of >.. is directly proportional to N, the number of particles 
in suspension per unit volume of suspension. 

To determine the radius of uniformly sized particles, each measured 
value of E>. for the sample is divided by E 600 for the sample. The 
result, when plotted as a curve of f(E,.) vs >.., is independent of con-
centration and as such is directly comparable to the curves of f (K) 
vs >.. in Fig. 3. The radius of the particles is determined by super-
imposing the f(E,.) curve over the f(K) curves and interpolating. 

The concentration of particles N may now be determined by solving 
(2). The value of K is taken from the curve in Fig. 2 for the proper 
radius at any chosen wave length for which a value of E,. has been 
determined. 

Comparison of the natural sample f(E,.) curves with the theoretical 
f(K) curves in Fig. 3 indicates that the controlling radii vary from 
sample to sample between the limits of 0.1 and 0.5µ. However, 
close examination brings out the fact that the f(E,.) curves have a 
greater average curvature between 400 and 600 mµ than the f(K) 
curves with the same average slope. This is indicative of an expected 
nonuniformity of size. The difference in shape between the observed 
and theoretical curves may best be accounted for by assuming that 
the particle size distributions of the samples are highly skewed toward 
the smaller particles with median values of the radius for any given 
distribution of less than 0.5µ. 

Axford, et al. (1948) and Inman (1951) have reviewed the work 
of a number of researchers who found that the size distribution of 
fine sediments, natural dusts and smokes may be best approximated 
by some form of the highly skewed logarithmic normal curve, 

(4) 

where Vis the volume of material corresponding to any given radius 
r, and where b and c are constants that determine the mean radius 
J.nd dispersion about the mean for any distribution. 

This type of distribution function can be used to build a synthetic 
optical density curve comparable to the J(K) curves in Fig. 3. This 
curve, independent of concentration, gives the theoretically expecte 
relationship between f(E-,.) and >.. for a suspension of particles wi t 
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the selected volume distribution function. The synthesis consists 
of making the following summation numerically by small increments: 

1 [i= ] f(Ex) = - L Kx,; 1r N; r?- , 
E&00 ... o 

(5) 

where the factor 1/E600 adjusts the function so that f(Ex) is unity 
at a wave length of 600 mµ. The number of particles N; that cor-
respond to any given radius r; is taken from the distribution function. 
The numerical value of the effective area coefficient Kx,; for particles 
of radius r; is taken from the information upon which Figs. 1 and 
2 are based. 

The synthetic optical density curves resulting from the previous 
summation (eq. 5) for selected distributions of particles of the form 
shown in eq. 4 fit more nearly the shape of the f(Ex) curves measured 
from natural samples than they do the f(K) curves for a single particle 
size. Adjustment of the mass median radius and dispersion about 
the median can usually be made until the theoretically derived syn-
thetic curves fit the measured curves satisfactorily. 

Figs. 4a and 4b show synthetic curves based on (4) and (5) as well 
as measured curves for typical natural samples. Each distribution 
was given a dispersion factor of four, which means that the 95th 
percentile of cumulative volume has a radius four times that of the 
mass median (50th percentile). Note that the ratio E4()()/E600 or 
f(E400), which we now define as S1, increases in value with decreasing 
average particle size. The ratio S1 ranges from a value of one for 
a distribution of large particle sizes up to a value of five for a dis-
tribution of particles so small that Rayleigh scattering applies over 
the whole range of particle sizes present. 

A small amount of dissolved yellow substance (Burt, 1953) would 
tend to make measured curves diverge from the synthetic curves at 
the short wave lengths, as indicated in Fig. 4b. At the other end 
of the spectrum there is a tendency for the measured curves to be 
slightly higher than the synthetic curves due to the presence of 
large particles such as plankton which, although they are compara-
tively insignificant numerically, may present a relatively great net 
cross-sectional area. Due to the large size of plankton (r >> X) 
their effective area is constant with wave length and they could b~ 
accounted for by inserting a constant (equal to twice the cross-
sectional area of the large particles per unit volume) inside the brackets 
and by adding it to E6oo in eq. 5. The addition of a constant tends 
to raise the right end of the synthetic curves and would, for example, 
tend to make for better agreement between the theoretically and 
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Figure 4. Comparison of synthetic log-normal distribution optical density curves which 
were computed from the Mie theory with those observed on Chesapeake Bay waters. 

experimentally derived curves in Fig. 4a. Let us define the ratio 
S2 as Esoo/E&o0 or f(E800). Addition of large particles to any given 
distribution of small particles would tend to increase the numerical 
value of S2. 

SIZE DISTRIBUTION 
The majority of the f(E-,..) curves for Chesapeake Bay waters 

can be approximated by the synthetic curve in Fig. 4b for a log-
normal particle size distribution with a mass median radius of 0.3µ 
and a dispersion factor of four. Major discrepancies occur when 
the water becomes abnormally clear, at which time the f(E-,..) curves 
are better represented by the synthetic curve (Fig. 4a) for a mass 
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median radius of only 0.1µ and a dispersion factor of four. O?casion~~ 
samples were found with indications of ~arger ~ass me_dia_g_radu 
than 0.3µ, but in no case did the controllmg median ra~ms appear 
to exceed 0.6µ. This is evidenced by the lack of maXIma on the 
measured optical density curves (Fig. 2). 

CONCENTRATION OF SUSPENDED MATERIALS 
Once the size distribution of suspended materials has been de-

termined it is a relatively simple matter to determine the concentra-
tion, which is a linear function of the optical density (eq. 2). The 
volume of the suspended materials V, per unit volume of suspension 
V .. is 

V,/V .. = (4/3) f 1r N; r; 3
• (6) 

i-0 

Eq. 2 may be rewritten in terms of a summation for a suspension 
containing a distribution of different size particles as 

E6oo = 4.35 f Ksoo,i 7r N, r;2. 
i-0 

i=CO 

I:1rN;r;8 
v. ,:-0 

- = 0.37 E6oo ------ = E6oo F v .. ;f Ksoo,i 7r N; r;2 
i-0 

(7) 

(8) 

The factor Fis a constant for any given size distribution of suspended 
particles. It is determined by setting V,/V .. equal to unity and 
solving eq. 8. When the concentration is considered in units of parts 
per million by volume, then F has a numerical value of 13 for a log-
normal distribution with a mass median radius of 0.3 and a dispersion 
factor of 4. This distribution gives the best fit to the average ob-
served data of any distribution that was tried. 

DISCUSSION 
The primary advantage of this procedure is the relative ease with 

which the data can be obtained. Each determination can be carried 
out in less than ten minutes. Changes in the slopes of the measured 
optical density curves indicate changes in the particle size or size 
distribution, while changes in the numerical value of the optical 
density at a given wave length indicate changes in the concentration 
of suspended materials. 
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Since most of the errors involved, particularly those which are 
apt to be significant (see below), are relative, the system may be used 
for determination of relative size and concentration. Refinements 
in instrumentation, technique and theory, as well as calibration 
of results against those of other methods, should decrease the relative 
errors to a point where absolute results may be obtained. 

The Beckman Spectrophotometer includes as transmitted light 
that portion of light which is scattered in a nearly forward direction, 
giving a low reading of optical density (Burt, 1952; see Gumprecht 
and Sliepcevich, 1953 for a discussion of the problem). The instru-
mental efficiency appeared to decrease with increasing wave length, 
thus giving the observed optical density curves greater slope than 
they should have. This spurious increase in slope is added to the 
increased slope because of dissolved coloring matter at shorter wave 
lengths, thus indicating smaller median particle sizes than actually 
occur. Some of the large particles, such as plankton with relatively 
small cross-sectional area per unit volume of suspended material, 
may be neglected by assuming the log-normal particle distribution. 

The above sources of error tend toward an underestimation of 
the median radii by a factor of less than one-half. This upper limit 
of error is well defined by the fact that a maxima would occur on the 
observed optical density curves (Fig. 3) for larger mass median radii. 
The underestimation of the median radii, the instrumental efficiency, 
and. the neglect of the large particles tend toward an underestimation 
of the absolute concentration by a factor which is probably greater 
than two in most cases and which may be as great as five. 

Fig. 5 compares the results of filtering, drying, and weighing the 
suspended materials from 11 water samples with the results from 
the determination of the concentration of suspended materials by 
the optical method. The weighed materials were given a density 
of 2.65 to convert their weight to volume in ppm. The average 
optical density curve for a distribution with a mass median of 0.3µ 
and a dispersion factor of 4 was used to convert the observed optical 
densities to ppm by volume (V,/V w = 13E6oo), Over the range 
of concentrations examined, the expected linear relationship appears 
to hold with the concentration as determined by weighing, being 
about 3.5 times the concentration as determined optically. Thus 
the true suspended load in ppm by volume was approximately 45 
times the numerical value of the optical density for a ten cm cell 
path-length measured at a wave length of 600 mµ. 

Observed optical densities ranged from less than 0.01 to 1.3, in-
dicating suspended loads ranging from less than 1 ppm to approxi-
mately 60 ppm by volume. 
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Figure 5. Comparison or the results or determining the concentration or suspended 
materials optically and by filtering, drying and weighing. 

Joseph (1953) has shown a linear relationship of in situ extinction 
measurements over a wave length band centered about 590 mµ with 
the concentration of suspended material from waters of the North 
Sea and coastal Europe. The slope of his lines showing this relation-
ship varied with location due to changes in the size distribution and 
character of the particles. For coastal waters of England and the 
continent respectively, Joseph's specific extinction values convert 
to 54 and 37 ppm by volume (p = 2.65) per unit optical density. 
This is in fair agreement with the above value of 45. 

The Mie theory has also been applied to determine the theoretical 
scattering from 1 mg per liter concentrations of uniformly-sized 
spherical particles over the size range from very small particles up 
to particles with a radius of 6µ (Burt, 1954). The theoretical results 
compare favorably with the experimental results of Jerlov and Kul-
lenberg (1953). 

CONCLUSIONS 

1. Curves representing the variation of optical density with wave 
length for natural water samples from Chesapeake Bay and its tribu-
taries have a characteristic shape. Optical density, greatest at 
the lower end of the visible part of the spectrum, decreases in magni-
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tude with increasing wave length. The rate of decrease in optical 
density is greatest at that part of the curve with shorter wave length. 

2. Filtering removes most of the material responsible for attenua-
tion of light energy. Dissolved coloring matter does not occur in 
sufficient concentrations to be of importance, and most of the at-
tenuation (other than that due to the water itself) must be due to 
the absorption and scattering of light by small suspended particles. 

3. The Mie theory of electromagnetic scattering and absorption 
by small spherical particles may be applied to the measured optical 
density curves in order to determine the approximate concentration 
and size distribution of the particles in suspension in any water 
sample. 

4. The theory indicates that the particle size distributions are 
highly skewed toward small-sized particles with average radii of 
less than 0.6µ. Concentrations of suspended particles range from 
less than one to approximately 60 parts per million by volume. 
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