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Abstract. An additive semi-analytic model of water clar-
ity for the forward problem of calculating apparent opti-
cal properties (AOPs) of diffuse attenuation and Secchi 
depth from the inherent optical properties (IOPs) due to 
suspended matter in oligotrophic waters is presented. 
The model is general in form, taking into account algal 
concentration, suspended inorganic sediment concentra-
tion, particle size distribution, and dissolved organic mat-
ter to predict Secchi depth and diffuse attenuation. The 
model’s application to ultra-oligotrophic Lake Tahoe, 

California-Nevada, USA is described. The function of 
the clarity model is to quantify the relative effect of phy-
toplankton or phytoplankton-derived organic materials, 
other particles such as suspended mineral sediment, and 
dissolved organic matter on the lake’s clarity. It is con-
cluded that suspended inorganic sediments and phyto-
planktonic algae both contribute signifi cantly to the re-
duction in clarity, and that suspended particulate matter, 
rather than dissolved organic matter, are the dominant 
causes of clarity loss.
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Introduction

Visual clarity is an important measure of water quality, 
with ramifi cations for health and safety as well as for 
aesthetics. Clarity, as distinct from diffuse light attenua-
tion, is the attenuation of visual contrast and is most com-

monly measured as Secchi depth. Previous attempts at 
clarity modeling, linking suspensoid concentrations to 
the inherent optical properties (IOPs) and apparent opti-
cal properties (AOPs) in freshwater systems, include 
Weidemann and Bannister (1986), Davies-Colley et al. 
(2003), Buiteveld (1995), Bukata et al. (1995), Effl er and 
Perkins (1996), Effl er et al. (2001), Hakanson, (Hakan-
son, 1995) and Hakanson (2003) among others. These 
efforts have typically addressed low clarity regimes in 
which the Secchi depth is less than 10 m. Larson and 
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Buktenica (1998) documented the seasonal patterns of 
Secchi depth variations in extremely clear, ultraoligo-
trophic Crater Lake, Oregon. They concluded that a de-
tailed study of the dilute particulates was key to a full 
understanding of Secchi depth variation.

Here we present an additive semi-analytic model of 
water clarity to calculate apparent optical properties 
(AOPs) of diffuse attenuation and Secchi depth from the 
inherent optical properties (IOPs) due to suspended mat-
ter in ultraoligotrophic waters (i. e., with Secchi depths in 
the range 15–40 m; (Carlson, 1977)). The model is gen-
eral in form, taking into account algal concentration, 
suspended inorganic sediment concentration, particle 
size distribution (PSD), and colored dissolved organic 
matter (CDOM) concentration to predict Secchi depth 
and diffuse attenuation (Kd). The model captures the clar-
ity variability in Lake Tahoe, the subject of the case 
study, which has seasonal variation in Secchi depth rang-
ing from 13 m in summer to 40 m during upwelling 
events in winter.

In Lake Tahoe, a range of optical measurements have 
been taken on occasion in recent years, however, it is the 
near-continuous 35 year record of Secchi depth and 
somewhat shorter record of diffuse PAR attenuation that 
provide a quantitative measure of long term clarity de-
cline. Secchi depth is a formal and specifi c goal of basin 
restoration and land-use management efforts, resulting in 
a need for a model link suspended matter concentrations 
to Secchi depth.

In an effort to reverse the trend of decreasing clarity 
in Lake Tahoe (Jassby et al., 1999), signifi cant resources 
are being directed towards reducing nutrient and sedi-
ment fl uxes into the lake and its tributaries. Water clarity 
as Secchi depth is one of several goals, or thresholds, 
driving land use management and ecosystem restoration 
efforts in the Tahoe basin. This model provides a linkage 
between dilute sediment and algae concentration and 
water clarity to inform decisions regarding where and 
how restoration efforts should be allocated for maximal 
effect. More generally, this model offers a tool with 
which to organize monitoring and research relating sus-
pended matter to optical properties in natural waters.

Lake Tahoe is a large, deep, oligotrophic, sub-alpine 
lake with a mean depth of 333 m, and a maximum depth 
of 499 m (Gardner et al., 2000). The lake has a surface 
area of 501 km2 within a watershed of 800 km2, and a 
mean hydraulic residence time of 650–700 years (Mar-
janovic, 1989). The combination of great depth, small 
ratio of watershed to lake area, and granitic basin geology 
has produced a lake of extremely low fertility and high 
transparency (Jassby et al., 1994). Lake Tahoe does not 
freeze in winter. It is a monomictic lake and does not mix 
to the bottom every year. One of the most highly valued 
measures of Lake Tahoe’s aesthetics is its clarity and 
deep blue color (Goldman, 2000).

When systematic measurements of water clarity began 
in 1968, a 20 cm diameter Secchi disk could be discerned 
at a depth of 31 m (annual mean); the recent annual mean 
is 21 m. The most recent analysis of the long-term moni-
toring program (with sampling at 11 day intervals) docu-
mented Secchi depth variability on seasonal, interannual, 
and decadal time scales (Jassby et al., 1999). Clarity is 
generally reduced in years with a winter of heavy snow-
fall, and increased in dry years. Interannual differences in 
mean Secchi depth can be on the order of several meters. 
There is also a bimodal seasonal pattern, with Secchi 
depth minima in approximately June and December. 
Analysis of the long-term data suggests that the June 
minimum is due to cumulative tributary discharge of sus-
pended sediments during snowmelt while the December 
minimum is related to the upward mixing of phytoplank-
ton from the deep chlorophyll maximum (40–60 m) as the 
thermocline degrades (Jassby et al., 1999). Episodic 
events, e. g., wind-driven upwelling, result in rapid chang-
es in observed Secchi depth on the order of hours.

The model links water constituents to clarity more 
formally and in greater detail than previously attempted. 
While Secchi depth as a measure of the IOPs has certain 
drawbacks, it is an extremely widely used technique due 
to its simplicity and often is the only available optical 
measurement. In clear waters where the Secchi depth is 
many meters, its precision is comparable to or greater 
than that of much more sophisticated instruments, (cf. 
Jassby et al. 1999). The model does not rely on empirical 
relationships between Secchi depth and diffuse attenua-
tion, which tend to break down if scattering and absorp-
tion do not strictly covary.

While the principles of the model can be applied to 
more turbid waters, e. g., Buiteveld (1995), we focus here 
on very clear waters. By delineating the specifi c scattering 
and absorbing roles played by pure water and of known 
dilute concentrations of organic particles, inorganic parti-
cles, and CDOM, it is possible to estimate the magnitude 
of each constituent and rank its effectiveness as an attenu-
ant. This is in contrast to approaches that link clarity to a 
single surrogate such as chlorophyll concentration or total 
suspended solids, e. g., Tilzer (1988) or Van Duin (2001).

Model description

The optical properties of natural waters are determined 
by scattering and absorption of the water itself and its 
constituents (Mobley, 1994). Tyler (1968) and Preisend-
orfer (1986b), using visibility theory advanced by Dunt-
ley (1952) developed the Secchi disk relation:

      
 

ΓSecchi Depth = 
〈c〉 + 〈Kd〉

 (1)
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where <c> and <Kd> are the depth-averaged beam and 
downwelling irradiance attenuation coeffi cients, respec-
tively, and Γ is a coupling constant (Gordon and Wouters, 
1978). The variables on which each of these depend are 
discussed further below.

The coupling constant, Γ, is a function of the eye’s 
contrast threshold, the Secchi disk refl ectivity, and water 
refl ectivities (Gordon and Wouters, 1978; Preisendorfer, 
1986b). The Secchi depth is the depth at which the con-
trast between the disk and the surrounding water equals 
the eye’s contrast threshold. The contrast is affected by 
the band of light wavelengths of maximal transmission 
and the wavelength-dependency of the eye’s photopic 
response (Dirks, 1990).

Depending on the types and concentrations of suspen-
soids, the band of maximal transmission will vary from 
lake to lake and by suspensoid types and concentrations. 
This maximally clear band is in the blue part of the visible 
spectrum for ultraoligotrophic water and shifts towards 
the green as suspended matter concentration increases 
(Davies-Colley et al., 2003; Kirk, 1994). Irradiance meas-
urements confi rm that the wavelengths of maximal trans-
mission are in the blue part of the spectrum between 450 
and 500 nm (Smith et al., 1973; Swift, 2004). Also Kd for 
photosynthetically available radiation (PAR) is only 
slightly greater than that for these most penetrating wave-
lengths (Davies-Colley et al., 2003, referring to Jewson et 
al. (1984)). Levin (2000) argues that while the minimally 
attenuated wavelength may vary, its effect on the relation-
ship between beam attenuation (the major determinant of 
Secchi depth) and Secchi depth varies little. For the pur-
poses of our model it is suffi cient to narrow the wave-
length-dependence to a quasi-monochromatic case of 
wavelengths around 475 nm (Gordon, 1989; Levin et al., 
2000; Levin and Radomyslskaya, 2000). For application 
to waters of much greater suspensoid concentrations, one 
would have to consider the parameter values as functions 
of the minimally attenuated wavelength.

The beam attenuation coeffi cient c is the sum of the 
absorption and scattering coeffi cients a and b, respec-
tively. The absorption term, a, is the sum of absorption by 
pure water, aw, CDOM and organic (op) and inorganic 
particles (ip), respectively (Kirk, 1994):

       
a = aw + aCDOM + aop + aip (2a)
       
aop = a*

C hl × Chla (2b)

where a*chl is a chlorophyll-specifi c absorption coeffi -
cient. The values for absorption by pure water, aw, are 
taken from Pope and Fry (Pope and Fry, 1997). Inorganic 
particles absorb weakly compared to their scattering ef-
fectiveness (Davies-Colley et al., 2003) and to the ab-
sorption by other constituents. Recent research has found 

that this holds for particles not containing signifi cant 
amounts of iron (Babin and Stramski, 2004). Also, un-
pigmented organic particle (detrital) absorption corre-
lates well with chlorophyll concentration in the case 
study presented here (Swift, 2004). Chlorophyll-specifi c 
absorption is also known to vary with light climate and 
cell physiology. These conditions must be examined for 
the particular water type. They are met in the case study 
presented here and consequently the absorption term is 
represented as aop = a*

chl × Chla where a*
Chla is a chloro-

phyll-specifi c absorption, and Chla is the chlorophyll-a 
concentration.

Scattering, b, is the sum of scattering by pure water, 
organic particles, and inorganic particles respectively, 
such that b = bw +  bop + bip. Scattering due to organic 
particles, or chlorophyll-covarying scattering, is param-
eterized using a relationship developed for chlorophyll-a 
concentration in a marine environment (Morel (1987; 
1994)). Note that the scattering is due to material corre-
lated with chlorophyll-a, e. g., healthy algae and covary-
ing detritus, but not due to chlorophyll itself. Scattering 
by inorganic particles is represented here as the sum of 
the scattering of N = 7 particle size classes in the range of 
0.5–32 µm (Eqn. 3). The use of an explicit size-differenti-
ated spectrum of particle concentration was chosen to be 
more representative of scattering than bulk descriptors 
such as total suspended solids (TSS). We found that in 
Tahoe the regression of Secchi depth with TSS was sig-
nifi cant (Jassby et al., 1999). However, a population of 
small (~1 µm) inorganic particles scatter light much more 
effectively than larger (~10 µm) particles of the same to-
tal mass, in part because of their larger number concen-
tration and because of their higher scattering effi ciency 
(Boss et al., 2001; Davies-Colley et al., 2003; Hutchinson 
and Edmondson, 1957). This yields the equation:

 
N

b = bw + b*
c  hl (Chla)0.62 +  ∑   fipCnb*

i  pn
 (3)

 n=1 

where bw is scattering by pure water (Morel, 1974), b*Chla 
is a chlorophyll-specifi c scattering coeffi cient, fip is the 
inorganic fraction of the particle population, and b*

ipn
 is 

number-specifi c scattering by inorganic particles in size 
class n, of concentration Cn. Chla, fip, and Cn are fi eld 
variables; bw is constant and b*Chla and b*

ipn
 are model 

parameters. This latter term is related to the scattering 
effi ciency, size, and concentration of individual particles 
(Morel, 1994), such that

       
bipn

 = Cnb*
i pn

 = Cn (Qipn
An) (4)

where  is the scattering effi ciency and An is the projected 
area (An = πDn

2/4), respectively, of a spherical particle 
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within the size class n. The scattering effi ciency, Qi  pn
, is a 

particle’s scattering cross-section relative to its physical 
cross-section, approximated by (Van De Hulst, 1957):

 
4  4

Qipn
 = 2 – –– sinρn + –– (1 – cosρn) (5)

 ρn  ρ2
n

 2πDn (np – 1)
where ρn = (6)
    l / nw

is the dimensionless optical size parameter, np is the re-
fractive index of the particle relative to the refractive in-
dex of water, nw, l  is the light wavelength in vacuo, and 
Dn is the particle diameter. Qip is small for particles much 
smaller than l, but rises rapidly and is approximately 2 
for particles large compared to wavelength.

The inorganic fraction, fip, is defi ned by

 Cn – r × Chla
fip = 

  N

∑
n=1

    

  N

∑
n=1

 (7)
 Cn

where r is a conversion factor relating organic particles 
(algae and detritus) to measured chlorophyll-a concen-
tration with units particles (mg chla-a)–1. The value of r 
was informed by microscope counts of phytoplankton 
cells, elemental analysis of inorganic particles, and ma-
chine counts of total particles. The fi nal value was deter-
mined by the genetic algorithm calibration described be-
low. Comparison of particle size distributions within the 
elemental analysis samples found that, within the resolu-
tion of particle size distribution, the fraction fip was ap-
proximately constant across size classes.

Kd (Eqn. 1) is the downwelling irradiance attenuation 
coeffi cient. Kirk (1994, and references therein) found 
that the relation between Kd, a and b over the photic zone 
is given by:

 1 + (0.425µ0 – 0.19) ba    
0.5

Kd = a ×  (8)
          µ0

where a and b are as defi ned in equations 2 and 3 and the 
average cosine µo, assuming a clear sky, is

 sin(f)
µ0 = cos sin–1

 






    






 (9)
 1.33

where f  is the solar zenith angle. 

Model application: Determination of model 
parameters and model calibration

Methods
Methods are divided into sample collection, parameter or 
variable measurements, and model calibration.

Sample collection. The model development requires the 
following fi eld data on each of the sampling dates: parti-
cle concentration as a function of size (Cn), elemental 
analysis to distinguish organic from inorganic material 
(f), and chlorophyll concentration (Chla). Samples were 
collected between February 1999 and December 2002 as 
part of the on-going UC Davis long-term monitoring 
program (Table 1). A total of 39 complete data sets re-
sulted – nine from 1999, ten from 2000, six from 2001, 
and 14 from 2002. Water samples were collected in 10 L 
opaque Van Dorn bottles and stored in cold, dark condi-
tions in acid-washed and DI-rinsed HDPE bottles. Sam-
ples used in this study were collected from depths of 0, 2, 
5, 10, 15, 20, 30, and 40 m at the Index station; and at 0, 
10, and 50 m at the Midlake station (Fig. 1). Measured 


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 
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







Table 1. Data sequence and calendar dates used for calibration and 
validation.

Calibration Validation

Data # Days since 
1 Jan 1999

Date Julian Date Date

 1   34    3-Feb-99  182   01-Jul-99

 2   61   2-Mar-99  307 03-Nov-99

 3  155   4-Jun-99  308 04-Nov-99

 4  188    07-Jul-99  348  14-Dec-99

 5  344  10-Dec-99  403   07-Feb-00

 6  404  08-Feb-00  427  02-Mar-00

 7  529  12-Jun-00  527  10-Jun-00

 8  589 11-Aug-00  557   10-Jul-00

 9  613  04-Sep-00  587 09-Aug-00

10  978   04-Sep-01  614  05-Sep-00

11 1006  02-Oct-01  833  12-Apr-01

12 1042  07-Nov-01  893   11-Jun-01

13 1076  11-Dec-01 1103   07-Jan-02

14 1187  01-Apr-02 1131  04-Feb-02

15 1250  03-Jun-02 1217 01-May-02

16 1278   01-Jul-02 1218 02-May-02

17 1329 21-Aug-02 1251   04-Jun-02

18 1372   03-Oct-02 1369  30-Sep-02

19 1405 05-Nov-02 1404 04-Nov-02

20 1435  05-Dec-02
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variables were trapezoidally depth-integrated from the 
surface to the Secchi depth. Samples listed in Table 1 
represent Index and Midlake stations equally. Samples 
for particulate (ap) and dissolved (aCDOM) spectral absorp-
tion were collected between March 1996 and March 
2000.

Chlorophyll analysis and particulate absorption. Filtra-
tion for chlorophyll analysis was performed on board or 
immediately afterward on shore. Chlorophyll-a concen-
tration was determined by the fl uorometric method 
(Apha, 1998) with either a Turner Designs model 10 A/U 
or model 111 using 100 % methanol. Chlorophyll cor-
rected for pheophytin was used in deriving the chloro-
phyll-specifi c parameters in the model.

Measurements of light absorption by organic parti-
cles, ap, were based on the quantitative fi lter technique of 
Mitchell (1990). Filtration was performed immediately 
after sampling. The spectral absorbance by all matter re-
tained on a 25 mm diameter glass-fi ber fi lter (Whatman 
GF/F, 0.7 µm nominal pore size) was measured from 250 
to 750 nm with a Shimadzu 150 A UV-VIS spectropho-
tometer fi tted with a quartz fi lter holder. After ap meas-
urement, the sample fi lter was soaked in 100 % methanol 
to extract pigments, followed by a measurement of the 
detrital, or non-pigmented particulate absorption, ad. 
These measurements established that ad covaried signifi -
cantly with Chla and that at the visible wavelengths of 
interest (450–500 nm), ad contributed at most approxi-
mately 35 % of total ap. Scattering from the glass fi ber 

fi lter itself acts to increase the path length of photons 
passing through it, thereby increasing the likelihood of 
absorption. This path length amplifi cation was corrected 
following the suggestions of Mitchell (1990) and (Muel-
ler and Fargion, 2002). Measurements of ap were re-
gressed on Chlorophyll-a concentration to derive a*Chla.

Dissolved matter absorption. Absorption by colored dis-
solved organic matter, aCDOM, was measured by spectro-
photometer using a 100 mm quartz cuvette (Mueller and 
Fargion, 2002). CDOM absorbance was measured in 
June, September, October, and November 1998 and Feb-
ruary, April, October, and December 1999 from samples 
within that day’s Secchi depth. Absorbance, A, was con-
verted to absorption, aCDOM, by (Kirk, 1994):

 – ln (10) × A (l)  2.303 × A (l)
aCDOM (l) =  = (10)
  pathlength, m      0.10 

Due to the low concentration of CDOM in Lake Tahoe 
pelagic waters, the absorption at 475 nm was near the 
limit of detection of the spectrophotometer. Thus, the 
mean absorbance at 475 nm was derived from an expo-
nential fi t to the spectrum similar to Method 3 of Sted-
mon et al. (2000), using Igor Pro software (Wavemetrics 
Inc., Portland, Oregon, USA).

Particle size distribution. Individual suspended particles 
were counted using a Liquilaz LS-200 (Particle Measure-
ment Systems Inc., Boulder, Colorado, USA). The LS-
200 uses the principle of light scattering by individual 
particles. It provides number absolute concentrations of 
particles in 15 user selectable size bins, in the range 
0.5 µm to 20 µm. This size range spans a large majority of 
the optically-active and most numerous suspended parti-
cles. Data from the 15 bins were combined to produce the 
seven particle size classes used in the optical model. To 
ensure accurate enumeration, samples were diluted to 
keep the cumulative particle count below ~ 7000 ml–1. 
Triplicate subsamples were analyzed and averaged. Vari-
ation among sub-samples was typically 2–3 %.

The Liquilaz counts all particles whose refractive in-
dex departs from that of water suffi ciently to produce a 
detectable scattered light signal. The Liquilaz measure-
ments assume that the particles are spherical, with refrac-
tive index, n, of 1.59. Quartz, representative of inorganic 
particles, has a refractive index of ~1.54. Organic parti-
cles, whose relative refractive index is closer to that of 
water, may appear ~30 % smaller than true size (Knol-
lenberg, 1987). Particles with low refractive index (e. g., 
unpigmented bacteria) will tend to be under-counted by 
the Liquilaz, both in number and size. However, by scat-

Figure 1. Map of Lake Tahoe, western United States (bathymetry 
contoured on 100 m intervals) and locations (•) of Midlake and In-
dex stations. Mean depth is 313 m; maximum depth is 499 m. Mid-
lake is lat. 39° 04.50, long. 120°00.96.
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tering little, these particles are unlikely to have a large 
effect on clarity in the range considered here.

X-Ray Fluorescence and Scanning Electron Microscope 
(SEM) single particle elemental analysis. Because parti-
cle optical characteristics vary signifi cantly due to com-
position (organic versus inorganic), particles were ana-
lyzed for elemental composition and size using scanning 
electron microscopy coupled with x-ray energy disper-
sive spectroscopy. Our procedures were based on Yin and 
Johnson (1984) and Johnson et al. (1991) as used by 
Coker (2000). Analysis was initiated on an International 
Scientifi c Instruments DS-130 scanning electron micro-
scope interfaced with an Oxford ISIS 2000 EDS x-ray 
detector with SemiCaps imaging system. Analysis con-
tinued with an FEI-Philips XL30sFEG coupled to an 
EDAX Phoenix X-ray detector. Spectra were evaluated 
individually to classify particles.

Particles were classifi ed based on elemental content 
(Johnson et al., 1991). Particles producing no elemental 
peaks heavier than sodium were classifi ed as organic 
particles, assuming that organic particles are composed 
largely of carbon, nitrogen, and oxygen. Particles that 
had a pure silicon signal, or could be visually identifi ed 
as diatoms or diatom fragments were classifi ed as silica 
particles of organic origin. Particles containing silicon 
and typical terrestrial elements such as Aluminum, Mag-
nesium, Titanium, or Iron were classifi ed as inorganic 
particles. A sample prepared from fi ne stream sediment 
confi rmed that terrestrial elements were present in ap-
proximately 90 % of particles in that sample. Thirty near-

surface samples from 1999–2001 were evaluated to pro-
duce a seasonally-varying estimate of inorganic fraction.

Lake optical properties. Secchi depth was measured with 
a 20 cm diameter, all white disk once each month at the 
Midlake station and approximately every 11 days at the 
Index station. Secchi depth was calculated as the mean of 
the depth of disappearance and reappearance. The disk 
was viewed from the shady side of the boat to reduce 
surface refl ectance, but clarity was always suffi ciently 
great that the disk was fully illuminated by sunlight pass-
ing beneath the boat. Comparison of paired measure-
ments from the sunny and shady sides of the vessel found 
that the difference was small, with Secchi depth viewed 
from the shady-side slightly greater than sunny-side.

Observed irradiance attenuation informed the bounds 
of the optical parameters. A Li-Cor Li-182 was used to 
collect vertical profi les of PAR irradiance, Ed (z, PAR), 
at the Index station as part of the long-term monitoring 
program. On several occasions, a Biospherical Instru-
ments, Inc. MER-1012 submersible radiometer was used 
to measure profi les of spectral downwelling irradiance, 
(Ed), at 410, 441, 488, 520, 560, 630, and 683 nm, and 
upwelling radiance, (Lu), at 441, 488, 520, 560, and 
683 nm. Diffuse downwelling attenuation, Kd, was calcu-
lated from as the depth derivative of Ed (Mobley, 1994).

Field variables
Measured chlorophyll-a concentration and particle con-
centrations were used as independent variables in the 
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Figure 2. Vertical profi les of pheophytin-corrected chlorophyll-a concentration from (a) the Index station and (b) the Midlake station during 
the study period. Horizontal bars at each depth indicate the range of measurement values in the data set used.
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as part of a separate aggregation algorithm. The repre-
sentative or mean particle diameters for each size class 
were calculated following Boss et al. (2001).

Ranges of model coeffi cients. As described previously, 
the model consists of the following coeffi cients: aw, aC-

DOM, a*
Chla, bw, b*

Chla, b*
ipn

, r and Γ. A combination of 
measured data from Lake Tahoe, and literature values 
from other comparable systems was used to assign the 
likely range of coeffi cient values (Table 2).

Coupling constant, Γ. MER-1012 radiometer measure-
ments of spectral downwelling and upwelling light were 
used to estimate Tahoe’s spectral refl ectance. Using re-
fl ectance and disk contrast threshold based on the deriva-
tion of Preisendorfer (1986), confi rmed by digital analy-
sis of disk images, Γ was set at 8.7 (Swift, 2004). This is 
consistent with values determined by Tyler (1968), 
Højerslev (1986) and Davies-Colley et al (2003).

Light absorption coeffi cients. Figure 4 shows representa-
tive spectra of ap and aCDOM. To derive a*chl, 48 ap 
spectra from samples collected in February, April, May 
and December 1999 were regressed against sample chlo-
rophyll-a concentration (r2 = 0.79; p < 0.01), yielding 
a*Chla=(475 nm) of 0.025 m2 mg–1. This is consistent with 
values found in the literature (Mobley, 1994). In Figure 4, 
dissolved aCDOM; was measured in a sample pooled 
from equal portions of water from 0, 10 and 20 m sam-
ples. Chlorophyll concentrations on this date were 
0.21 µg Chl l–1 at 0 m and 0.37 µg Chl l–1 at 20 m. Secchi 
depth was 24.3 m.

While CDOM absorption was measurable in Lake 
Tahoe, it is a relatively small attenuant at visible wave-
lengths of interest for the optical model compared to the 
particulate constituents. Values of aCDOM offshore at 
both the Index and Midlake stations are at the lower end 
of the range found in fresh waters (Kirk, 1994). CDOM 
absorption values are higher in the immediate vicinity of 
stream outfl ows due to tannins and humic substances 
from the watershed, but are substantially diluted before 
reaching the monitoring stations. Values of stream water 
aCDOM were approximately ten times higher than off-
shore values (Swift, 2004).

The spectral absorption coeffi cient of pure water is 
still a topic of active research, e. g., Buiteveld (1994). We 
used absorption values for pure water (aw) at 475 nm of 
0.012 m–1, found by Pope and Fry (1997).

Light scattering. Final values of b*Chla and r were found 
through the calibration process (see next section). The fi -

model, with the inorganic fraction f determined by Equa-
tion 7. Secchi depth was the primary measurement used 
to evaluate goodness-of-fi t of the model results. Down-
welling irradiance attenuation was used as a secondary 
check on the overall performance of the model.

Figure 2 shows representative chlorophyll profi les for 
(a) the Index station (n = 26), and (b) the Midlake station 
(n = 31) during the study period. The bars on each meas-
urement point show the range of values at that depth for 
the entire 1999–2002 calibration-validation period, using 
data from the long-term monitoring program. The Index 
station (Fig. 2a) was sampled with greater depth resolu-
tion from 0 to 105 m; n = 26. The Midlake station (Fig. 
2b) was sampled at 0, 10, 50 m and thereafter every 50 m 
to 450 m; n = 31. Data were collected between 7 Jan 1999 
and 5 Dec 2002. This includes dates in addition to those 
used for the calibration and validation process.

Figure 3 shows representative particle size distribu-
tions at three depths at the Index station and one depth at 
the Midlake station. The slope of the distribution con-
formed to a hyperbolic, or Junge (1963), distribution of 
the form , where D is particle diameter, C’(D) is the 
number of particles per unit volume per unit size class 
width ∆D, and each size class extends between D and D 
+ ∆D. The hyperbolic slope is S, and K represents con-
centration (Mobley, 1994). S was similar among samples 
with a value of approximately 3, but the particle concen-
trations varied (Coker 2000, Swift 2004). For the purpose 
of the model the 15 measured bin sizes were transformed 
to an equivalent set of 7 logarithmically distributed bins 
(0.5–1.0, 1.0–2, 2–4, 4–8, 8–16, 16–32, 32–64 µm; Table 
2). The scattering coeffi cient of the largest bin size (32–
64 µm) was set to zero in view of the rarity of such large 
particles, however the bin was retained as it was required 
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nal calibration value, 0.105 m–2 mg Chl–0.62, is towards the 
lower end of the range found by Morel (1987), but similar 
to the range 0.05–0.12 m–2 mg Chl–1 found in Irondequoit 
Bay by Weidemann and Bannister (1986). Morel (1987; 
1994) found b*Chla = 0.300 ± 0.15 m–2 mg Chl–0.62 for the 
range of chlorophyll concentrations 0.02 to >10 mg m–3 in 
marine environments. Chlorophyll-a in Lake Tahoe rang-
es from 0.01–3 mg Chl m–3 (observed mean at a repre-
sentative depth of 10 m was 0.60 ± 0.26 mg Chl m–3 (n = 
150) from 1996 to 2002). b*Chla is known to vary with, 
among other things, phytoplankton community structure 
and cell physiology. Chlorophyll-specifi c scattering in 
marine and freshwater systems range from 0.044 m–2 mg 
Chl–1 for Chlamydomonas, a chlorophyte, to 0.535 m–2 mg 
Chl–1 for Skeletonema, a marine diatom (Kirk 1994). Dia-
toms are often the dominant taxa in Lake Tahoe, espe-
cially during spring (Hunter et al., 1990). Weidemann and 
Bannister (1986) observed b*Chla in a freshwater environ-
ment to be between 0.05 and 0.10 m–2 mg Chl–1, increas-
ing to 0.12 m–2 mg Chl–1 for phytoplankton containing gas 
vacuoles. The wide range in observed specifi c scattering 
is due primarily to the differing index of refraction of cel-
lular materials (Morel, 1987).

Table 2. Summary of model application: Parameter and coeffi cient values at 475 nm.

Parameter Description Value Source

Γ Coupling constant 8.7 Fixed (1)

aw Pure water absorption, m–1 0.012 Fixed (2), Measured

aCDOM CDOM absorption, m–1 0.038 Measured

a*chl Chl-specifi c absorption,
m2 mg–1

0.025 Measured (3)

bw Pure water scattering, m–1 0.0027 Fixed (4)

µ0: Sun angle effect on Kd variable Calculated (5)

b*
ip

1
(QipnAn )

Scattering Cross-section (0.50–1.0 µm), m2 particle–1

4.287 × 10–12 Fixed (6)

b*
ip

2
“ “ (1.0–2.0 µm) 3.015 × 10–11 Fixed

b*
ip

3
“ “ (2.0–4.0 µm) 9.939 × 10–11 Fixed

b*
ip

4
“ “ (4.0–8.0 µm) 3.757 × 10–10 Fixed

b*
ip

5
“ “ (8.0–16 µm) 1.459 × 10–9 Fixed

b*
ip

6
“ “ (16–32 µm) 5.831 × 10–9 Fixed

b*
ip

7
“ “ (32–64 µm) 0 Fixed

b*Chl Chlorophyll-specifi c scattering, m2 mg–0.62 0.105 Calibrated (7)

r Conversion factor for chlorophyll to particles, m3 mg–1 5.6 × 109 Calibrated

Notes
1. Preisendorfer (Preisendorfer, 1986a), Gordon and Wouters (1978)
2. Pope and Fry (1997)
3. Particulate absorption measured following Mitchell (1990)
4. Morel and Prieur (1977)
6. Davies-Colley, et al. (1993), Tassan and Ferrari (1995)
5. Kirk (1994)
7. Calibration guided by Morel (1987; 1994), Kirk (1994)
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Tassan and Ferrari (1995) found in the laboratory set-
ting that a suspension of very fi ne inorganic sediment had 
a scattering cross-section of 0.0011 m2 mg–1, in relatively 
good agreement with calculations from Mie scattering 
theory. Their measured particle size distribution was 
similar to that found at Lake Tahoe. Vant and Davies-Col-
ley (1984), working in New Zealand lakes, also found an 
identical value for scattering cross-section. Assuming a 
bulk scattering cross-section of 0.0011 m2 mg–1, the scat-
tering cross-section of each representative particle size 
was calculated by distributing this value among the seven 
size classes based on the Junge particle size distribution, 
Cn(D), weighted by the scattering effi ciency, . The result-
ing scattering coeffi cients for each class are presented in 
Table 2. For calibration purposes, the values of the seven 
scattering cross-sections were fi xed, and r acted as the 
calibration parameter (Table 2).

Parameter calibration and model validation

Data preparation
The model depends on independent variables Chla and 
Cn, and the values of the model coeffi cients aw, aCDOM, 
a*

Chla, bw, b*
Chla, b

*
ipn , r and Γ. Calibration of the model 

involved several steps. The available data (Chla and Cn 
profi les, with corresponding Secchi depth) was fi rst 
checked and outliers removed. The resulting data were 
divided into two sets by random selection, ensuring that 
all seasons and years were represented. One set was used 
exclusively to calibrate the model, the other set was re-
tained to validate the model. Using the calibration data 
set, model coeffi cients were examined to identify the 
most sensitive ones. The coeffi cients to which the model 
was relatively insensitive were fi xed to either measured 
or literature values. Those that were the most sensitive 
were selected as parameters to be optimized using a ge-
netic algorithm technique, using minimal chi-square be-
tween observed and modeled Secchi depth as the selec-
tion criterion. A Bootstrap technique was used to 
calculate the uncertainty associated with each parameter.
For environmental data sets which involve extensive fi eld 
and laboratory investment for each date, such as that in-
volved here, calibration can be affected by the presence 
of outliers produced by erroneous data values (Beckman 
and Cook, 1983). The chi-squared function itself is sensi-
tive to the presence of extreme points (Bevington and 
Robinson, 1992). A combination of a Jackknife and a 
rejection test was used as the basis for outlier removal 
(Meinrath et al., 2000). The Jackknife assesses the varia-
tion of the optimal parameter estimates by repeatedly 
performing the calibration omitting one data point at a 
time (Efron, 1979). A rejection Q-test of the extreme 
values was used as an objective criterion for discarding 
erroneous data (Dixon, 1950).

The maximum number of parameters that can be 
meaningfully developed from a data set is limited by their 
identifi ability. Colinearity or lack of identifi ability means 
that a change in one parameter can be compensated for by 
an appropriate change of other model parameters. The 
uncertainty ranges of the parameters, together with linear 
error propagation, were used to obtain a ranking of model 
sensitivity to parameters (Brun et al., 2002; Brun et al., 
2001; Omlin et al., 2001). In linear approximation to the 
model equations, the global sensitivity S of model results 
to each parameter was evaluated by taking the root mean 
square of the error contributions of the modeled Secchi 
depth SDm summed over the calibration set, l.:

 1 ∆ pk dSDm
iS(pk) =   × 

    l

∑
i=1  

× (11)
 l   q dpk

 

where ∆pk stands for the contribution of the uncertainty 
of the k-th parameter pk, and q is the weighting coeffi -
cient (set to 2 m in this case).

Once a meaningful set of the most sensitive model 
parameters were identifi ed we used a Genetic Algorithm 
(GA) as an optimization technique (Beasley et al., 1993; 
Carroll, 1996; Goldberg, 1989; Perez-Losada, 2001). The 
main advantage of this technique is that it provides an 
automated method of converging towards the optimal set 
of parameter values for a given calibration data set. Sets 
of parameter values are evaluated (selected) by a fi tness 
function. In this model, the chi-square provides the eval-
uation function between the modeled (SDm) and observed 
(SDo) Secchi depth summed over the number of calibra-
tion points, l :

 (SDm
i  – SD0

i  )
2

v2 = 
   l

∑
i=1

 (12)
               q 
 

The weighting coeffi cient, q, is set to 2.0 m in this applica-
tion, corresponding to the hour-to-hour uncertainty in ob-
served Secchi depth (Schladow, unpubl. data). As water 
sampling and Secchi depth measurement have not always 
coincided exactly in time (there may be 1–2 h offsets) such 
uncertainty is to be expected. However, even if the time gap 
is eliminated, there are other sources of uncertainty. Most 
important is the coarse spatial resolution of the available 
water samples. Typically only 5 samples are within the 
Secchi depth at the Index station, and only 2 at the Midlake 
station. The piecewise interpolation necessary to produce 
depth integrated measurements of particle and chlorophyll 
concentration are a large part of the uncertainty.

The predictive use of the model necessitates an accu-
rate estimation of the model’s uncertainty. Once the 
structure of the model is set and the parameters calibrat-


 

2 2
1
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ed, estimation of the parameter uncertainty was accom-
plished by applying a bootstrapped Monte Carlo resam-
pling method (Efron and Tibshirani, 1993; Meinrath et 
al., 2000). It provides an estimate of the uncertainty as-
sociated with the parameters’ optimal values by generat-
ing a large number of pseudo-calibration sets (1000 in 
this case) by randomly selecting data points, with re-
placement, from the measured calibration set. Thus a 
data point may be present more than one time in one par-
ticular sample set or not present at all. The model is cali-
brating for each pseudo-calibration set, producing a dis-
tribution of parameter values. The empirical cumulative 
distribution function (CDF) is an estimate of the true but 
unknown distribution function of a parameter. The de-
rivative of the CDF is the empirical probability density 
distribution (EDF) that provides a measure of parameter 
uncertainty (Meinrath et al., 2000).

Model calibration and validation
The model was calibrated and validated using data col-
lected at the Index and Midlake stations (Fig. 1) throughout 

the year from 1999 to 2002. The available fi eld data were 
split into two sets. One set (with l = 21 data) was used to 
calibrate parameter values, as described above, while the 
second set (with p = 20 data) was used for validation. Data 
were distributed such that all seasons, years, and sample 
stations were represented in both the calibration and vali-
dation sets. Particle and chlorophyll concentrations were 
trapezoidally depth-integrated for Index profi les from the 
surface to the observed Secchi depth. For Midlake profi les, 
the 0 and 10 m depth samples were averaged.

Using the fi xed values (Table 2) and preliminary esti-
mates of the adjustable parameters, outliers were identi-
fi ed. Figure 5 shows the results, whereby the original 40 
data points were reduced to 39 (20 in the calibration set 
and 19 in the validation set). Dixon’s test (Dixon, 1950) 
in combination with a Jackknife sampling method identi-
fi ed the two points as outliers. The value of Dixon’s test 
changes dramatically when the two are removed (Fig. 
5a). The two points correspond to large departures in es-
timated values for bsed (Fig. 5b) and b*

chla (Fig. 5c).

Calibration and validation results
Global sensitivity analysis identifi ed which of the model 
coeffi cients had the largest effect on predicted Secchi 
depth. Each coeffi cient was varied by ±20 % with the 
exception of Γ, which was varied by ±5 %. Since Γ varies 
gradually as a function of water refl ectivity and threshold 
contrast over their expected ranges, this smaller range 
captured the expected range of Γ itself. The most nu-
merically sensitive coeffi cients were aCDOM, b*Chla, r and 
Γ (Fig. 6). The values of aCDOM and Γ were set to their 
mean measured and estimated values, respectively. The 
remaining two coeffi cients, b*Chla and r, were used as 
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calibration parameters. The bootstrap analysis provided 
an estimate of uncertainty for the values of b*

Chla and r 
(Fig. 7a, b).

The mean relative percent difference (RPD) between 
predicted and observed Secchi depth for the validation 
data set was –0.46 %, while the RPD over the four years 
was 7.9 % ± 8.3 % (mean ± s.d.; Table 3). The overall 
model performance, as refl ected by the comparison of 
Secchi depth, is within the uncertainty associated with 
the hour-to-hour variations in Secchi depth. Comparing 
the measured and predicted Secchi depths for the calibra-
tion set yielded a correlation coeffi cient of R2 = 0.48. A 
similar value (R2 = 0.50) was obtained for the validation 
set. The slight difference is due to somewhat larger vari-

ability within the calibration data set. The entire data set 
is plotted in Figure 8 (R2 = 0.49). The overall seasonal 
patterns were simulated, and in most cases, date-to-date 
trends were captured.

As an additional check of the model, and because 
Kd(PAR) is also of fundamental interest, we compared 
measured and predicted Kd for all available dates within 
the study period. Kd was measured at the Index station only, 
on 18 dates. The mean modeled Kd of 0.095 ± 0.0092 m–1 is 
very close to the mean observed Kd of 0.087 ± 0.011 m–1. 
The dynamic range of Kd on the sampling dates used in the 
model was unfortunately narrow relative to the range of Kd 
values from the long-term monitoring program. For exam-
ple, recent Kd values have been as low as 0.053 m–1, ob-
served on 25 April 1996 (corresponding Secchi depth was 
41 m) during an upwelling event at the Index station.

Discussion

The model enables the quantitative evaluation of the vari-
ous contributors to the Secchi depth within the range of 
conditions observed over the course of the study period. 
The percentage contributions to light attenuation in the 
calibration data set, caused by each of the primary param-
eters, is presented in Figure 9. As has often been found in 
other aquatic systems, light scattering is the dominant at-
tenuant (Kirk, 1994; Mobley, 1994). The sensitivity anal-
ysis indicated that the scattering parameters associated 
with the organic and inorganic particulate fractions were 
also the dominant attenuants in Lake Tahoe, in which 
particulate scattering contributes between 70 and 80 % of 
attenuation. Approximately 58 % of attenuation is due, on 
average, to inorganic particles and 25 % due to organic 
particles. With few exceptions, the period of late spring 
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snowmelt exhibits an increase in inorganic particle scat-
tering, contributing greater than 50 % of total attenuation. 
This is due to the high scattering effi ciency of inorganic 
particles. Conversely, during autumn deep mixing and 
winter months, when stream fl ow is minimal, organic 
particle scattering and absorption is relatively larger. This 
winter deep mixing is the period in which the greatest 
Secchi depth clarity is observed.

The calibrated value for the chlorophyll scattering 
parameter, of b*Chla is higher than the values suggested 
previously by Morel (1987, 1994). The difference may be 
due to the fact that Morel’s data came from Case 1 waters 
in which there was minimal inorganic sediment. (Case 1 
waters (Morel and Prieur, 1977) are those in which the 
concentration of phytoplankton is high compared to non-
biological particles. Case 1 has also come to mean that 
the optical properties are primarily determined by phyto-
plankton pigments. Case 2 waters have been referred to 
as “everything else” (Mobley, 1994), namely waters in 
which inorganic particles or dissolved organic matter 
dominate). This may have lead to a bias in the GA’s esti-
mated value of b*Chla.

The conversion factor r linking chlorophyll concen-
tration to the number of organic particles has been identi-

fi ed as a highly sensitive model coeffi cient. The value of 
this fraction may be compared with a measured fraction, 
based on the SEM and X-ray particle elemental analysis 
described earlier (Fig. 10). This illustrates the observed 
seasonal patterns of relatively high inorganic fraction 
corresponding to late spring snowmelt. The increase in 
chlorophyll concentration during late autumn mixing 
(December) and winter deep mixing (Jan–April) is also 
clearly evident.

The model tends to over-predict the inorganic frac-
tion by about 20 %. This may be due in part to the fact 
that the total particle numbers measured by the Liquilaz 
may be biased toward inorganic particles with high index 
of refraction, whereas algae with a lower index of refrac-
tion may be undercounted.

These fi ndings appear to confi rm Jassby et al. (1999) 
who, based on an analysis of a 30 year time series in Lake 
Tahoe, hypothesized that the Secchi minimum in May-
June was most likely due to fi ne suspended sediment 
loading from the watershed, while the minimum in De-
cember was most likely due to mixed layer deepening as 
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Table 3. Comparison of observed and modeled Secchi Depth as annual means. * indicates means are different at the 0.05 confi dence level; 
** indicates means are different at the 0.10 confi dence level.

Secchi Depth (m), mean ± std. dev.

Calibration
Data Set

Validation
Data Set All Data Year 1999 Year 2000 Year 2001 Year 2002

Observed 23.2 ± 4.7 21.7 ± 2.6 22.5 ± 3.8 21.9 ± 6.2 20.4 ± 2.6 22.6 ± 3.0 24.3 ± 2.0

Modeled 23.2 ± 3.8 21.6 ± 2.5 22.4 ± 3.2 22.5 ± 4.1 21.7 ± 1.9 23.8 ± 4.5 22.1 ± 2.8

RPD 0.00 % –0.46 % –0.44 % 2.74 % 6.37 % * 5.31 % –9.05 % **

Figure 9. Modeled relative contribution (%) to the absorption and 
scattering of each modeled term due to each suspended matter type 
during the modeled period. The model is focused on 475 nm (see 
text).
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organic particles from the deep chlorophyll layer (typi-
cally 60 to 70 m deep in Lake Tahoe) are mixed upward 
into the Secchi stratum. The observations and laboratory 
analyses strongly bear out that hypothesis.

Given the importance of inorganic sediment particles 
to the clarity of Lake Tahoe, a more detailed analysis of 
the infl uence of particle size on Secchi depth is appropri-
ate. In Figure 11, the part of the attenuation due to inor-
ganic particle scattering is shown as a function of the par-
ticle size classes used in the model. As expected, due to the 
steeply sloped particle size distribution (Fig. 3), combined 
with greater scattering effi ciency of relatively small parti-
cles (Eqns. 5 and 6) the majority of the scattering is due to 
the fi nest particle fractions, between 1 and 16 µm diameter, 
corresponding to the fi nest silts and clays. For inorganic 
particles, approximately 75 % of the scattering is due to 
particles between 0.5 and 5 µm (Fig. 11).

Detailed knowledge of particle concentration, PSD, 
and inorganic fraction is not generally available in most 
systems. We have found in the extreme case of Lake 
Tahoe that clarity is sensitive to these variables (Eqn. 1; 
see also Larson and Buktenica, (1998)). However, in sys-
tems of lower clarity, the principles presented here might 
be applied in simplifi ed form.

Conclusions

We have found that both biological (e. g., phytoplankton 
and detritus) and inorganic (terrestrial sediment) particu-

late matter are important contributors to clarity loss in 
Lake Tahoe. The high scattering cross-section of inor-
ganic particles results in their often being the dominant 
cause of loss of light transmission, despite their numeri-
cal minority most of the year. By coupling organic and 
inorganic suspensoid concentrations in the lake to a pre-
dicted Secchi depth, the model represents a useful tool 
that can be used to guide restoration efforts within the 
Tahoe basin, and other systems where clarity is a con-
cern. By organizing the model around optical principles, 
the relative contributions of attenuants can be understood 
and further investigated in greater detail than would be 
possible with a simple regression model. Use of the 
model will guide further fi eld and laboratory research, by 
pointing out the dominant attenuants and the importance 
of watershed and lake processes such as sediment ero-
sion, nutrient transport and particle aggregation.

Specifi cally for Lake Tahoe, the model lends solid 
support to the earlier hypothesis (Jassby et al., 1999) that 
inorganic particles dominate clarity for most of the year, 
except in winter, when mixing of the deep chlorophyll 
layer results in greater attenuation by organic particles. 
Of the inorganic particles, it is the fi ner fraction (1–
16 µm) that have the greatest impact on clarity.

The relative roles of organic and inorganic attenuants 
elucidated by the model have implications for Lake 
Tahoe restoration planning. Both biotic and abiotic parti-
cles contribute to clarity loss. However, as suggested by 
Jassby et al. (1999), because the attenuants differ in their 
causes and dynamic time scales, different restoration 
measures will apply to their reduction. The residence 
times of nutrients in Lake Tahoe are on the order of sev-
eral decades (Jassby et al., 1995). The residence time of 
suspended inorganic particles may be much shorter, de-
pending on size distribution, mechanisms of aggregation, 
and mixing. As predictions of inorganic particle fl uxes 
from the watershed become available, the model will 
provide a linkage between erosion control measures and 
the lake’s response.
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