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A series of model calculations illustrate how the spectral characteristics of an 
irradiance sensor can affect estimates of the vertical structure of the diffuse attenuation 
coefficient for downwell irradiance (K(Z,A». The effect of a finite spectral response 
function is observed in regions of the spectrum where large dispersive changes exist in the 
optical properties. For open ocean environments, this occurs in the orange-red region of 
the spectrum (A)SSOnm). 

Four model calculations are made using different spectral response functions (heA» to 
determine the effects on the inferred K(z,62Snm) profiles related to: 1) a finite 
bandpass, 2) the "leakage" of a finite amount of blue-green , 3) spectral tails, and 
4) a spectral response function measured with a spectroradiometer. The results of these 
model calculations indicate that the background irradiance (or equivalently the blocking 
level) sampled by the spectroradiometer must be less than 10- 6 % (or 8 orders of magnitude) 
of the irradiance of interest for an accurate estimate of K(Z,A). Also, the half power 
bandwidth of heAl should be 10nm or less. The model results are compared to observed 
vertical profiles of K(Z,A) sampled from the P FLIP in the North Pacific Ocean during the 
Optical Dynamics Experiment (ODEX). These ions illustrate the possible implica
tions of inappropriate sensor des on the interpretation of observed K(Z,A) profiles. 

Introduction 

The determination of the diffuse attenuation coefficient (K(Z,A» is important for the 
characterization of the underwater photo-environment. K(Z,A) quantitatively describes the 
attenuation with th of a diffuse beam of light. The downwelling spectral irradiance at 
depth can be evaluated given the vertical profile of K(Z,A) and the downwelling spectral 
irradlance just beneath the air sea interface (Ed(O-,A» using the Beer-Bouguer-Lambert 
relation, 

(1 ) 

where z is depth below the sea surface. The characteristics of K(zo,A) (where Zo is a 
depth near the sea surface) have been explored in many differing oceanic environments 
(e.g., Smith and Bakerl; Austin and Petzold 2 ), but a characterization of the vertical 
structure of K(z,A) is an important current research topic (e.g., Smith, et a1. 3 ; Siegel 
and Dickeyt;). 

The determination of the vertical structure of K(z,A) has proven to be quite difficult 
and the subject of much invest ion (i.e., Smith and Baker 5 ,6; Mueller 7 ; Voss, 8; 
Siegel and Dickey!;). These investigations have been primarily concerned with 
of the incident and/or in situ irradiance fields caused by cloud variations, surface 
gravity waves, and ship shadowing. The present study focuses upon the effects which the 
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underwater irradiance sensor may have upon the inferr The inferred 
diffuse attenuation coefficient 1S defined as Ks(Z,Ao;h(A the wavelength of 
interest and h(A) is a spectral response function of the 

In practice, spectroradiometers must have finite _.. _ ~:-: J:"der to measure 
a finite spectral irradiance for each waveband ?r~=:~es of spectral 
irradiance sampled from a spectroradiometer can be used to calculate ~~ served K(z,A) 
(Kobs(Z,A» for each waveband. The calculated Kobs(Z,A) may deviate substa:r: ie.:"ly from the 
actual K(Z,A) due to the finite spectral extent of the spectroradiometer. This report will 
show how large deviations in the calculated Kobs(z,A) may occur because of the finite 
extent of the irradiance sensor. It w:ll also be shown that these distortions will be most 
severe for spectral regions with the greatest changes in K(z,A) with wavelength. 

The present research has been motivatec to a large extent by an analysis of the 
downwelling spectral irradiance sampled from the P FLIP during the Optical Dynamics 
Experiment (ODEX). These data were taken in the of~2 in the central North Pacific 
Ocean (-33N, -1421\1). Profiles of downwell spectral irradiance were made with a 
Biospherical Instruments, Inc. (BSI) MER-l010 spectroradiometer. These data were then used 
to calculate Kbbs(Z,A) for 12 discrete wavebands (from 410 to 767nm). Thirty-two 
downwelling irradiance casts deemed void of incident irradiance fluctuations were chosen 
for analysis. A discussion of the general experimental design and the details of the 
estimation of Kobs(z,A) can be found in Dickey, al. 9 and Siegel and Dickey4, 
respectively. 

The mean near-surface spectrum of K(5m,A) is shown in Figure 1. This was constructed by 
linearly interpolating between the 11 discrete wavebands in the visible region of the mean 
K(5m,A) to 1 nm intervals and then smoothing the spectrum using a 10nm moving average. In 
the following calculations, this spectrum is assumed to be the "true" depth independent 
K(A). In particular, the dependence of the sensed K(z,A) (Ks(z,A;h(A») upon the shape of 
the spectral response function of the downwelling irradiance sensor h(A) is investigated. 

The mean ODEX near-surface diffuse attenuation coefficient spectrum shows a broad 
minimum region from about 410 to 500nm, which is consistent with most open ocean 
observations. For wavelengths greater than 575nm, the magnitude of K(5m,A) increases 
rapidly. Changes in the spectral content O"-'-'-r.-.-~-,-,-,,,'-.-~-'-r-r, 
of the downwelling irradiance field be

come greater with increasing depth in 

this portion of the spectrum as well. It 

will be shown in the next section that 

the properties of h(A) alter the sampled 
 20
irradiance and hence Ks(Z,Ao;h(A» in 

this region of the spectrum. 
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Figure 1: The mean near-surface 
K(5m,A) spectrum measured during 
ODEX from the RIP FLIP. Units 
are m- I • --

Figure 2: The mean observed K(z,625nm) (Kobs 
(z,625nm» from the RIP FLIP during ODEX. Units 
are m- I • The'X' -represents the depth to which 
Kobs(z,625nm) can be reasonably estimated, and 
the KobsCz,625nm) profile is dashed below this 
point. The error bars represent 95% confidence 
intervals for the lIIean Kobs(z,625nm). 
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An example of an observed K(Z,A) profile is shown for the 625nm waveband (Kobs(z,625nm), 
Figure 2). This profile is constructed from the mean of the same 32 casts that were used 
to calculate the mean near-surface spectrum (Figure 1). The vertical dashed line 
corresponds to the diffuse attenuation coefficient for pure sea water at 625nm, (Kw(625nm), 
Smith and Baker l ). The calculation procedure used to determine Ko bs(z,625nm) is identical 
to the one suggested by Smith and BakerS except that the averaging and regression depth 
intervals were slightly larger (see Siegel and Dickey4 for further details). 

The magnitude of the observed diffuse attenuation coefficient decreases quite abruptly 
with increasing depth for this waveband, particularly for depths greater than -20m. This 
trend of decreasing Kobs(z,A) was observed in all of the wavebands sampled by the 
spectroradiometer that were greater than 589nm. It should be indicated that observed water 
mass properties (i.e., temperature, salinity, chlorophyll-a concentration, in situ 
fluorescence, beam att~nuation coefficient, etc.) were nearly uniform within the near
surface mixed layer (or upper 40 to 50m). The investigation of the cause(s) of the 
decrease in Kobs(z,A) with depth is what has motivated the present study. 

The 'X' in Figure 2 (and in Figures 4, 6, and 8) represents the depth (for each 
waveband) below which one cannot reasonably estimate K(Z,A) because of the finite dynamic 
range of the spectroradiometer. The method for determining this depth is as follows: 1) 
It is assumed that approximately 10 bits of information are required in order to calculate 
a vertical gradient of the downwelling irradiance (a conservative estimate), 2) the 
calibration constant is -0.0001 W/m2/nm/bit, and 3) Ed(O-,A) is assumed to be -lW/m2 /nm, 
thus by using the Beer-Bouguer-Lambert relation (eqn. 1) one can conservatively estimate 
K(z,A) over -3 orders of magnitude of Ed(z,A) or approximately 7 optical depths. This 
depth is defined as Zx. Kobs(Z,A) estimates below this depth are shown as dashed lines in 
Figure 2. 

Several factors can cause the observed decrease of the magnitude of Kobs(Z,A) with 
increasing tho An internal source of light within the water column would make the water 
column appear to attenuate less light. A possible source of this background field is 
sunlight induced fluorescence of the phytoplankton pigments (natural fluorescence) (e.g., 
Gordon lO ; Toplissll). For example, deep penetrating blue-green light can be absorbed by 
the phytoplankton and re-emitted as red light. This mechanism could in principle account 
for a reduction of the gradient of the red downwelling irradiance and hence a reduction of 
Kobs(Z,A) with increasing depth. The possibility that these effects could be caused by 
characteristics of the irradiance sensor are considered in the next section. 

Model 

A simple model is introduced in order to develop some insight into the effects of a 
realistic irradiance sensor on the vertical structure of Kabs(z,A). This insight can be 
used to distinguish between sensor effects as opposed to effects caused by natural 
fluorescence. As the starting point for this model, the Beer-Bouguer-Lambert relation 
(eqn. 1) is used to relate the downwelling spectral irradiance at depth, Ed(z,A), to the 
downwelling irradiance just below the sea surface, Ed(O-,A). The irradiance sampled by the 
underwater sensor is expressed as 

(2) 

where the spectral response function h(A) controls the amount and quality of the light 
sampled by the spectroradiometer and AO is the wavelength at the center of h(A). 
Ks(z,Aojh(A) is defined by an application of the Beer-Bouguer-Lambert relation for the 
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sampled irradiance, 

(3) 

In this model, KS(Z,AO;h(A» can be calculated assuming that: 1) the downwelling 
irradiance spectrum just below the sea surface (Ed(O-,A» is independent of the wavelength 
of light (Le., Ed(O-,A)=Ed(O-)=Es(O-» and 2) the "true" K(Z,A) is independent of depth 
(i.e., K(Z,A)=K(A». This then leads to the expression 

-K(A)Z 
!K(A)h(A)e dA 
o 

(4)
-K(A)Z 

!h(A)e dA 
o 

This equation states that the inferred K(Z,A) profile is the "true" K(Z,A), weighted by the 
in situ irradiance sampled by the irradiance sensor. Similar expressions are reported in 
Jerlov12 for the centered wavelengths of colored glass filters, but do not account for the 
effects of filter shapes on an inferred optical property. ThIS expression will be used in 
the calculation of Ks(z,Ao;h(A» for three ideal types of spectral response functions and 
one realistic filter shape determined from measurements with a BSI spectroradiometer. 

Analysis 

Spectral response functions can be characterized by their bandwidth, the extent and 
magnitude of the tails, and by the magnitude of any anomalous spectral region through which 
light may still propagate. In the following, three ideal spectral response functions are 
used to determine how Ks (z,625nm;h(A» is affected by: 1) finite bandwidth, 2) stray 
blue-green light, and 3) spectral tails. Also, a measured h(A) function derived from a BSI 
spectroradiometer is utilized to examine its effect on the inferred vertical structure of 
K(Z,A). 

The idealized spectral response function of a finite bandpass filter is shown in Figure 
3a. The center of the bandpass filter is ,1.0 and its spectral bandwidth is Ab. 
Ks (z,625nm;h(A» can be calculated for various bandwidths. This calculation will give some 
insight into the effects of a finite bandpass h(A) on Ks (z,625nm;h(A». 

The Ks (z,625nm;h(A» profiles for 
the finite bandpass case are shown in 
Figure 4a. As before, the 'X' repre
sents the maximum depth to which one 
can reliably estimate K(Z,A) using a 
BSI spectroradiometer (zx)' The dash
ed line is the mean ODEX near-surface 
K(625nm), which is assumed to be depth 
independent. It can be seen that the 
vertical structure of the inferred 
K(Z,A) is strongly affected by the 
finite bandpass h(A) if the spectral 
bandwidth is greater than 10nm. There 
appears to be little variation from 
the assumed vertical structure to a 
depth of Zx if Ab is less than 10nm. 
It is obvious that a great deal of 

(0) 

Ai 
sensor relat~d vertical 
exist if tne bandwidth 

variation can 
of the sensor WAVELENGTH 

is greater th8n 10nm (that of the BSI Figure 3: Hypothetical spectral response 
spectroradiome~er). functions for a) finite bandpass h(A) and b) 

light leakage h(A). Units are arbitrary. 
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,r ene LoeaLLzea seray LLgnc nlA) case may De qULce Lmporcanc ror 
,f the observed K(Z,A) profiles (Kobs(z,A». Interference filt 
.tic irradiance sensors allow some small, though finite, level a 
,ectral regions that are designed to be devoid of light. T 
are generally small (0(10- 4 % or less) and are assumed to be in 
magnitude of the sampled irradiance near the wavelength of int 

ensor is profiled through the water column of the open ocean, t 
irradiance field is altered because of the attenuation of the 
is possible that at some depth the irradiance by the se 

.ing level will be of similar magnitude as the irradiance samp 

.velength of interest. The fraction of 1 modeled by t 
~eptually related to this finite blocking Characterist 

level will be discussed further in the context of a realist 
'n. 

,alized spectral response function to be considered pertains to 
.ils on the inferred K(Z,A)' An example of this type of sh 
ty interference filter shown in Figure 5 Griot 13 ). A 
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power bandwidth is used for these calc
ulations. The value of n represents the 
number of individual metal coated dielec
tric filters which comprise the n-cavity 
interference filter. Each one of the 
metal coated dielectric filters reflects 
photons that are not in the waveband of 
interest, while allowing photons of 
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Figure Figure 6: Inferred K(z,625nm) for the 

sponse idealized n-cavity interference filter case. 

cavity Units are m-I. 

varies 

scale. 


interest to pass through. The inclusion of more of these cavities effectively sharpens the 

spectral region of h(A). 


The Ks (z,625nm;h(A» profiles for the n-cavity interference filter h(A) are shown in 
Figure 6. At depths greater than 40m, all (z,625nm;h(A» diverge from the assumed depth 
independent value of K(625nm) (the dashed line in Figure 6). At a depth of zx, the 1 and 2 
cavity interference filter cases diverge from K(625nm), while the 3 and 4 cavity cases do 
not. In general, the broader the spectral tails the more the Ks (z,625nm;h(A») diverge from 
the assumed depth independent value of 625nm) (the dashed line in Figure 6). At a depth 
of Zx, the 1 and 2 cavity interference lter cases diverge from K(625nm) while the 3 and 
4 cavity cases do not. In general, the broader the spectral tai the more the 
Ks (z,625nm;h(A» profile differs from the ideal sensor case. There also appears to be 
little advantage in using a 4 cavity interference filter opposed to a 3 cavity filter in 
that both Ks (z,625nm;h(A» profiles are identical to a depth of Zx. 

The spectral response function measured for the 625nm waveband channel of a BSI 
spectroradiometer is shown in Figure 7. Because of the finite signal level of the 
monochrometer used to derive this h(A), the spectral response of the sensor was not sampled 
for h(A) less than 0.01%. Each spectral waveband of the BSI spectroradiometer utilizes a 
3-cavity interference filter with additional colored glass filters in order to attenuate 
radiant energy outside of the desired waveband. Note that the center wavelength is 620nm. 
For these calculations, AO is assumed to be 620nm instead of Ao=625nm. The shape of the 
spectral response function is different from the idealized h(A) 's for the n-cavity 
interference filters (Figure 5). The sampled h(A) lacks an observable contribution from 
the spectral tails. Presumably, the tails of this h(A) have amplitudes less than 0.01%. 
Hence, calculations of Ks (z,620nm;h(A» us this h(A) have an inherent uncertainty due to 
the lack of knowledge of the low signal features of the spectral response function (i.e., 
the spectral tails and blocking level), 

WAVELENGTH (nm) 

5: The shape of the spectral re
functions for the idealized n
interference filter case, where n 

from 	 1 to 4. Note the logarithmic 
Units are % of full signal. 
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are shown in Figure 8. Four 
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king level is varied from 0 to 
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cross the entire visible spectrum 
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z:,t>.:vnm,n~A)) rrom cne V70 D.LOCKl.ng .Level. case co a aepcu oJ: luum. l.nel:le lIluueJ. 
~h use a measured spectral response function clearly illustrate how the low 
ions of h(A) can help control the vertical structure of Ks (z,620nm;h(A» w[ 
~ngly varies with wavelength. This analysis also shows that extreme carE 
rcised in the interpretation of observed K(Z,A) profiles. 

Discussion 

The preceding calculations illustrate the importance of the spectral respons 
the determination of Ks(z,Ao;h(A». The emphasis of this study is upon the 
the visible spectrum characteristic of open ocean conditions, but it could 
lied to any other spectral region where there exists large spectral gradients 
perties. Conceptually, spectral response functions allow the sensor to Sl 

Xii light which is of interest with light that may not be desired. This of co' 
. unambiguous interpretation of observed K(Z,A) profiles (i.e., Figure 2) dif 

impossible. 

The vertical structure of Kobs(z,625nm) (Figure 2) is quite similar to the mod, 
;ht (z,625nm;h(A» with a stray fraction (r) of 0.01% (Figure 4b) and is al 
the realistic h(A) with a finite blocking level of 10- 4 % (Figure 8). While th. 
;nitude of Ks(z,Ao;h(A» for the realistic h(A) case (that is Ao=620nm) m, 
'ectly comparable to Kobs(z,625nm), the correspondence with the observed shap' 
.t the spectral response function may control the vertical structure of Kobs(z 
.arge degree. In particular, the correspondence of the vertical profile shapes 

importance of the low level spectral structure of h(A) far from the wav 
:erest. 
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As mentioned in the introduction, internal sources of light within the water column can 
produce reduced values of Kobs(z,A) similar to those observed (Figure 2). A conceivable 
mechanism for this process is sunlight induced pigment fluorescence. One can model this 
process by assuming that a fraction of the downwelling blue-green irradiance is absorbed 
and then re-emitted as downwelling red irradiance. This model is analogous to the stray 
light case previously introduced, where the fraction (r) of stray light becomes a depth 
independent fluorescence efficiency. Comparison of the results of the stray light 
computation and Kobs(z,625nm) gives a hypothetical fluorescence efficiency of -0.005%. 
Near this waveband, phycocyanin and phycoerythrin are the primary fluorescing pigments 
(e.g., Broenkow, et al. 1q ). There are few field observations of fluorescence efficiencies 
in this waveband-,--but the magnitude of this estimate is not entirely unrealistic (e.g., 
Falkowski and Kiefer 15 ). 

It has been shown that the observed vertical structure of K(Z,A) within the red spectral 
regions can be explained by using simple models of either a realistic irradiance sensor or 
by an internal source of light within the water column. No conclusive statement can be 
made concerning the cause of this vertical structure, but it is likely that a large portion 
of this vertical structure is due to the characteristics of the irradiance sensor in view 
of the large observed deviations from the assumed K(A) profile with the measured h(A) 
(Figure 8). With a larger, more complete data set (i.e., the inclusion of upwelling 
spectral irradiance, less incident irradiance variations, and a shallower chlorophyll 
maximum) it may be possible to make a more conclusive statement concerning the source of 
the observed vertical structure of Kobs(z,A) for these orange-red bands. 

Using these calculations for a basis, it is possible that correction procedures can be 
developed if the spectral response function of the spectroradiometer is known. These 
procedures would be applied in ad hoc fashion, where the irradiance sampled outside the 
spectral region of interest woulc-be-8ubtracted from the entire sampled irradiance of the 
waveband. This would also require that the spectrum of K(Z,A) be known ~ priori. 
Therefore an iterative scheme would be required. These approaches are presently being 
investigated. 

Conclusions 

Although the explanation for the observed vertical structure of K(Z,A) in clear oceanic 
waters cannot be unambiguously determined, it is most likely that a substantial portion of 
the vertical structure for orange-red wavebands may be attributed to the characteristics of 
the irradiance sensor. Also, our model calculations suggest several factors which should 
be considered for the proper design of spectroradiometers. Model results indicate that 
great care should be made to insure that the finite blocking level of the spectral response 
function for the sensor be as small as possible (10- 6 % or less). This may be a rather 
strict design requirement. Also, the maximum allowable half power bandwidth for a spectral 
irradiance sensor is shown to be -10nm. 

In addition, an estimate of the depth to which one can reasonably estimate K(Z,A) can be 
derived. This depth occurs at nearly 7 optical depths for a spectroradiometer similar to 
that used from the RIP FLIP during ODEX. It should be emphasized that observed K(Z,A) 
profiles are not onTYdependent upon space and time variability of the environment, but 
also upon the design and construction of the instruments used to measure the in si~~ 
spectral irradiance. 

As discussed previously, the measurement of natural fluorescence in oceanic waters is 
receiving increasing interest. These discussions serve notice that spectral characteris
tics of the instrumentation can obfuscate the fluorescent source. Investigators are urged 
to carefully consider the spectral characteristics of the light field and their detectors 
when studying portions of the spectrum where there exist large changes in optical 
properties with wavelength. 
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