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ABSTRACT  

Bioluminescence is a striking and ubiquitous source of light in the global ocean, utilized in a variety of ecologically 
important communication, camouflage, and predator deterrence functions. It can be prevalent in surface waters at night 
and at most times in mesopelagic waters (≈200-1000m) where ambient light approaches a weak, asymptotic radiance 
field. The propagation of bioluminescent signals, and therefore the distance at which these signals can be detected, is 
dependent upon the inherent optical properties (IOPs) of the water column. The effects of IOPs on the propagation of 
light from isotropic point sources embedded in bioluminescent layers were examined in terms of emitted signal against 
background radiance throughout the water column, i.e., a metric defining the required ability to detect the emissions. 
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1. INTRODUCTION  
Bioluminescence (BL) is the emission of visible light by living organisms, typically as a result of proximal small scale 
shear. BL can be found in most marine habitats, both pelagic and benthic, and at all depths. However, it is most 
commonly found in surface to mesopelagic depths [1]. The reasons for the wide distribution of BL within marine 
organisms are various and include strategies for predator avoidance, prey location and attraction. There are many 
physiologically different systems of BL [2]. Due to the diverse physiologies, the bioluminescent emissions of different 
organisms can spectrally vary. The majority of pelagic and deep sea organisms emit light with a wavelength between 
450 and 490 nm, corresponding to blue light which has optimal transmission through oceanic water [3]. Coastal and 
some bottom living organisms emit a greener light with emission wavelengths between 490 and 520 nm [4-5]. The 
interest in organisms producing light upon mechanical stimulation is not only to understand the organism-specific BL 
potential and ecological advantage; light production as a function of mechanical stimulation provides a direct visual 
method of identifying surface and subsurface objects. On the other hand BL is relevant in the development of strategies 
to reduce the risk of detection. The objective of this study is to use radiative transfer simulations to analyze the behavior 
of bioluminescent signal for different inherent optical properties (IOPs) and depths of the bioluminescent layer ranging 
from near-surface to mesopelagic depths. BL is an attractive candidate for multi- or hyper-spectral analysis: ideal bands 
can be selected depending on the IOPs of the water and the spectral shape of the bioluminescent signal, so one could 
have one “signal” band in which BL is detected and multiple “background” bands related to noise. 

2. RADIATIVE TRANSFER COMPUTATIONS 
Hydrolight 5 radiative transfer software (Sequoia Scientific, Inc.) can model a horizontally homogeneous layer of BL if 
the BL spectral source function (S0) is known. S0(z,λ) (in units of W m-3 nm-1) can be idealized as a hyperbolic tangent 
function with depth and a Gaussian function in wavelength [6]. Mobley [6] estimated an integrated value of ~10-5 W m-3 
for typical concentrations of dinoflagellates, emitting ~1010 photons s-1 with an average wavelength of 480nm. However 
Lapota [7] observed values of ~1014 photons s-1 during periods of high BL in the Arabian Sea, therefore we assume total 
(i.e. integrated over wavelength) S0 to be 0.001 W m-3 in our simulations, since we are interested in the effects of high 
values of BL for this preliminary assessment (but not extreme). It has to be noted that individual organisms act like point 
sources, when mechanically-stimulated BL is emitted, therefore the simulated scenario corresponds to the case of an 
extended layer of point source emitting organisms, e.g., which may be encountered when experiencing large scale shear 
from a large object moving through the water. Instead of a Gaussian curve as a function of the wavelength, we use the 
spectral shape reported in Moline et al. [8], corresponding to phytoplankton and copepods isolated and measured in 
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laboratory and based on observed natural abundances and patters. S0(z,λ) is normalized by setting its spectral integral, i.e. ׬ ܵ଴(ߣ)݀ߣ଺ହ଴௡௠ଷହ଴௡௠ , equal to 0.001 W m-3. 

 
Figure 1. Spectral S0 from Moline et al. [8] (normalized to 0.001 W m-3). Sampling wavelengths are taken at 5 nm 
resolution. 

2.1 Example station: BIOSOPE campaign 

As a representative station to illustrate the propagation of BL from deep waters to surface, we select a station (“Station 
4”) recorded during the BIOSOPE campaign in the Southeast Pacific Ocean, in very clear oceanic (Case 1) waters [9]. 
Absorption and attenuation of particulate and dissolved matter (apg and cpg, respectively) were measured by a WET Labs 
ac9 instrument at 412, 443, 490, 510, 555, 630, 650, 676, 715 nm; backscattering of particulate matter (bbp) was 
measured by a WET Labs ECO BB3 at 462, 532, 657 nm, the particulate scattering phase function is parameterized in 
function of the particulate backscattering ratio Bp = bbp/bp.  Figure 2 shows the vertical profiles of the total attenuation 
coefficient (including water). Raman scattering was included in the simulations but chlorophyll fluorescence was not, it 
being outside of the range of wavelengths of interest (i.e. 676nm). Default atmospheric parameters were used for all 
runs, with the user-defined sky irradiance equal to the spectral irradiance of the moon (whose zenith angle is set at 30°) 
reported by Cramer et al. [10], to simulate nighttime conditions (Figure 3). The cloud cover was kept at 0%; cloudy 
conditions were also simulated but had negligible effects on the results, as previously reported by Rohr et al. [11]. 

 
Figure 2. Vertical profiles of the beam attenuation coefficient at the ac9 wavelengths for the sample station recorded during 
BIOSOPE. 
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Figure 3. Spectral irradiance of the Moon in units of μW m-2 nm-1 taken from Cramer et. al [10]. 

For simplicity, a BL layer is modeled as a uniform layer, 10 m thick, moving from just below the surface of the ocean to 
mesopelagic depths (at 2.5 m resolution), where source were reported to be found, for instance, by Widder et al. [12] in 
the Gulf of Maine. Figure 4 shows an example from one model simulation, with the “stimulation” of BL occurring 
between 245 and 255 m depth. In such clear waters, the BL signal propagates far through the water column and the 
depth-dependent upwelling radiance, Lu is strongly affected by the presence of the bioluminescent layer. 

 
Figure 4. Vertical profile of upwelling radiance, Lu with (“+ BL”) and without a bioluminescent layer located between 245 
and 255 m depth. Only blue-green wavelengths are shown because BL signal outside this wavelength range is negligible. 

If we assume that the background radiance is the upwelling radiance at the surface without the presence of any BL (Lu), 
then the ratio of propagated emission signal to the background radiance, which from the perspective of a detection 
system is also the signal to noise ratio (SNR), for a quantum noise limited system is given by Rohr et al. [11]: ܴܵܰ = 20logଵ଴ൣ൫ܮ௨,஻௅ −  ௨ଵ/ଶ൧     (1)ܮ/௨൯ܮ

Where Lu,BL is the upwelling radiance in the presence of a bioluminescent layer at a varied depth. Results of calculations 
are summarized in Figure 5 where the SNR for a Satlantic HyperOCR, a commercially available hyperspectral radiance 
sensor, is also shown. The maximum depth at which BL can be detected is given by the intersect of the sensor’s SNR 
and the system’s (any curve section to the right of the 10dB detection limit could be theoretically detected) and for the 
example station it is remarkably ~160 m at 490 nm. We note that the SNR is spectrally dependent, as noted by Moline et 
al. [8]. Therefore the spectral shape of the upwelling radiance may have the potential to be used for estimating the depth 
of the bioluminescent layer [13]. 
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Figure 5. Ratio of BL signal to background radiance “noise” at night observed at the surface when the depth of the BL layer is varied 
throughout the water column. IOPs for this sample station were recorded in very clear water from the South Pacific gyre during the 

BIOSOPE field campaign. The vertical black line is the SNR for a Satlantic HyperOCR radiance sensor. Results show, for these 
waters, a BL layer at 160 m would be resolvable at the surface at 490 nm with this sensor.  

 
2.2 BL database 

Considering the same assumptions for the bioluminescent layer as before, we created a synthetic dataset representative 
of the coastal and open ocean with varying depths of the layer and with varying IOPs, related to chlorophyll 
concentration, [Chl], in units of mg m-3. The BL layer was modeled as a uniform layer, 10 m thick, moving from 200 to 
10 m depth. To save computational time and for a qualitative understanding of the physics, the simulated stimulation of 
bioluminescent organisms occurs every 10 m and the output wavelengths for radiances were selected to be 412, 443, 
490, 510 and 555 nm only. The total absorption coefficient (atot) is given by the sum of water (aw), phytoplankton (aphy), 
non-algal particles (aNAP) and colored dissolved organic matter (aCDOM) absorption, i.e.: ܽ௧௢௧(ߣ) = ܽ௪(ߣ) + ܽ௣௛௬(ߣ) + ܽே஺௉(ߣ) + ܽ஼஽ைெ(ߣ).    (2) 

aw is taken from Pope and Fry [14]. aphy is calculated from [Chl] and from spectrally averaged absorption coefficients of 
micro- and pico-plankton ( തܽ௠௜௖௥௢(ߣ) and തܽ௣௜௖௢(ߣ), respectively) [15]: ܽ௣௛௬(ߣ) = ሾܥℎ݈ሿ ∗ ൫ൣ ௙ܵ ∗ തܽ௣௜௖௢(ߣ)൧ + ൣ൫1 − ௙ܵ൯ ∗ തܽ௠௜௖௥௢(ߣ)൧൯.  (3) 

Sf  = [0.25, 0.75] is the shape factor and [Chl] assumes 5 values, logarithmically spaced between 0.01 and 10 mg m-3. 
aNAP is given by [16]: ܽே஺௉(ߣ) = ܽே஺௉(440) ∗ ݁ି଴.଴ଵଵ(ఒିସସ଴),     (4) 

where aNAP(440), the absorption coefficient of non-algal particles at 440 nm, is equal to RNAP* aphy(440), with RNAP = 
[0.1, 1]. Similarly we use an exponentially decaying expression for the absorption of CDOM [17]: ܽ஼஽ைெ(ߣ) = ܽ஼஽ைெ(440) ∗ ݁ି଴.଴ଵସ(ఒିସସ଴),     (5) 

where aCDOM(440), the absorption coefficient of colored dissolved organic matter at 440 nm, is equal to RCDOM* 
aphy(440), with RCDOM = [0.1, 1]. We note the parameters in the bio-optical model cover a limited subset of the naturally 
occurring variability of oceanic waters but bracket the range of possibilities suitable to understand the observed 
phenomena. The particulate scattering bp is calculated at 550 nm from [18]: ܾ௣(550) = 0.416ሾܥℎ݈ሿ଴.଻଺଺.      (6) 

It is extrapolated to other wavelengths according to [19]: ܾ௣(ߣ) = ܾ௣(550) ∗ ቀ ఒହହ଴ቁ௩(ሾ஼௛௟ሿ),      (7) 
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where v([Chl]) = 0.5(Log[Chl] - 0.3) when 0.01 ≤ [Chl] ≤ 2 mg m-3 and v([Chl]) = 0 when [Chl] > 2 mg m-3. IOPs inputs 
for Hydrolight are the particulate and dissolved absorption coefficient, apg = aphy + aNAP + aCDOM, the particulate and 
dissolved attenuation coefficient, cpg = apg + bp and the particulate backscattering coefficient, bbp calculated from [20] as: ܾ௕௣ = ܾ௣ ෨ܾ௕௣ = ܾ௣ ∗ 0.0096ሾܥℎ݈ሿି଴.ଶହଷ,     (8) 

where ෨ܾ௕௣ or Bp is the particulate backscattering ratio. As for the example station recorded during BIOSOPE, Raman 
scattering was included in the simulations but chlorophyll fluorescence was not. Default atmospheric parameters were 
used for all runs, with the user-defined sky irradiance equal to the spectral irradiance of the moon (whose zenith angle is 
set at 30°) reported by Cramer et al. [10], to simulate nighttime conditions (Figure 3). The cloud cover was kept constant 
at 0%. 

The plots in Figure 6 show the effect of increasing depth of the bioluminescent layer for a set of moderately turbid, Case 
2 conditions (all related to the same [Chl] ~1.8 mg m-3). The different curves of upwelling radiances correspond to 
different optical depths (i.e. ߬ସଽ଴ = ׬ ܿ௧௢௧ସଽ଴(ݖ)݀ݖ = ܿ௧௢௧ସଽ଴ݖ, in homogeneous waters), which are related to the varying 
concentrations of NAP and CDOM (linked to RNAP and RCDOM, respectively). The intensity of the upwelling radiance is 
highest at 490 nm when the bioluminescent layer is at 10 m depth but the maximum progressively red-shifts toward 510 
nm as the layer is stimulated at greater depths. The behavior of the radiance spectrum is similar to that reported by 
Moline et al. [8], as they were also studying a selected site near the coast of New Jersey, characterized by mostly Case 2 
waters. Higher transmission of light at 510 nm with respect to 490 nm is consistent with the total absorption spectrum of 
Case 2 waters shown in the left panel of Figure 7. In Case 1 waters ([Chl] ~0.06 mg m-3), the total absorption coefficient 
is larger at 490 nm than it is at 443 nm, as shown in the right panel of Figure 7. Consequently, for very clear water, when 
light passes through a larger volume of water (as BL is stimulated deeper in the water column), it is absorbed 
preferentially at 490 nm and upwelling radiances become highest at 443 nm, i.e., there is now a blue-shift (Figure 8). 

 
Figure 6. Upwelling radiance at surface for depths of a bioluminescent layer down to 60 m for Case 2 waters with [Chl] ~1.8 mg m-3.  

The different curves of upwelling radiances correspond to different optical depths (τ490), which are related to the varying 
concentrations of NAP and CDOM (linked to RNAP and RCDOM, respectively; see Figure 7). The intensity of the upwelling radiance is 
highest at 490 nm when the bioluminescent layer is at 10 m depth but the maximum progressively red-shifts toward 510 nm as the 

layer is stimulated at greater depths. 
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Figure 7. Plots of the total absorption coefficient (atot) for a set of Case 2 waters, [Chl] ~1.8 mg m-3, (left panel) and a set of Case 1 

waters, ([Chl] ~0.06 mg m-3 (right panel). Different curves correspond to varying total attenuation coefficients at 490 nm (c490). 
 

 
Figure 8. Upwelling radiance at surface for depths of a bioluminescent layer down to a depth of 180 m for very clear Case 1 water 

with [Chl] ~0.06 mg m-3. The different curves of upwelling radiances correspond to different optical depths (τ490), which are related to 
the varying concentrations of NAP and CDOM (linked to RNAP and RCDOM, respectively; see Figure 7). The intensity of the upwelling 

radiance is highest at 490 nm when the bioluminescent layer is shallow, but the maximum progressively blue-shifts as the layer is 
stimulated at greater depths. 

 
A method to quantify the spectral shift of the surface upwelling radiance peak is to consider the ratio of radiances at two 
wavelengths. The ratio Lu

490/Lu
443 decreases monotonically with optical depth at the BL layer for [Chl] ~0.06 mg m-3. For 

[Chl] ~1.8 mg m-3 instead, the behavior becomes more complex and the ratio Lu
490/Lu

510 first decreases then slightly 
increases and reaches an asymptotic value, dependent on the specific IOPs of the water column (Figure 9). The approach 
of the ratio Lu

490/Lu
510 to an asymptotic value for [Chl] ~1.8 mg m-3 suggests that the same could happen for [Chl] ~0.06 

mg m-3, if the output radiances were to be computed at larger depths (i.e. larger optical depths). Simulated extended 
depth ranges and simulated hyperspectral radiances are planned to be part of a future study. 
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Figure 9. Ratios of surface upwelling radiances vs. optical depth at 490 nm (τ490) for the set of Case 2 waters from Figs. 6 and 7(right 
panel), [Chl] ~1.8 mg m-3 (blue dots) and the set of Case 1 waters from Figs. 8 and 7(left panel), ([Chl] ~0.06 mg m-3 (red dots). 

3. CONCLUSIONS 
The data presented in this study highlights the importance of simultaneous consideration of bioluminescent signal and 
IOPs. The detectability of stimulated BL depends on the SNR of a radiometer (or of any other detector) and on the depth 
of the bioluminescent layer. High variability in IOPs and depth of the bioluminescent layer require extensive evaluation 
of the possible scenarios with interest in detecting and predicting the advantages and disadvantages of BL events and 
might be a useful tool to assess the vertical structure and ecology of bioluminescent organisms in the ocean. 
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