
Volume 3 • Issue 2 • Spring 2005 jur.rochester.edu 23

In this study, we took a new approach in correlating 
the optical properties of various seawaters to coral reef 
health. After analyzing the data obtained in various 

optical oceanography publications, we found that there is a 
significant correlation between the optical properties of water 
to the apparent health of the coral reefs. Coral reefs around the 
world have an important role in keeping the ocean chemically 
and biologically stable. A large enough disturbance to a reef ’s 
dynamic system can result in incorrigible consequences. Issues 
such as global warming, over-fishing, pollution, and the ozone 
hole are several popular items subjectively mentioned to be 
associated with coral depletion. Studies concerning both coral 
health and optics are rare. This is especially true when assessing 
how the sun’s spectrum changes when it propagates through 
seawater. Since corals are light dependent organisms, we believe 
it is essential to bridge the gap between physical oceanography 
and marine biology when it comes to maintaining a healthy 
reef. 

Bleaching is the process of corals not being able to sustain 
the crucial symbiotic photosynthetic algae within their 
tissues. The potential result of continuous bleaching has been 
labeled as a worldwide threat to the health of our fragile coral 
reefs.1-3 Examining the measured inherent optical properties 
of seawater, one can see the variations in the underwater 
electromagnetic spectrum and approximate a value for the 
amount photosynthetic available radiation (PAR). Past and 
more recent data on ocean radiative transport theory was used 
to observe how the optical conditions corals experience have 
changed with time. Our results have shown that geographical 
locations known for bleaching are consistently different than 
those areas with a stable coral population.

Background
The survival of corals strongly depends on the concentration 

and health of their symbiotic intercellular chlorophyll-
containing algae: zooxanthellae. These tiny algae are either 
captured directly by the coral polyps, or bred through a starter 
culture within the parent coral. Zooxanthellae are nursed 
safely inside vacuoles within the host coral’s tissues providing 
the coral with vital energy directly from photosynthesis.1,2 
The observation that zooxanthellae respiration and oxygen 
production is dependent on light intensity and spectral 

distribution was made as early as 1967. For this reason, we 
focused our explanations primarily on how corals tend to 
respond to light and other radiations.

Literature in coral growth has been mostly biological with the 
exception of a several occurrences when laboratory experiment 
involving effects of light conditions were integrated in. As a 
whole, studies involving both corals and optics are rare.3 In 
contrast, factors including temperature, seawater composition, 
biomass, and the chemical dynamics of dissolved organic 
matter (yellow substance) are well surveyed for seawaters. 
Much literature on coral growth exists within the subject of 
marine biology, and an incredible amount of research has 
been conducted in the subject of ocean optics.2,4-6 Correlating 
ocean optics research with living corals has still resulted in very 
subjective and hypothesized explanations for coral depletion. In 
this study, we used the data available concerning the inherent 
optical properties of seawater to determine if there is a direct 
correlation between that and coral health.

Available experimental data representing coral growth under 
artificial lighting conditions mainly involve in vitro studies of 
several different kinds of corals under various filtered spectrums 
and have provided only a qualitative idea on a coral’s optical 
needs.2 Only fluorescent lamps and low quality filter glasses 
have been used, signifying that illumination consistency was 
weak with respect to wavelength. Our concerns with results 
from this type of study come from the fact that no attention was 
brought to the output of the light sources used. Any fluorescent 
light source will contain sharp peaks in its spectrum, so results 
based on it cannot be a representative of sunlight. Experiments 
of this nature may produce consistent results pertaining to the 
responses of corals to certain types of illumination, but they do 
not provide much insight in what is causing coral bleaching in 
a natural setting.

Inherent Optical Properties of Various Seawaters
The amount of photosynthesis available radiation (PAR) 

and harmful radiation are responsible for a coral’s health. PAR 
consists of wavelengths between approximately 0.4 to 0.7 
microns. Because no precise data on the action spectrum of 
different corals (more precisely their symbiotic zooxanthellae) 
are known, we cannot yet quantitatively correlate dynamics 
in a coral varietie’s response to different wavelengths within 
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the PAR range. In “clear” seawater, PAR reduces to 1 percent 
of its incident value within 100 m. This metric is called the 
euphotic depth. Spectral distribution plots show that due 
to slight turbidity changes in different waters, the euphotic 
depth can extend from over 200 m to less than 40 m. This 
depth range is labeled as the euphotic zone.6 Because of coral’s 
PAR requirement, we may conclude growth promotion is the 
greatest in clearer waters (greater euphotic zone). Smith and 
Baker conducted research on the inherent optical properties of 
natural waters. Their data on the optical absorption and back 
scattering of the clearest seawaters is key in this study in that 
correlations can be made from seawaters from various regions 
to that of clear natural water.5

The sun’s spectrum outside of the earth’s atmosphere is 
near that of a blackbody at 5900 Kelvin. Optical transmission 
is wavelength dependent and varies with the continuously 
changing properties of the atmosphere. In-depth evaluation 
of atmospheric optics is beyond the limits of this paper. 
However, S. L. Valley’s Handbook of Geophysics and Space 
Environments give estimated but detailed numerical values for 
the solar irradiance at sea level (at STP, 2.0 PR. cm water vapor, 
and 0.28 atm/cm ozone) for several zenith angles. This set of 
data also shows that the shape of this distribution remains 
nearly identical even with significant changes in the zenith 
angle. However, total irradiance about the visible spectrum 
will decrease to 50% of the maximum spectral irradiance 
when the zenith angle reaches around 70 degrees.7 Radiation 
directly from the sun is first altered by the atmosphere, and at 
sea level, much of the harmful wavelengths have already been 
removed. At sea level, only about 4 percent of the incident 
light is reflected at the surface. We can then directly use the sea 
surface irradiance data and apply the effects of absorption and 
scattering as solar irradiance propagates to the reef bed.

The depths of coral habitats vary amongst species, but 
their similar PAR needs keeps this range very limited. Around 
where it is considered to be the clearest open ocean waters, 
the compensation depth of most corals (the depth at which 
coral respiration equals the product of photosynthesis) is safely 
within 40 m. Most corals are not expected to grow at depths 
beyond 15 meters.3 In fact, most corals collected for artificial 
reef systems are located within the first 10 m.

 Displaying the irradiance spectrum and calculating the 
available PAR with respect to seawater depth is a very simple 
process. Absorption and scattering coefficients are both 
wavelength dependent, and Smith and Baker tabulated them 

both for the clearest natural seawaters. We refer to Smith and 
Baker’s data as our base spectrum model due to the empirical 
result that corals thrive in clear water.3 Downward propagating 
light decreases exponentially in magnitude. The equation for 
spectral irradiance decay, , is known as 
Beer’s law. The diffuse attenuation coefficient k is simply the 
sum of each pair of absorption and scattering coefficients, and 
the wavelength dependent surface spectral irradiance value 

 was tabulated by S. L. Valley. This simple relation allows 
us to display the optical spectrum and its attenuation behavior 
with respect to the depth z. Finally, integrating the spectral 
irradiance from 0.4 to 0.7 microns is the PAR.

When discussing the optical properties of natural ocean 
waters, the variables we are concerned about are biomass, 
contaminates, composition, and sedimentation. N. G. Jerlov 
developed arguably the most complete classification of ocean 
waters based on their optical properties. Jerlov published his 
world plot of water types with tabulated optical transmission 
information in 1976. More recent world plots done by satellite 
imaging for the most part agree with Jerlov’s original plot, so 
different plots can be used simultaneously to analyze potential 
significant changes in the oceans’ physical properties. Due to 
the dynamic nature of natural occurrences and human impacts, 
water type classification will continuously vary with time,6 
which suggests that this classification is highly subjective for 
short time intervals. This was not the case for the available plots 
that are nearly 20 years apart. Correlation of Jerlov’s original 
plot from 1968, when concern for the bleaching of coral 
reefs was nonexistent, with a more recent version published 
by Simonot and Le Truet in 1986 shows that seawater optical 
transmission have significantly decreased in many areas.4,6

Results and Conclusions
Jerlov water types (JWT) are represented by Roman numerals 

for open ocean waters and Arabic numerals for coastal waters. 
The clearest open ocean waters are labeled JWTI, while the 
most turbid open ocean regions are JWTIII. The clearest to 
most turbid coastal waters come in one level below JWTIII 
and are labeled from JWT1 through JWT9 with JWT1 being 
the clearest. Due to the fact that many large ocean regions 
have optical properties that fall between JWTI and JWTII, 
JWTI has two subsets labeled JWTIA and JWTIB. Irradiance 
transmission coefficients for JWT are tabulated in N. G. Jerlov’s 
Optical Oceanography.4 Like the diffuse attenuation coefficients, 
they are wavelength dependent, but identical to light behavior 
at an interface, they represent the percentage of light that 
transmits through the medium. Jerlov’s separation for coastal 
waters and open ocean indicate only that in most cases, coastal 
water are more likely to be heavily affected by contaminants 
from landmasses. It is very possible that many open ocean 
regions today are classified as Jerlov’s coastal water types. 

According to Jerlov’s regional distribution of optical water 
types, the Great Barrier Reef and many other major coral 
reefs are located in IB waters.4 One can see that the spectral 
distribution shape for IB seawater is very similar to that of 
pure water. IB seawater, by observation, absorbs more UV 
and PAR and less IR than pure water. However, it is clear that 
the differences between the two are nominal. In IB waters, 
the chlorophyll concentration is about 0.1 mg/m3. This is an 
insignificant amount to consider optical scattering solely due 
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to the chlorophyll content in the water.6 However, since the 
bleaching of coral reefs was not a recognized environmental 
problem until the 1980s (12+ years after Jerlov’s publication), 
it is very possible that IB seawater type provided the ideal 
optical properties of seawater for healthy coral growth. So 
perhaps the concentration of phytoplankton, dissolved organic 
materials, other microorganism, etc. in IB water types had 
little effect on the PAR distribution at the coral beds, but they 
provided an adequate concentration of free-moving nutrients 
and zooxanthellae essential to the healthy coral. Also, increases 
in chlorophyll content (coming with an increase in dissolved 
organic materials) correspond to sharp decreases in euphotic, or 
survivable, depth.6 This correlation suggests that the dynamics 
of natural seawater is indeed fragile, since many more variables 
exist to disturb the its optical properties.

Seawater turbidity data provided by Simonot and Le Truet 
from 1986 classifies most of the Great Barrier Reef region as 
JWTIII and II. Only significantly outside of mainland Australia 
does the seawater become IB. This is strongly opposed to 
Jerlov’s earlier data claiming this region to be IB with only a 
small portion of the barrier reef classified as II.4,6 The spectral 
irradiance distributions at JWTIB, II, and III at various depths 
show that the spectrum at their same relative depths are similar, 
but they contain relatively less PAR as turbidity increases. 
PAR value at the sea surface sits at about 336.1 W/m2, and 
at 3 meters below the surface in type IB waters, PAR drops 
to approximately 65 percent of the surface value. Water types 
II and III would have only 59 and 50 percent of the surface 
PAR value when measured 3 meters below the sea surface. 
Experimental results off the reef system in the Florida Keys 
claim that the increase in seawater turbidity is responsible for 
the depletion of coral cover in that area.3 Their PAR irradiance 
measurements, done by a LiCOR sensor, shows that during 
clear summer days, the irradiance at 3 meters is around 53 
percent, which is nearly the value of type III waters! We believe 
this correlation is not a coincidence. If such optical conditions 
do not provide sufficient compensation depths, then it is highly 
probable that coral depletion in the Great Barrier Reef region is 
a direct consequence of unacceptable turbidity levels.

Recent research expeditions have found densely populated 
coral beds in depths beyond 30 meters. The surprising 
discovery is that deep-sea corals are thriving while a considerate 
amount of their shallow water counterparts are struggling to 
survive.8 As mentioned earlier, previous criterions claim that 
corals are not expected to grow at depths beyond 15 meters.3 
In the clearest seawaters, the proposed compensation depth for 
corals is up to 40 meters, but surely it is vexing that these deep-
sea corals are thriving at depths past 30 meters. If these coral 
do not require the same quantity of light to thrive, it must 
mean they have another source for energy, unless deep-sea coral 
only need the small amount of solar energy available to them. 
Recalling Beer’s law for light attenuation, any exponential 
decay rate decreases as its argument depth increases. The values 
of diffuse attenuation coefficients of different water types are 
not exceedingly different according to our models. So at depths 
greater than 30 meters, it can be postulated that the amount 
of PAR is not significantly different as to when dealing with 
depths of several meters. This should be considered for further 
research in this topic.

In this study, results derived from several disparate data 

sources have provided strong evidence that a modest change in 
the optical properties of seawater affects the health of tropical 
coral reefs.2,3,7 The JWT classification metric, diffuse attenuation 
coefficients, and field instruments such as the LiCOR give us a 
way of modeling the quality of light (most importantly PAR) 
available to corals in different locations and depths. Data from 
JWT classifications 15 years apart have justified that seawater 
turbidity has noticeably increased in the Great Barrier Reef 
region, as well as several other coral reef regions, as a highly 
probable cause of coral cover depletion. Data collected from 
the Florida Keys correlated well with other problematic coral 
regions when the calculated PAR are compared for further 
evidence on this claim. This correlation must mean that proper 
optical conditions need to be provided in order to sustain the 
life of our coral reefs.
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Irradiance spectrum at sea level given the atmospheric conditions in the text.7 
(units: W×m-2/µm vs. m)
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