
EBS 566/666
Lecture 8: (i) Energy flow, (ii) food webs

Topics

• Light in the aquatic 
environment

• Energy transfer and food 
webs

Feb 1, 2010 - EBS566/666 1

Algal bloom as seen from space (NASA)



Requirements for plant growth

(1) Energy in the form of solar radiation (light)

(2) Inorganic carbon (from EOS-I)

(3) Mineral nutrients (from EOS-I)

(4) Water

Goal: learn the properties of light in aquatic 
environments to understand and predict how light 
influences the distribution of organisms
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Relevance for oceanography

• Light fuels photosynthesis (carbon fixation)

• Fixation of carbon through photosynthesis 
forms the base of most aquatic food webs

• ‘Plant’ growth alters chemical composition of 
atmosphere and ocean (local and global 
scales)

• Properties of light exploited for remote 
sensing of primary production, terrestrial 
inputs to coastal oceans, etc.
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Some definitions

• Light: radiation that lies between 400 and 700 nm 
in the electromagnetic spectrum (visible to 
human eyes and usable for photosynthesis

• Optics: Field of physics dealing with light
– Behaviour of light strongly affected by physical 

medium

• Hydrologic optics: deals with behaviour of light in 
aquatic media
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Photosynthetically Active Radiation (PAR) = 400 – 700 nm



The nature of light
• Units of light are photons, the quantum 

(minimum indivisible unit) of the 
electromagnetic  field
– Each photon has a wavelength ( ) and a frequency 

( )
– = c/
– c = speed of light (3 x 108 m s-1)

• Energy ( ) in a photon varies with frequency ( ):
– = h = hc/
– h = Planck’s constant (6.63 x 10-34 J s)
– = (1989/ ) x 10-19 J (if is given in nm)
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400 nm provides more energy than 700 nm light 

 = (1989/ ) x 10-19 J

• 400: 4.97 x 10-19 J

• 700: 2.84 x 10-19 J

• 1.75 times more energy provided by 400 
nm wavelength energy (700 is 57% of 
energy at 400 nm)
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• Radiant flux ( ): the time rate of flow of radiant energy 
expressed in W (J s-1) or quanta s-1

• For a single wavelength (monochromatic light), radiant flux 
( expressed in quanta s-1 (photons s-1) can be converted 
to J s-1 (ie, watts)

– More commonly, radiant flux is expressed in energy units 
(watts)

• To convert radiant flux ( from W to quanta s-1, use the 
relation:

quanta s-1 = 5.03 x 1015

– is radiation flux in W (J s-1)

– is wavelength ( = 1989*10-19/ , in J)

– Applies to monochromatic light only
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For broad spectrum radiation (e.g. PAR) an accurate conversion 
from quanta s-1 to W is not possible since varies across the 
spectral band

• Photons (quanta) have different 
energy depending on frequency

• To convert between W and quanta s-1, 
assume a quanta: energy (Q:W) ratio 
of 2.77 x 1018 (quanta s-1 W-1) in air (±
1-3%) – essentially, ‘average energy’

• In water, spectral distribution of solar 
radiation changes with depth; Q:W 
varies by only ± 10% from a mean of 
2.5x1018 quanta s-1 W-1
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Morel & Smith (1974)



Light penetration is wavelength-dependent

• In any medium, light travels more slowly than it does in a vacuum

• Velocity of light in a medium ≈ velocity of light in a vacuum/refractive index 
of the medium

• Refractive index of air = 1.00028 (air ≈  vacuum); refractive index of water = 
1.33

• Recall: = c/ therefore, as c decreases decreases ( doesn’t change)



Characteristics of the light field

Direction  given in terms of zenith angle, , and the azimuth 
angle, 
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Zenith angle ( )

Azimuth angle ( )

Zenith angle ( varies 
from 0 – 90o

Azimuth angle ( ) 
varies from 0 – 360o

Nadir 
angle 
( n)



Solid angle: a solid angle, d delimits a cone in space: d = 
dS/r2 (in steradians, Sr) where dS is the area cut by the cone 
over a sphere of radius r, the center of which is at the apex of 
the cone.
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Cone apex



Radiance (L)

• Radiant flux ( ): the time rate of flow of radiant energy 
expressed in W (J s-1) or quanta s-1

• Radiant intensity (I): measure of the radiant flux per unit 
solid angle in a specific direction (W steradian-1):
• I = d /d

• Radiance (L): radiant flux ( ) per unit solid angle per unit 
area of a plane at right angles to the direction of flow (W 
steradian-1 m-2)
• L is a function of direction (both zenith and azimuth angles) 

and is generally expressed as L( , ):
• L( , ) = d2 /dS cos d

• Surface radiance (Ls): radiant flux emitted in a given 
direction per unit solid angle per unit projected area 
(seen from viewing direction)
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Radiance (L): radiant flux ( ) emitted in a given direction 
( , ) per unit solid angle (d ) per unit area (dScos )
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L ( , ) = d2 /dS cos d



Irradiance (E)

• E = radiant flux ( ) incident on an infinitesimal 
element of a surface containing the point under 
consideration, divided by the area of that 
element ( radiant flux per unit area of a surface)
• W m-2 or quanta (or photons) m-2 s-1, or mol quanta 

(or photons) m-2 s-1

• E = d /dS

• Total solar irradiance = 1373 W m-2 (solar constant)

• 1 mol of photons is 6.02 x 1023 photons 
(Avogadro’s number); one mole  of photons is 
frequently referred to as an einstein
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Quantity Symbol SI unit Abbr.

Radiant energy Q joule J

Radiant flux watt W

Radiant 
intensity

I watt steradian-1 W sr-1

Radiance L watt steradian-1 m-2 W sr-1 m-2

Irradiance E watt m-2 W m-2

Radiant 
emittance

M watt m-2 W m-2



Speak of radiance (emission, L) of a source and irradiance (E) at an object

L( , ) = d2 /dS cos d

E L( , ) cos d
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http://ceos.cnes.fr:8100/cdrom-
00/ceos1/science/baphygb/chap2/
chap2.htm



Downward vs upward irradiance
– Ed and Eu refer to value of irradiance on the upper and 

lower faces, respectively, of a horizontal surface

– Ed is the irradiance due to the downwelling light stream 
and Eu is that due to the upwelling light stream
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Upper face: Ed

Lower face: Eu

Downwelling light

Upwelling light



– Total downward irradiance: Ed = ∫2 L( , ) cos d

– Total upward irradiance: Eu = -∫2 L ( , ) cos d

– Net downward irradiance: E = Ed-Eu

– E = ∫4 L ( , ) cos d (net downward irradiance)

• Scalar irradiance, E0, is the integral of the radiance 
distribution at a point over all directions about the point:
– E0 = ∫4 L ( , ) d (total irradiance)
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Inherent Optical Properties (IOP)
• Definition: properties that depend only on the water and other 

substances that are dissolved or suspended in it, not on the geometric 
structure of the light field

• Fate of photons entering water: 

– Absorption

– Scattering

• Two IOPs: absorption coefficient (a), volume scattering function ( )
– Scattering coefficient (b) and beam attenuation coefficient (c) derived from these

• Absorption coefficient (a): fraction of incident light that is absorbed
divided by the thickness of the layer over which it is absorbed

• Volume Scattering Function ( ): characterizes intensity of scattering 
as a function of angle. 

– is the ratio of the intensity of scattered light (in W/sr) to the 
incident irradiance (in W/m2), per unit volume (in m3) at each 
angle from 0° (the original angle of the incident light) to 180°
(units are (W/sr) / (W/m2 m3) = sr-1 m-1)
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Inherent Optical Properties (IOP)

• Scattering coefficient (b): fraction of incident light that is scattered divided by the 
thickness of the layer

• Beam Attenuation Coefficient (c): The attenuation experienced by a hypothetical 
perfectly collimated beam of light (c = a+b)

• Absorptance (A) and scatterance (B) are the fractions of the radiant flux lost from 
the incident beam by absorption and scattering, respectively.

Quantitative expressions for absorptance and scatterance:

• Absorptance (A) = a / 0

• Scatterance (B) = b / 0

– Where 0 is the incident radiant flux (energy or quanta per unit time), a is the 

absorbed radiant flux, and b is the radiant flux scattered by the system

• Sum of absorptance (A) and scatterance (B) = attenuance (C)

C = A+B
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Inherent Optical Properties (IOP)

• For an infinitesimally thin layer with thickness r, 
incident flux lost by absorption and scattering are A 
and B, respectively, and:
• a = A/ r

• b = B/ r

• c is the fraction of incident flux which is absorbed and 
scattered, divided by the thickness of the layer, r (c = 

C/ r)

• The change in radiant flux ( ) in passing through a 
layer r is . The attenuance of the thin layer is:

C = - / ;  and / = -c r
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Attenuation coefficient, c

/ = -c r

• Integrating between 0 and r we obtain:
ln / 0 = -cr, or = 0e-cr

• This may be written as: 
c = 1/r ln 0/

or 

c = -1/r ln (1-C)

• Therefore, c can be obtained from measurements of 
the diminution in intensity of a parallel beam 
passing through a known pathlength of medium, r.
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Apparent Optical Properties (AOP)

• Definition: properties that depend both on inherent optical 
properties (IOPs) and on the light field in which they are 
measured

• Vertical attenuation coefficients (K) for radiance, irradiance, and 
scalar irradiance are referred to as Apparent Optical Properties; 
reflectance (R) is also considered an AOP

• In practice, every optical measurement is dependent on the 
light field used for the measurement, but instruments for IOP 
measurements provide their own controlled light field rather 
than relying on ambient light. In contrast, AOPs are typically 
derived from measurements of ambient light
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Light attenuation
• Light attenuation is a function of 

depth (z)

• Iz = I0 e–kz

• z = depth (m)

• I0= light at surface (e.g. 
100%)

• Iz = light that penetrates to 
depth z

• kd = diffuse attenuation 
coefficient (m-1)
• Function of how “clear” the water is

• Open ocean, kd=0.10

• Coastal ocean, kd=0.20

Percent Surface Irradiance

0

20

40

60

80

100

120

140

0 50 100

D
e
p

th
 (

m
)

Open (k=0.1)

Shelf (k=0.15)

Coastal (k=0.2)



Practical application: measuring light

• Instruments to measure IOP
– a and scattering (bb, bf) (e.g. HydroScat series, 

HOBI labs)

– Transmissometer (attenuation, beam-c)

– Absorption (a) and attenuation (c) (AC-meters, AC-S, 
AC-9, WetLabs)

• Light sensors/radiometers
– Integrated (e.g. PAR) BioSpherical light meter 

(quantum scalar irradiance, QSL, meter)

– Multispectral (Satlantic)

– Hyperspectral (Satlantic)
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Energy fixation

• Energy from sunlight is fixed through 
photosynthesis:

6CO2 + 6H2O  C6H12O6 + 6O2

• This energy is used to fuel cell metabolism and 
growth; approximately 10% is converted to 
higher trophic levels through grazing of plant 
material
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High Latitude “Food Chain”

– Successive trophic levels

• Larger, fewer organisms with longer generation times

– Time lag as move up the chain

(Unicellular algae)



“Trophic Pyramid”



Plankton to Tuna (to Humans)

Trophic level 1

Trophic level 2

Trophic level 3
Trophic level 4

Trophic level 5



Trophic Levels

• Total # of levels depends on

– Energy available

– Recycling efficiency

• Eventually, not enough energy for another level

• Successive trophic levels

– Larger, fewer organisms with longer generation times

• Complication: the microbial loop & viral shunt



Trophic transfer efficiency

• 90% energy lost at each level

– Where does it go?

• Respiration 

• Movement

• Thermoregulation

• Reproduction
– Broadcast spawners





Big Picture

• What factors influence the amount of 
photosynthesis on Earth? How are these 
factors influenced by climate change and 
anthropogenic activities?
– Mixed layer depth (Behrenfeld et al., 2007)

• River flow

– Coastal run-off
– Upwelling

• What changes can we expect in the California 
Current system?
– Kahru et al., 2009; DiLorenzo et al., 2008
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