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birds will forage independently soon after leaving
the nest. Some pelecaniform birds will begin
breeding as soon as the second year (e.g., cormor-
ants), although three years of age seems to be
the norm, while in other species (e.g., Abbott’s
booby) many years may pass before individuals

breed.

Status and Conservation

Few of the Pelecaniformes are globally threatened,
although some island and inland populations of
pelecaniform birds have become extinct in the face
of habitat loss and contamination. In some species
(e.g., double-crested cormorant, white pelican),
numbers are increasing with near-exponential
growth, while in others (e.g., Dalmatian pelican)
population abundance is rapidly decreasing. Island
species and populations have been especially hard-
hit by the introduction of terrestrial predators
such as cats, rats, and pigs; loss of traditional
breeding habitat has played a greater role in aquatic
and inland-nesting species. Some islands such
as Christmas Island (Indian Ocean) and Ascension
Island (Atlantic Ocean) are breeding grounds
for several pelecaniform species, and their recent
protected status has promised a much better future
than might have been possible only a few years
earlier.

See also

Seabird Conservation. Seabird Overview. Seabirds
as Indicators of Ocean Pollution.
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Introduction

The penetration of solar radiation into the upper
ocean has important consequences for physical,

chemical, and biological processes. The principal
physical process is the heating of the upper layers
by the absorption of solar radiation. To estimate the
solar radiative heating rate, the net downward
shortwave irradiance entering the ocean and the
rate of absorption of this energy as a function of
depth must be determined. Shortwave irradiance is
the flux of solar energy incident on a plane surface
(Wm™2).



PENETRATING SHORTWAVE RADIATION 2137

Given the downward shortwave radiance field
just above the sea surface, the rate of shortwave
absorption as a function of depth is governed prim-
arily by sea surface roughness, molecular structure
of pure sea water, suspended particles, and dissolved
organic compounds. The optical properties of pure
sea water are considered a baseline; the addition of
particles and dissolved compounds increases absorp-
tion and scattering of sunlight. The dissolved
organic compounds are referred to as ‘colored
dissolved organic matter’ (CDOM) or ‘yellow matter’
because they color the water yellowish-brown. The
source of CDOM is decaying plants; concentrations
are highest in coastal waters. Suspended particles
may be of biological or geological origin. Biological
(organic) particles are formed as the result of the
growth of bacteria, phytoplankton, and zooplank-
ton. The source of geological (inorganic) particles is
primarily weathering of terrestrial soils and rocks
that are carried to the ocean by the wind and rivers.
Phytoplankton particles are the main determinant
of optical properties in much of the ocean and the
concentration of chlorophyll associated with these
plants is used to quantify the effect of phyto-
plankton on optical properties. Case 1 waters are
defined as waters in which the concentration of
phytoplankton is high compared with inorganic par-
ticles and dissolved compounds; roughly 98% of the
world ocean falls into this category. Case 2 waters
are waters in which inorganic particles or CDOM
are the dominant influence on optical properties.
Case 2 waters are usually coastal, but not all coastal
water is case 2.

Inherent optical properties (IOPs), such as attenu-
ation of a monochromatic beam of light, depend
only on the medium, i.e. IOPs are independent of
the ambient light field. It is often assumed that the
inherent optical properties of the upper ocean are
independent of depth. To the extent that the upper
ocean is well-mixed, the assumption of homogene-
ous optical properties is reasonable. However, in the
stratified layers below the mixed layer, the concen-
tration of particles is likely to vary with depth. The
consequences of this variation on radiant heating
are expected to be small because the magnitude of
the downward irradiance decreases rapidly with
depth.

Apparent optical properties (AOPs) depend both
on the medium and on the directional properties of
the ambient light field. Some AOPs, such as the
ratio of downward irradiance in the ocean to the
surface value, are sufficiently independent of direc-
tional properties of the light field to be useful for
characterizing the optical properties of a water

body.

Albedo

Albedo, A, is the ratio of upward to downward
short-wave irradiance just above the sea surface and

is defined by:

A

E,
Eq4

where E, and E, are the upwelling and downward
irradiances just above the sea surface, respectively.
The upwelling irradiance is composed of two com-
ponents: emergent irradiance due to back-scattered
light from below the sea surface; and irradiance
reflected from the sea surface. Emergent irradiance
is typically < 10% of reflected irradiance. The rate
at which net short-wave irradiance penetrates the
sea surface is the rate at which the sea absorbs solar
energy and is given by:

(1—A)E; (Wm™?)

R.E. Payne analyzed observations to represent
albedo as a function of solar altitude 6 and atmo-
spheric transmittance I defined by:

I’ = E4r?/Ssin 0

where S is the solar constant (1370 W 2) and r is
the ratio of the actual to mean Earth-sun separ-
ation. The transmittance is a measure of the effect
of the Earth’s atmosphere, including clouds, on the
radiance distribution at the Earth’s surface. If there
were no atmosphere, the transmittance would equal
one and the radiance would be a direct beam from
the sun. For very heavy overcast, the transmittance
can be < 0.1 and the downward radiance distribu-
tion may be approximately independent of direc-
tion.

Payne’s observations were taken from a fixed
platform off the coast of Massachusetts from 25
May to 28 September. Solar altitude ranged up to
72° and the mean wind speed was 3.7ms~'. The
transmittance varied from near zero to about 0.75.
Payne fitted smooth curves to the albedo as a func-
tion of transmittance for observations in intervals of
2° of solar altitude and 0.1 in transmittance. The
smoothed albedos ranged from 0.03 to 0.5. Payne
extrapolated the curves to values of solar altitude
and transmittance for which there were no observa-
tions by use of theoretical calculations of reflectance
for a sea surface roughened by a wind speed of
3.7ms"". Albedo was obtained for the limiting case
of ' =1 by adding 0.005 to the calculated reflec-
tance to account for the irradiance emerging from
beneath the surface.
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Wind speed affects albedo through its influence
on the surface roughness. The clear-sky reflectivity
from a flat water surface is a strong function of
solar altitude for altitudes < 30°. As wind speed
and roughness increase, reflectivity decreases
because of the nonlinear relationship between reflec-
tivity and the incidence angle. Payne investigated
the variation of albedo with wind speed for solar
elevations from 17° to 25° and found that albedo
decreased at the rate of 2% per meter per second
increase in wind speed.

Wind speed may also affect albedo by the genera-
tion of breaking waves that produce white caps. The
albedo of whitecaps is higher, on average, than
the whitecap-free sea surface. Hence the qualitative
effect of whitecaps is to increase the albedo. Monahan
and O’Muircheartaigh estimate an increase of 10%
in albedo due to whitecaps for a wind speed of
15ms™" and of 20% for a wind speed of 20ms™".

Payne estimated monthly climatological values of
albedo at 10° latitude intervals for the Atlantic
Ocean (Table 1). For the range of latitudes from
40°S to 40°N, mean albedo varies from a minimum
of 0.06 at the equator in all months to a maximum
of 0.11 at 40°S and 40°N for the months containing
the winter solstice. The symmetry exhibited by
mean albedo values for the winter solstice in the
North and South Atlantic suggests that the values in
Table 1 may be reasonable estimates for the world
ocean.

Spectrum of Downward Irradiance

The spectrum of downward short-wave irradiance
at various depths in the ocean (Figure 1) illustrates

the strong dependence of absorption on wavelength.
The shape of the spectrum at the surface is deter-
mined primarily by the temperature of the sun
(Wien displacement law) and wavelength-dependent
absorption by the atmosphere. The area under the
spectrum at each depth is proportional to the
downward irradiance. The downward irradiance at
a depth of 1m is less than half the surface value
because of preferential absorption at wavelengths in
excess of 700nm. The downward irradiance below
10m depth is in a relatively narrow band centered
near 470nm (blue-green). Pure sea water is most
transparent near a wavelength of 450 nm which, by
coincidence, is close to the peak in the downward
irradiance spectrum at the surface.

Modeled Irradiance

Radiative transfer models are useful tools for inves-
tigating the characteristics of underwater light fields
and their dependence on suspended particles and
dissolved organic matter. The Hydrolight model,
constructed by Mobley, is used to illustrate the dif-
fuse attenuation coefficient for downward irradiance
for three cases with different concentrations of
chlorophyll and values of CDOM beam attenuation
at 440nm (Figure 2). The diffuse attenuation coef-
ficient for downward irradiance K, is defined by

K,(z,7) = dlnF;idZ(z, A)

where z is the vertical space coordinate, zero at
the surface and positive upward, and /. is the

Table 1 Mean albedos for the Atlantic Ocean by month and latitude

Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
80°N 0.33 0.14 0.10 0.09 0.08 0.08 0.12

70°N 0.41 0.15 0.10 0.08 0.07 0.07 0.09 0.11 0.25

60°N 0.28 0.12 0.09 0.07 0.07 0.07 0.06 0.07 0.07 0.10 0.16 0.44
50°N 0.11 0.10 0.08 0.07 0.06 0.06 0.06 0.07 0.07 0.08 0.11 0.12
40°N 0.10 0.09 0.07 0.07 0.06 0.06 0.06 0.06 0.07 0.08 0.10 0.11
30°N 0.09 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.08 0.09
20°N 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07
10°N 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07
0° 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
10°S 0.06 0.06 0.06 0.06 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06
20°S 0.06 0.06 0.06 0.06 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06
30°S 0.06 0.06 0.06 0.07 0.08 0.09 0.08 0.07 0.07 0.06 0.06 0.06
40°S 0.06 0.06 0.07 0.08 0.09 0.11 0.10 0.08 0.07 0.07 0.06 0.06
50°S 0.06 0.07 0.07 0.08 0.10 0.13 0.11 0.08 0.08 0.07 0.06 0.06
60°S 0.06 0.07 0.08 0.11 0.13 0.27 0.07 0.08 0.07 0.06 0.06

(Reproduced with permission from Payne, 1972.)
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Figure 1 The spectrum of downward irradiance E4(z, 4) in the sea at different depths. (Adapted with permission from Jerlov, 1976.)

wavelength. If K is independent of z, monochro-
matic irradiance decreases exponentially with depth,
consistent with Beer’s law. K, increases five orders
of magnitude as wavelength increases from 500
to 2000nm (Figure 2), consistent with the strong
dependence of absorption on wavelength shown in
Figure 1. In the wavelength band centered around
500nm, K, varies by a factor of 10 between the
least absorbent and most absorbent cases.

The order of magnitude variation in Ky at 500 nm
among the three cases (Figure 2) has a dramatic
effect on net irradiance (Figure 3) because the
peak of the solar spectrum is near 500 nm (Figure 1).
Net irradiance, E, is the difference between net
(wavelength integrated) downward and net upward
irradiance. The difference between downward and
net irradiance is negligible for most purposes be-
cause upward irradiance is typically 3% of down-
ward irradiance within the ocean. At depths where
the net downward irradiance is < 10% of its
surface value, the decay with z is approximately
exponential because light at these depths is roughly
monochromatic.

The three cases with different optical properties
(Figures 2 and 3) can be characterized biologically
as oligotrophic, mesotrophic, and eutrophic
(ranging from least to most absorbent). Oligo-
trophic water has low biological production and low

nutrients. Eutrophic water has high biological pro-
duction and high nutrients and mesotrophic water is
moderate in both respects. The oligotrophic case

10*

10°

10?

K, (m=)

10t

10°

10

500 800 1100 1400 1700 2000 2300
Wavelength (nm)

200

Figure 2 The diffuse attenuation coefficient for downward irra-
diance in sea water versus wavelength. Data for the wavelength
band from 350 to 800nm are from the Hydrolight radiative
transfer model with the following conditions: depth 10 m, solar
altitude 60°, cloudless sky, wind speed 2ms ™. The three lines
(thin, thick, dashed) result from specified concentrations of
chlorophyll (0.05, 1, 10mgm3) and the beam attenuation coef-
ficient at 440nm for CDOM (0.01, 0.05, 0.1 m™*). Data for the
wavelength band from 800 to 2200nm are for pure water.
(Tabulations taken from Kuo et al., 1993.)
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Figure 3 Net irradiance E = (E; — E,) versus depth from the
Hydrolight model for the conditions specified in the caption for
Figure 2.
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Figure 4 Measurements in the upper 40 m of downward irra-
diance normalized by downward irradiance just below the sur-
face. The measurements were made in the North Pacific (35°N,
155°W) in February. The open circles are the average of five
sets of observations with similar irradiance profiles; solar alti-
tude ranged from 30° to 38° and the sky was overcast. The plus
signs show one set of observations for which solar altitude was
16° and the sky was clear. The curves are the sum of two
exponential terms fitted to the observations (see eqgn [1]).
(Adapted with permission from Paulson and Simpson, 1977.)

illustrated in Figures 2 and 3 is typical of open-
ocean water. Mesotrophic and eutrophic water are
likely to be found near the coast.

Parameterized Irradiance versus
Depth

Observations show that downward short-wave irra-
diance decreases exponentially with depth below

Table 2 Values of parameters determined by fitting the sum of
two exponential terms (see eqn [1]) to values of downward
irradiance which define Jerlov’'s (1976) water types

Water type F, K; (m™%) K, (m™%) C (mgm?)
| 0.32 0.036 0.8 0-0.01
1A 0.38 0.049 1.7 ~ 0.05

B 0.33 0.058 1.0 ~0.1

1] 0.23 0.069 0.7 ~ 0.5

1} 0.22 0.13 0.7 ~1.5-2.0

Values of downward irradiance in the upper 100m were used,
except that values were limited to the upper 50m for type
| because of a change in slope below 50m. F, is 1 —F,.
(Adapted from Paulson and Simpson, 1977.) The column
labeled C is the approximate chlorophyll concentration for each
water type as determined by Morel (1988).

a depth of about 10 m (Figure 4) as the result of
absorption by the overlying sea water of all irra-
diance except for blue-green light. This suggests that
E4 can be approximated by a sum of n exponential
terms:

Ey/E, = 3 Fexp(Kiz) 1]

i=1

where F, is the fraction of downward irradiance in
a wavelength band i and K; is the diffuse attenu-
ation coefficient for the same band. The leading
term in eqn [1] is defined as the short wavelength
band that describes the exponential decay below
10m (Figure 4). At least one additional term is
required. A total of two terms fits the observations
in Figure 4 reasonably well, although accuracy in
the upper few meters is lacking.

Jerlov has proposed a scheme for classifying
oceanic waters according to their clarity. He defined
five types (I, IA, IB, II, and III) ranging from the
clearest open-ocean water (type I) to increasingly
turbid water. Parameters for the sum of two ex-
ponential terms (eqn [1]) fit to the values of down-
ward irradiance which define the Jerlov water types
are given in Table 2 and plots of values and fitted
curves are shown in Figure 5. Apart from systematic
disagreement in the upper few meters, the fit is
good. Differences in the values of K, in Table 2 are
not significant. Water types IA and IB are not
shown in Figure 5. However, the fits to the observa-
tions shown in Figure 4 yield parameters very sim-
ilar to those for types IA and IB (open circles and
plus signs, respectively, in Figure 4). Most open-
ocean water is intermediate between types I and II.
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Figure 5 Normalized downward irradiance versus depth for water types |, Il, and Ill. The data (open circles, squares, and

triangles) are from Jerlov (1976) and the curves are a fit to the data with the parameters given in Table 2. (Adapted with permission

from Paulson and Simpson, 1977.)

The approximate chlorophyll concentration for each
of the Jerlov water types is given in Table 2.

The Jerlov water types can be compared to the
oligotrophic, mesotrophic, and eutrophic cases illus-
trated in Figures 2 and 3. The oligotrophic case is
intermediate between types IA and IB. The meso-
trophic case is similar to type III and the eutrophic
case is similar to Jerlov’s coastal type 5 water.

The sum of two exponential terms (eqn [1]) is
adequate for modeling purposes when the required
vertical resolution is a few meters or greater. For
a vertical resolution of 1m or less, additional terms
are required. These additional terms can be con-
structed with knowledge of the surface irradiance
spectrum (Figure 1) and the diffuse attenuation
coefficient versus wavelength (Figure 2).

See also

Bio-optical Models. Coastal Circulation Models.
General Circulation Models. Heat and Momentum
Fluxes at the Sea Surface. Inherent Optical
Properties and Irradiance. Ocean Colour from
Satellites. Photochemical Processes. Radiative
Transfer in the Ocean. Upper Ocean Heat and
Freshwater Budgets. Upper Ocean Time and
Space Variability. Wind and Buoyancy-forced
Upper Ocean.
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