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ABSTRACT

Radiative transfer calculations are used to quantify the effects of physical and 
biological processes on variations in the transmission of solar radiation through 
the upper ocean. Results indicate that net irradiance at 10 cm and 5 m can vary 

by 23 and 34 W m−2, respectively, due to changes in the chlorophyll 
concentration, cloud amount, and solar zenith angle (when normalized to a 

climatological surface irradiance of 200 W m−2). Chlorophyll influences solar 
attenuation in the visible wavebands, and thus has little effect on transmission 
within the uppermost meter where the quantity of near-infrared energy is 
substantial. Beneath the top few meters, a chlorophyll increase from 0.03 to 0.3 

mg m−3 can result in a solar flux decrease of more than 10 W m−2. Clouds alter 
the spectral composition of the incident irradiance by preferentially attenuating 
in the near-infrared region, and serve to increase solar transmission in the upper 
few meters as a greater portion of the irradiance exists in the deep-penetrating, 
visible wavebands. A 50% reduction in the incident irradiance by clouds causes 
a near 60% reduction in the radiant heating rate for the top 10 cm of the ocean. 
Solar zenith angle influences transmission during clear sky periods through 
changes in sea-surface albedo. This study provides necessary information for 
improved physically and biologically based solar transmission parameterizations 
that will enhance upper ocean modeling efforts and sea-surface temperature 
prediction.

1. Introduction  

The thermal and dynamical evolution of the upper ocean is sensitive to the vertical distribution of the solar energy available 
for ocean radiant heating (Denman 1973; Simpson and Dickey 1981; Charlock 1982; Kantha and Clayson 1994; Schneider et 
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al. 1996; Brainerd and Gregg 1997; Ohlmann et al. 1998). A 10 W m−2 change in the quantity of solar radiation absorbed 

within a 10-m layer can result in a temperature change of more than 0.6°C month−1. Simpson and Dickey (1981) reported a 
0.5°C change in mixed layer temperature over a 24-h period due to alteration of the solar attenuation coefficient. Such 
sensitivity to radiant heating processes demonstrates the need for upper ocean models that accurately represent the spatial 
and temporal variability in solar radiation transmission.

Variations in solar transmission have been described primarily by Jerlov water type (Jerlov 1976), a subjective integer 
index used to indicate water turbidity, despite the continuous nature of solar attenuation (e.g., Kraus 1972; Paulson and 
Simpson 1977; Zaneveld and Spinrad 1980; Paulson and Simpson 1981; Woods et al. 1984; Simonot and Le Treut 1986). 
Models that rely upon continuous, measurable, physical and biological quantities on which solar transmission depends have 
been developed only recently (e.g., Morel 1988; Morel and Antoine 1994; Ohlmann et al. 1996). These models use the upper 
ocean chlorophyll concentration and, in one case, the cosine of the zenith angle of the in-water light field to describe solar 
attenuation. The models have been built upon existing bio-optical parameterizations because data sets with coincidentally 
measured optical, physical, and biological parameters are limited (cf. Smith and Baker 1978; Morel 1988). 

To further improve ocean radiant heating rate parameterizations, a thorough understanding of relationships between solar 
transmission and the factors that regulate its variations must be developed. Chlorophyll concentration, cloud amount, solar 
zenith angle, and wind speed all influence solar transmission by altering the in-water solar flux divergence and the sea 
surface albedo. The quantity of attenuating materials, generally inferred from chlorophyll a concentration, has been shown to 
be the primary regulator of in-water solar transmission on mixed layer depth scales (Smith and Baker 1978; Siegel and 
Dickey 1987; Morel 1988; Lewis et al. 1990; Siegel et al. 1995;Ohlmann et al. 1998). However, the effect of chlorophyll 
biomass on solar transmission within the upper few meters (where a significant portion of solar energy exists outside the 
visible wavebands) is not well characterized. Clouds play a role in shaping the spectral composition of the incident irradiance 
(Nann and Riordan 1991; Ohlmann et al. 1996; Siegel et al. 1999) and influence the geometry of the incident light field (Liou 
1980). A recent study by Siegel et al. (1999) shows the radiant heating rate for the upper 10 cm of the ocean, normalized by 
the total incident irradiance, can decrease by 50% in the presence of clouds. Solar zenith angle can affect transmission 
through changes in the light field geometry. Dependence of the vertical decay of irradiance on sun angle has been illustrated 
for clear sky conditions using Monte Carlo simulations (Kirk 1984; Gordon 1989). Solar zenith angle and wind forcing of the 
sea surface have been shown to effect in-water radiative transfer through modification of the surface albedo (Payne 1972; 
Simpson and Paulson 1979; Katsaros et al. 1985; Priesendorfer and Mobley 1986). The relationships between solar 
transmission and chlorophyll concentration, cloud index, solar zenith angle, and wind speed must be quantified to determine 
the proper set of parameters for improved solar transmission parameterizations.

The Tropical Ocean Global Atmosphere–Coupled Ocean Atmosphere Response Experiment (TOGA COARE) was 
conducted to improve the understanding of the coupled ocean–atmosphere system in the western equatorial Pacific warm 
water pool (WWP; Webster and Lukas 1992). During TOGA COARE, surface incident radiation and in-water spectral 
irradiance profiles were recorded to directly determine solar transmission at depths beyond 10 m (Siegel et al. 1995). The 
TOGA COARE irradiance measurements show the net solar flux at 10 m ranges from 10% to 40% of the surface incident 

irradiance (Ohlmann et al. 1998). This corresponds to an absolute flux range of 60 W m−2, based on the mean incident 

irradiance for the TOGA COARE period ( 200 W m−2; Weller and Anderson 1996). Solar transmission variations can 
significantly affect the evolution of SST in regions of high insolation and low wind speeds such as the WWP (Wijesekera 
and Gregg 1996;Cronin and McPhaden 1997; Ohlmann et al. 1998). 

Here, modeled profiles of in-water irradiance are used to address variations in solar transmission associated with changes 
in upper-ocean chlorophyll concentration, cloud amount, solar zenith angle, and wind speed. This study complements the 
existing TOGA COARE work by addressing solar transmission within the upper 10 m, and by isolating the roles of the 
individual factors that regulate transmission. This work is necessary to determine solar transmission variations that can exist 
on cool-skin and warm-layer depth scales, and to identify the set of independent variables necessary for proper explanation 
of these variations (e.g., Fairall et al. 1996a,b;Ohlmann et al. 1998). This is a logical next step toward development of 
improved radiant heating parameterizations for use in upper ocean models. A companion paper (Ohlmann and Siegel 2000) 
uses the present results to develop a physically and biologically based solar transmission parameterization that accurately 
resolves the near-surface layer of the ocean and can be used in all conditions and for all locations. 

2. The radiative transfer model  

a. Model description  

The HYDROLIGHT radiative transfer numerical model solves the radiance transfer equation for a plane-parallel 
environment. A complete description of HYDROLIGHT is given in Mobley (1994); only a brief outline of its basic form and 
changes made for the present application are given here. The spectral radiance L(z, θ, , λ) provides a complete 
description of the in-water light field as a function of depth (z), direction (θ, ) and wavelength (λ), and can be used to 
compute net irradiance profiles, En(z), the quantity of interest. HYDROLIGHT computes spectral radiance throughout a 

water body by solving the one-dimensional, source-free radiance transfer equation

 



(Click the equation graphic to enlarge/reduce size)

where c(z, λ) is the beam attenuation coefficient and β(z, θ′,  ′   θ, , λ) is the volume scattering function, which 
describes scattering from direction θ′,  ′ to direction θ, . The radiative transfer equation represents the depth change in 
spectral radiance as a sum of the radiance which is absorbed or scattered out of the path (attenuated), and the radiance 
scattered into the path from other directions. For the purpose of computing radiant heating rates, contributions to the 
radiance by internal sources (such as bioluminescence) and by inelastic scattering can be neglected.

To solve the radiative transfer equation HYDROLIGHT discretizes the set of all directions, , into a finite set of 
quadrilateral regions, or quads, bounded by lines of constant θ and . Here, 24 lines of constant  (0    2π; 15° 
intervals) and 20 lines of constant θ(0  θ  π; 10° intervals with two polar caps) are used. Such a partitioning scheme is 
adequate for resolving changes in solar zenith angle and for the introduction of diffuse light due to clouds. When this 
directional discretization is applied to the radiance equation [Eq. (1)] the fundamental quantity computed by HYDROLIGHT 
becomes the radiance averaged over each quad. Integration over all directions in Eq. (1) becomes a sum over all quads. 
Wavelength is similarly decomposed into finite wavelength bands. Invariant imbedding theory is used to reduce the set of 
equations for the quad- and band-averaged radiance to a set of Riccati differential equations governing transmittance and 
reflectance functions. Solution of these differential equations eventually gives the spectral radiance as a function of depth, 
direction, and wavelength. The net irradiance profile [En(z)], defined as the difference between downwelling and upwelling 

irradiance [En(z) = Ed(z) − Eu(z)], is then computed from spectral radiance using

 

Inputs to HYDROLIGHT are absorption and scattering properties of the water column, which determine c(z, λ) and β(z, 
θ′,  ′   θ, , λ) in Eq. (1) the radiance distribution incident at the sea surface; and the wind speed, from which the sea 
surface roughness is computed. The standard version of HYDROLIGHT, which works from 350 to 700 nm, was modified 
to resolve the solar spectrum from 250 to 2500 nm. This requires the addition of absorption and scattering properties for the 
added ultraviolet and near-infrared wavebands. Total absorption and scattering are determined by summing the absorption 
and scattering coefficients for pure water and for chlorophyll biomass.

Pure-water absorption and scattering values are taken from Smith and Baker (1981) for wavelengths between 250 and 
800 nm. Beyond 800 nm, pure-water absorption is computed from the complex index of refraction for water given by Hale 
and Querry (1973). The pure water absorption spectra is shown in Fig. 1a . Pure-water scattering coefficients in the 

ultraviolet and near-infrared spectral regions are extrapolated from the Smith and Baker values using a λ−4.32 relationship. 
The result is shown in Fig. 1b . 

Particulate absorption in the visible wavelengths is determined from chlorophyll concentration following the 
parameterization of Morel (1991), which takes into consideration absorption due to dissolved substances that presumably 
covary with chlorophyll (Prieur and Sathyndranath 1981; Morel 1991). Particulate and dissolved organic material absorption 
in the ultraviolet is determined by linearly extrapolating the chlorophyll-specific absorption spectra of Prieur and 
Sathyndranath (1981) from 400 down to 250 nm. Only pure-water absorption is considered for wavelengths greater than 
700 nm where dissolved and particulate absorption are of little consequence (Prieur and Sathyndranath 1981; Morel 1991). 
The particulate absorption spectra used by HYDROLIGHT are shown in Fig. 1c  for three different chlorophyll 
concentrations.

Particulate scattering for the visible wavelengths is parameterized from chlorophyll concentration using the Gordon and 

Morel (1983) model. Values are extended to the ultraviolet and near-infrared wavebands with a λ−1 relationship. Figure 1d 
 shows the resulting scattering coefficients for three different chlorophyll concentrations. 

The volume scattering function used by HYDROLIGHT is the sum of the pure-water and particulate volume scattering 

functions. This sum is computed by weighting the pure water phase function ( w) and the particulate phase function ( p) 

by their respective scattering coefficients, or

β = bw w + bp p,(3)

 



where bw and bp represent water and particulate scattering, respectively. The pure-water (Rayleigh-like) scattering phase 

function is from Einstein–Smoluchowski theory (Mobley 1994). An average Petzold (1972) phase function is used to 
characterize scattering by particulates (Mobley et al. 1993). 

HYDROLIGHT is run with 10-nm resolution in the visible spectral region (250–700 nm) and 50-nm resolution in the 700–
2500 nm region. The use of 50-nm resolution for the near-infrared bands results in more than a 50% decrease in computing 
time and less than a 1% change in transmission values compared to simulations performed with complete 10-nm resolution. 

The incident radiance distribution provided to HYDROLIGHT is determined with the Santa Barbara DISORT Atmospheric 
Radiative Transfer (SBDART) model for the 250–2500 nm range (Ricchiazzi et al. 1998). SBDART combines Mie scattering 
code to compute plane-parallel cloud reflectance, low-resolution band models developed for LOWTRAN 7 to compute 
molecular absorption (Pierluissi and Marogoudakis 1986), a standard aerosol model, a Rayleigh scattering component, and 
the discrete ordinates radiative transfer equation solver of Stamnes et al. (1988). Irradiance values from SBDART have been 
found to be in good agreement with surface irradiance measurements (Siegel et al. 1999; Ricchiazzi et al. 1998). Clouds are 
quantified by introducing a cloud index, CI, defined as one minus the ratio of downwelling irradiance to downwelling clear-
sky irradiance at the sea surface (e.g., Gautier et al. 1980; Siegel et al. 1999). A cloud index of 0.20 corresponds to a 20% 
reduction in the incident solar flux from the clear sky value due to clouds. To arrive at the cloud indices used here, the 
optical thickness of the cloud layer at 550 nm (used by SBDART) was determined by trial and error for each combination of 
CI and solar zenith angle.

HYDROLIGHT requires both top and bottom boundary conditions. The Cox and Munk (1954) wave-slope statistics are 
used to simulate a wind-ruffled sea surface via a grid of triangular wave facets. Monte Carlo ray tracing is then used with 
Snell’s law and Fresnel reflectance to compute the radiance transmittance and reflectance characteristics of the sea surface 
as a function of wind speed. These sea surface radiance transfer functions are the foundation of the surface boundary 

condition needed by HYDROLIGHT (Mobley 1994). Simulations of 20 000 photons for each directional quad (9.6 × 106 
photons total) were used to determine the radiance reflectance distribution for a given incident direction as a function of 
wind speed. For the bottom boundary, an infinitely thick homogeneous layer of water with the same optical properties as 
water at the maximum depth of interest is used. The bidirectional radiance reflectance is computed by HYDROLIGHT for 
this layer, and is applied as a bottom boundary condition.

More than 150 HYDROLIGHT simulations are carried out for the upper 20 m with independent variables spanning the 
range of conditions found in open ocean waters. A maximum depth of 20 m is arbitrarily chosen and optical properties are 
considered uniform throughout the layer. Model runs are performed for upper-ocean chlorophyll concentrations (chl) of 

0.03, 0.1, 0.3, 1.0, and 3.0 mg m−3; solar zenith angles (θ) of 0, 15, 30, 45, 60, and 75°; and cloud indices (CI) of 0, 0.2, 

0.4, 0.6, and 0.9. For these 150 simulations the wind speed is set to 2 m s−1. Transmission changes are mostly small 

(<0.01) when the wind speed is increased to 5 and 10 m s−1 for a subset of the above cases. The case of a clear sky, solar 

zenith angle 0°, and chlorophyll concentration 0.03 mg m−3 is characteristic of high incident irradiance, clear ocean 
conditions, and is subsequently referred to as the “base case.”  Variations stated in absolute irradiance terms are based on a 

climatological surface irradiance of 200 W m−2, characteristic of the WWP (Weller and Anderson 1996). 

b. Computation of radiant heating rates  

The average rate at which solar radiation heats an upper ocean layer of thickness z, or radiant heating rate (RHR), is

 

where En(0−) is the total (spectrally integrated) net flux of solar radiation just beneath the sea surface, En(z) is the total 

net solar flux at the base of the layer (depth z), ρ is the density of seawater, and cp is the specific heat of seawater. Values of 

En(0−) and En(z) can be parameterized from the total incident surface flux Ed(0+) through a solar transmission function, Tr

(z), defined as

 

Use of Ed(0+) in the transmission definition is desirable because it is easily measured and can be estimated from remotely 

sensed data (e.g., Gautier et al. 1980; Bishop and Rossow 1991; Weller and Anderson 1996). This definition contains effects 
of the air–sea interface, or sea surface albedo (α), defined as the ratio of upwelling to downwelling irradiance just above the 
sea surface. Using the definition of the net irradiance, En(z) = Ed(z) − Eu(z), and conservation of energy across the 

interface, En(0+) = En(0−), the sea surface albedo can be written as



 

All irradiance terms in Eqs. (4)–(6) are available from modeling results. Surface albedo relates to transmission as

α = 1 − Tr(0−).(7)

 

Both solar transmission and sea surface albedo have pronounced spectral signatures. Definitions for spectral transmission 
and albedo follow those of Eqs. (5)–(7) with the addition of wavelength (λ) dependence. Specifically, spectral transmission 
is defined as

 

and spectral albedo follows as

α(λ) = 1 − Tr(0−, λ).(9)

 

It is important to recognize that a transmission change for the deep-penetrating visible wavebands has different effects on 
radiant heating rates than a similar transmission change for the near-infrared wavebands, which are completely attenuated in 
the upper few meters (Ohlmann et al. 1996). Similarly, an albedo increase for visible wavebands will give a greater reduction 
in total irradiance just beneath the sea surface than a corresponding albedo increase in the near-infrared spectral region 
because visible wavebands contain more energy. Total albedo is not simply the integral of spectral albedo, but rather depends 
on the shape of the incident irradiance spectrum. The relationship between spectral and total albedo is expressed as

 

Spectral values must be addressed for a complete understanding of radiant heating rate variations.

3. Results  

The complete set of HYDROLIGHT simulated profiles (n = 150) illustrates the expected range of solar transmission as a 
function of depth (Fig. 2 ). Transmission values at 1 cm and 5 m for a subset of the cases considered are given in Table 
1 . As seen in Fig. 2 , solar transmission at 1 cm ranges from 0.69 for the high chl, high θ, low CI case, to 0.90 for 

the low chl, low θ, high CI case. The 0.21 transmission difference corresponds to a variation in net solar flux of 42 W m−2 

(assuming a daily mean surface irradiance of 200 W m−2). Similarly, solar transmission at 5-m ranges from 0.10 to 0.37, 

corresponding to an absolute solar flux difference of 54 W m−2. Contributions of chlorophyll concentration, cloud amount, 
solar zenith angle, and wind speed to these transmission variations are discussed below.

a. The chlorophyll concentration influence  

Changes in solar transmission, Tr(z), from the base case (chl = 0.03 mg m−3, θ = 0°, CI = 0) associated with chlorophyll 

perturbations (chl = 0.1, 0.3, 1.0 and 3.0 mg m−3) are shown in Fig. 3 . A tenfold increase in chlorophyll concentration 
results in less than a 0.01 change in solar transmission for the upper meter, which corresponds to a solar flux difference of 

only 2 W m−2 (for a climatological surface irradiance of 200 W m−2). This same increase in chlorophyll concentration is 

responsible for a decrease in solar transmission of more than 0.05 (10 W m−2) at depths beyond 10 m. A chlorophyll 

increase to 3.0 mg m−3 results in solar transmission decreases of less than 0.01 within the upper 10 cm and more than 0.15 

(30 W m−2) near 10 m. The transmission changes with elevated chlorophyll concentration are due primarily to increased 
attenuation in the visible wavebands and slightly to increased surface albedo through backscattering.

Transmission spectra at 1 and 10 m for the various chlorophyll concentrations illustrate how the influence of chlorophyll 
on transmission is confined to the visible spectral region and how the chlorophyll influence becomes increasingly 
pronounced with depth (Fig. 4 ). Beyond 700 nm, chlorophyll has little effect on solar transmission. The solar 
spectrum narrows with depth, becoming increasingly peaked in the blue-green wavebands, as the longer wavelengths are 
completely attenuated within the upper meter. With a greater portion of the irradiance in the visible spectral region where 
attenuation is a function of chlorophyll biomass, the chlorophyll influence on solar transmission is more evident.

Spectral values of sea surface albedo computed with HYDROLIGHT for the different chlorophyll cases are shown in Fig. 
5 . Spectral albedo peaks above 0.06 near 400 nm for all chlorophyll cases considered. The reduction in albedo with 
increased chlorophyll between 400 and 450 nm is due to the chlorophyll absorption peak at 440 nm. The greatest change in 
spectral albedo (more than 30%) with chlorophyll lies between 500 and 600 nm, a region where scattering by phytoplankton 



is active (Mobley 1994). Spectral albedo beyond 750 nm does not change with chlorophyll concentration. Overall, the 

hundredfold chlorophyll increase causes only a 0.003 increase in total albedo, corresponding to an <1 W m−2 decrease in 
energy available for upper ocean heating (Table 1 ; Fig. 3 ). Changes in available energy are in the visible wavebands, 
which have relatively small impacts on radiant heating rates because visible energy is distributed over large depths.

In summary, upper-ocean chlorophyll concentration plays a significant role in the regulation of solar transmission and 
radiant heating rates on mixed-layer depth scales (cf. Lewis et al. 1990; Morel and Antoine 1994;Siegel et al. 1995; Ohlmann 
et al. 1996, 1998). However, variations in chlorophyll concentration are of little importance when addressing radiant heating 
in the upper meter because a significant amount of the total energy exists beyond the chlorophyll sensitive wavebands. 
Chlorophyll effects on sea surface albedo are small and occur only within visible wavebands.

b. The cloud influence  

The primary role of clouds is to reduce the amount of solar radiation reaching the sea surface (Fig. 6a ). However, 
reductions in radiant heating rates are not simply proportional to reductions in the incident irradiance by clouds. This is due 
to the influence of clouds on the geometry and spectral composition of the incident irradiance. Figure 6b  shows 
differences in incident spectral irradiance, normalized to the total incident irradiance, between the base and cloudy sky cases, 
relative to the base case. These values are computed by first normalizing the incident spectral irradiance for each of the 
cloud index cases by their respective total (spectrally integrated) fluxes. Differences in flux normalized spectral values from 
the clear sky base case are then calculated. Finally, these differences are normalized by base case values to give changes in 
flux normalized spectral values relative to those for a clear sky. Negative (positive) differences indicate an increase 
(decrease) in spectral irradiance (normalized to the broadband flux) due to clouds. An increase in the portion of the surface 
irradiance that exists in the deep penetrating visible spectral region and a corresponding decrease in near-infrared energy 
occurs with clouds. The spectral irradiance near 410 nm can increase by more than 50% (relative to the broadband 
irradiance) with clouds (Fig. 6b ). For the clear sky case, 65% of the total incident solar flux exists in the 250 to 800 nm 
spectral region. This value increases to 70% and 83% for the 0.40 and 0.90 cloud index cases, respectively. The spectral 
shift is due primarily to a decrease in the contribution of Rayleigh scattering, relative to total attenuation, with clouds. 

Solar transmission variations associated with perturbations in cloud amount (cloud index = 0.2, 0.4, 0.6, 0.9) are shown 
in Fig. 7 . Transmission generally increases with cloud index as a greater portion of the incident irradiance exists in the 
deep-penetrating blue-green wavebands making Tr(clear) − Tr(cloud) differences negative. The total solar transmission 
difference between the clear sky and CI = 0.2 cases is negligible (<0.005) beyond millimeter depth scales. For cloud indices 
of 0.6 and 0.9, solar transmission differences from the base case nearly reach 0.05 and 0.14 respectively at 10 cm, 

corresponding to absolute solar flux differences of 10 and 28 W m−2 (incident irradiance of 200 W m−2). Transmission 
values at 1 cm and 5 m for various cloud index cases are given in Table 1 . The changes in transmission with clouds are 
primarily manifest through alteration in spectral composition of the incident irradiance.

Changes in transmission and in the total incident irradiance must both be considered for quantification of instantaneous 
radiant heating variations with clouds. Figure 8  illustrates contours of radiant heating rate differences from the clear sky 
case normalized by the clear sky radiant heating rate as a function of cloud index and depth, or [RHRclear − 

RHRcloud]/RHRclear. If the role of clouds were solely to reduce the incident irradiance, with no spectral or geometrical 

influences, cloud index would correspond to reductions in the incident irradiance and radiant heating rates. In this case 
contour lines in Fig. 8  would be vertical (following lines of constant cloud index). However, spectral and geometrical 
variations in the light field which accompany clouds make for radiant heating rate reductions which are greater than 
reductions in the incident irradiance (Fig. 8 ). For a cloud index of 0.4 (a 40% reduction in the total incident solar flux 
due to clouds), the radiant heating rate decrease for the upper 1 cm is nearly 53%, and the decrease in the upper 10 cm is 
greater than 47%.

The influence of clouds on the geometry of the light field is evidenced in transmission primarily through changes in the 
sea surface albedo. For small solar zenith angles, the addition of diffuse light with clouds increases the effective solar zenith 

angle resulting in increased albedo [decreased Tr(0−); Eq. (7)] and a transmission decrease on millimeter depth scales (Fig. 7 
). For large solar zenith angles the opposite is true; the addition of diffuse light with increased cloud will decrease the 

effective solar zenith angle, resulting in an albedo decrease and a corresponding transmission increase on millimeter scales 
(figure not shown). Total sea-surface albedo values for various cloud indices and solar zenith angles are given in Table 1 . 
Albedo is at a minimum (0.033) for the clear sky low solar zenith angle case and increases to 0.060 for the high cloud index 
low solar zenith angle case. When solar zenith angle is held constant at 75°, albedo decreases from 0.141 for the clear sky 

case to 0.060 for the CI = 0.9 case. An albedo decrease of 0.08 results in a 16 W m−2 increase in energy available for ocean 
radiant heating. Once the light field becomes sufficiently diffuse (CI  0.40), albedo remains relatively constant ( 0.060) 
regardless of solar zenith angle (e.g., Payne 1972; Katsaros et al. 1985). Changes in spectral sea-surface albedo with cloud 
amount are greater in the red and near-infrared wavebands than in the visible spectral region (Fig. 9 ). Spectral albedo for 
the base case increases with wavelength to a maximum of 0.06 near 400 nm, and mostly fluctuates between 0.02 and 0.03 
at wavelengths above 600 nm. Local minima in the near-infrared region are at wavebands where water vapor absorption is 
large (Liou 1980). Changes in total albedo with clouds come from a combination of changes in spectral albedo values and 
changes in spectral composition of the incident irradiance [Eq. (10)]. Overall, the influence of clouds on surface albedo is 
small except at the largest solar zenith angles (Table 1 ). 

In summary, clouds reduce the amount of solar energy incident at the sea surface, thereby reducing total ocean radiant 



heating. Clouds also influence total solar transmission by preferentially attenuating in the longer wavebands, altering the 
spectral composition of the incident irradiance and changing the structure of the incident radiance distribution. Certainly the 
net reduction in incident flux is the primary process regulating ocean radiant heating. However, changes in the incident 
radiance distribution can cause an albedo decrease of nearly 0.08 and a corresponding transmission change just beneath the 
sea surface. With more energy in the deep-penetrating visible wavebands (relative to total irradiance) under cloudy skies, the 
difference between reduction in surface irradiance and reduction in radiant heating rate for the top 10 cm of the ocean can 

exceed 10% (absolute flux 20 W m−2). 

c. The solar zenith angle influence  

The role of solar zenith angle on transmission is similar to that of clouds, but smaller in magnitude. The primary effect of 
θ on upper-ocean radiant heating is alteration of the atmospheric path length, which regulates the total surface irradiance. In 
addition, changes in θ give rise to variations in the geometry of the radiance distribution and a slight recoloring of the 
incident spectrum. Differences in total solar transmission from the base case due to solar zenith angle perturbations are 
shown in Fig. 10 . Transmission variations are small for small changes in θ but can be significant for large changes in θ. 
An increase in θ from 0° to 30° results in a reduction in solar transmission of less than 0.01 over the entire depth range. A 

60° increase in θ gives a transmission decrease near 0.05 within the upper meter, corresponding to a 10 W m−2 decrease in 
the solar irradiance. Transmission differences associated with changes in θ are due primarily to sea surface albedo. This is 
illustrated by the curves in Fig. 10  that are nearly vertical in the near-surface and by albedo and transmission values given 
in Table 1  that show similar changes with θ increases. 

To quantify effects of solar zenith angle on ocean radiant heating, changes in solar transmission and in the incident 
irradiance must be considered. Reductions in ocean radiant heating rates and the surface irradiance would be equivalent if 
changes in solar zenith angle simply altered the incident irradiance through path length. However, geometrical and spectral 
variations in the incident irradiance that accompany changes in the solar zenith angle cause radiant heating rate reductions 
which are slightly less than the corresponding reduction in incident irradiance. For example, an increases in θ from 0° to 60° 
(clear sky) results in a 57% decreases in the incident irradiance, but only a 54% decrease in the radiant heating rate for the 
top 1 mm. Differences between surface irradiance and radiant heating rate reductions for layers deeper than 1 cm are mostly 
negligible (<1%). Compared with cloud index, solar zenith angle plays a very small role in altering radiant heating rates 
relative to the surface irradiance.

Changes in spectral composition of the incident irradiance with solar zenith angle do exist (Fig. 11 ) but are negligible 
relative to spectral changes due to clouds (Fig. 6b ). There is an effective transfer of energy from the near-ultraviolet 
wavebands primarily into the red and near-infrared wavebands <1750 nm as path length, and thus Rayleigh scattering, is 
increased. However, the fraction of the surface irradiance which exists in the 300 to 750 nm spectral range decreases only 
slightly, from 58.0% to 57.4%, when θ is increased from 0° to 75°. Spectral albedo for the various solar zenith angle cases 
is shown in Fig. 12 . Values increase as 1/cosθ as is expected for a direct collimated light beam. Differences in spectral 
albedo are slightly greater in the red and near-infrared wavebands than in the visible. This decreases the amount of energy 
available to heat the upper few centimeters of the ocean relative to the total heat input and offsets the slight spectral 
enhancement of the near-infrared region. The effect of θ on spectral albedo shows a similar spectral shape, but is 
significantly less, when clouds are considered (see below). Differences in spectral transmission between the base case and 
perturbed θ cases remain relatively constant with depth suggesting effects of θ on transmission are conveyed almost entirely 
through surface albedo.

In summary, solar zenith angle variations largely influence the total surface irradiance, and thus upper ocean radiant 
heating rates, for clear sky conditions. Changes in the surface irradiance with θ are accompanied by variations in the 
radiance distribution and in spectral composition. Surface albedo, a function of radiance geometry, is the primary process in 
altering solar transmission with θ changes. Total albedo increases by 0.05 when solar zenith angle is increased from 0° to 

60° for a clear sky, corresponding to a 10 W m−2 reduction in the amount of available energy for ocean radiant heating 

(based on a 200 W m−2 surface irradiance). Radiant heating rate variations (normalized by the incident irradiance) due to 
changes in solar zenith angle are greatest within the top few millimeters under clear skies, but are small overall.

d. The wind speed influence  

Wind speed can influence solar transmission by changing sea surface slope statistics and thus surface albedo (Cox and 

Munk 1954). However, when wind speed is increased from 2 to 10 m s−1 for the clear sky, small θ, base case (chl = 0.03 

mg m−3, θ = 0°, CI = 0), transmission (albedo) changes are negligible (<0.007; Fig. 13 ; solid line). Surface albedo 
studies by Payne (1972) and Katsaros et al. (1985) indicate the role of wind speed may be more pronounced for large solar 
zenith angle values. This is considered below.

4. Discussion  

a. Covarying factors  

The results presented above consider variations in solar transmission from the base case (chl = 0.03 mg m−3, θ = 0°, CI 
= 0) for perturbations in a single independent variable. In this section, effects of wind speed on solar transmission are 



considered for varying cloud amount and solar zenith angle cases, and transmission changes are assessed for competing 
effects of chlorophyll concentration, cloud amount, and solar zenith angle. Differences in solar transmission for various CI 

and θ combinations at wind speeds of 2 and 10 m s−1 are shown in Fig. 13 . The only time wind speed has a pronounced 
effect on solar transmission is for clear sky, large solar zenith angle (θ  75°) cases. An increase in wind speed from 2 to 

10 m s−1 for the clear sky, 75° θ case gives a maximum transmission increase of 0.03 (6 W m−2) as the surface albedo is 
reduced through changes in the angle between incident photons and wave facets. The largest variations in solar transmission 
caused by wind speed are still small compared to transmission variations associated with chlorophyll concentration, cloud 
amount, and solar zenith angle changes. The sensitivity to wind speed examined here does not consider the role of gravity 
waves or whitecapping.

Differences in solar transmission from the base case associated with combined changes in chlorophyll concentration, 
solar zenith angle, and cloud amount are illustrated in Fig. 14 . As expected, chlorophyll concentrations have little 
influence on solar transmission within the uppermost 1 m regardless of solar angle and clouds. Beneath 1 m effects of 
chlorophyll concentration on solar transmission are significant. Chlorophyll concentration effects are reduced by solar zenith 
angle increases and enhanced by clouds (Fig. 14a ). The enhanced effect of chlorophyll under cloudy skies is due to the 
role of clouds in shaping the incident irradiance spectrum. As energy in the visible wavebands (relative to the total irradiance) 
increases with clouds, total solar transmission beyond 1 m decreases because there is more energy in the wavebands 

attenuated by chlorophyll. The solar transmission difference between the chl = 0.03 and chl = 3.0 mg m−3 cases can be as 

much as 0.05 (10 W m−2) greater under completely overcast skies. The reduced effect of chlorophyll concentration on solar 
transmission with increased solar zenith angle occurs only for clear skies, is due to surface albedo, and is small. An increase 
in surface albedo gives a slight reduction in visible energy (relative to the total irradiance), thus damping the effect of 
chlorophyll effects.

Changes in solar zenith angle have little influence on solar transmission under cloudy skies. This follows from the role of 
clouds in generating diffuse light that reduces effects of solar zenith angle. While an increase in solar zenith angle from 0° to 
60° under clear skies gives a transmission decrease exceeding 0.05 (Fig. 10 ), a corresponding zenith angle change under 
cloudy skies results in a transmission decrease of less than 0.02 (Fig. 14b ). In contrast, changes in solar transmission 
associated with cloud amount perturbations are enhanced with increased solar zenith angle (Fig. 14c ). Cloud effects on 
spectral composition of the incident irradiance (relative to the total incident irradiance) are amplified by increased 
atmospheric path length. The transmission difference between the clear sky and CI = 0.6 cases increases from <0.05 for the 
0° θ case (Fig. 7 ) to nearly .012 for the 75° θ case (Fig. 14c ). This transmission change of 0.07 corresponds to an 

absolute solar flux of 14 W m−2. While the sensitivity of solar transmission to changes in solar zenith angle is significant 
only under clear skies, cloud effects on solar transmission are significant for the entire range of solar zenith angles and 
increase with zenith angle.

The chlorophyll concentration, cloud amount, solar zenith angle, and wind speed influences on solar transmission along 
with their interdependencies are summarized in Table 2 . Chlorophyll concentration and cloud amount have the largest 
overall influence on solar transmission. Chlorophyll acts to reduce solar transmission at depths beyond 1 m. In contrast, 
clouds primarily enhance solar transmission in the millimeter to 10-m depth range. The cloud influence increases slightly 
with solar zenith angle and the chlorophyll concentration influence increases slightly with cloud amount. Solar zenith angle 
can also have first-order effects on solar transmission, but only during clear sky periods. Solar zenith angle influences 
transmission primarily through changes in sea surface albedo. Under cloudy skies solar zenith angle changes have reduced 
effects on the geometric structure of the incident light field, and thus have little influence on solar transmission. The effects 
of wind speed on solar transmission are greatest during clear sky, large solar zenith angle periods, but are small overall. 

b. Sea surface albedo  

Sea surface albedo values have been parameterized from field data as a function of atmospheric transmittance (defined as 
the ratio of downward irradiance incident at the sea surface to irradiance at the top of the atmosphere) and solar zenith angle 
(Payne 1972). The table of albedo values presented by Payne allows direct comparison between the simulated albedo values 
given here and observationally based albedo values. Linear regression analysis between the complete set of simulated albedo 
values and corresponding values from Payne’s (1972) study shows significant agreement, with simulated values 
underestimating (overestimating) Payne’s values when albedo is large (small; Fig. 15 ). Values agree to within 10% for 

more than two-thirds of the cases examined, corresponding to an absolute solar flux difference less than 2 W m−2 (for a 

climatological surface irradiance of 200 W m−2 and albedo values <0.10). The largest albedo differences occur for the 0° θ, 
0.2 CI cases for which model results overestimate Payne’s albedo values by just less than 30%. In the absence of near-
surface transmission data, comparison of modeled albedo values with Payne’s (1972) observationally based values provides 
the best possible way of validating the model results used here.

The definition of solar transmission used here relates the net irradiance at depth to the downwelling irradiance incident at 
the sea surface and is convenient because it allows En(z), the value of interest, to be directly related to an accurately 

measurable parameter [Ed(0+)]. When transmission is defined in this manner, sea surface albedo is implicitly included, but 

can easily be isolated [Eq. (7)]. Chlorophyll concentration, cloud amount, solar zenith angle, and wind speed all influence 
surface albedo. However, the importance of these parameters is substantially different than for transmission beyond the top 
millimeter (Table 2 ). Solar zenith angle has the greatest influence on surface albedo, but only for clear sky conditions. A 

solar zenith angle increase from 0° to 75° under clear skies results in a surface albedo rise of more than 0.1 (20 W m−2; Fig. 



10 ). This same increase in θ gives a surface albedo change of less than 0.01 for a cloudy sky (CI > 0.4; Fig. 14b ). 

Cloud index can also have a first-order influence on surface albedo, but only for large solar zenith angles. When the solar 
zenith angle is 75° and cloud index is increased from the clear sky case to 0.6, surface albedo decreases by more than 0.08 

(16 W m−2; Fig. 14c ). This same increase in cloud index gives an albedo rise of 0.025 when θ is 0° (Fig. 7 ). Wind 
speed effects on surface albedo are greatest during clear sky, large solar zenith angle periods but are still small compared 

with cloud index and solar zenith angle influences. When wind speed is increased from 2 to 10 m s−1 (clear sky, θ = 75°) 

albedo decreases by nearly 0.03 (6 W m−2; Fig. 13 ). This same wind speed increase gives an albedo change of less than 
0.01 when θ  60° or when CI is increased beyond 0.2. Although a change in upper-ocean chlorophyll concentration alters 
the amount of solar radiation that is scattered back to the atmosphere from beneath the sea surface, the influence of 

chlorophyll concentration on surface albedo is nearly negligible. A chlorophyll increase from 0.03 to 3.0 mg m−3 results in 

an albedo increases that are less than 0.005 (1 W m−2;Fig. 3 ). 

5. Conclusions  

Radiative transfer modeling results demonstrate that in-water solar fluxes can vary by as much as 40 W m−2 at depth 

within the upper few meters of the ocean (based on an incident irradiance of 200 W m−2). Such variations in solar 
transmission are due primarily to upper-ocean chlorophyll concentration and cloud amount. Solar zenith angle and wind 
speed have a second-order influence on solar transmission. However, solar zenith angle effects can be significant during 
clear sky periods. Chlorophyll concentration affects the attenuation of solar radiation within the visible spectral wavebands 
and thus has little influence on solar transmission within the top meter where near-infrared energy is substantial. Clouds alter 
the radiance distribution through the direct to diffuse light ratio and the spectral shape of the incident irradiance relative to 
the total irradiance. Clouds increase solar transmission in the upper few meters by causing a relatively greater portion of the 
incident solar energy to exist in the deep-penetrating visible wavebands. Solar zenith angle and wind speed both influence 
solar transmission through sea surface albedo. Thus the effects of solar zenith angle and wind speed on transmission are 
greatest just beneath the sea surface and decrease with depth.

Solar transmission has been defined here as the ratio of the net solar flux at depth to the total downwelling solar flux 
incident at the sea surface [Eq. (5)] so that the role of sea surface albedo is included. This definition is convenient because it 

enables determination of En(z) from Ed(0+), a readily available parameter that can be directly measured with a high degree of 

accuracy or parameterized from remotely sensed cloud data. Improved parameterizations of sea surface albedo will 
necessarily emerge with future solar transmission parameterizations that must rely upon upper ocean chlorophyll 
concentration, cloud amount and solar zenith angle. A companion paper (Ohlmann and Siegel 2000) uses the simulated 
profiles and results presented here to develop an all-condition empirical parameterization, which defines solar transmission in 
terms of upper ocean chlorophyll concentration and cloud index for cloudy sky periods, and chlorophyll and solar zenith 
angle for clear sky periods. Incorporating such a physically and biologically based solar transmission parameterization into 
upper ocean models will ultimately reduce uncertainties in SST prediction, especially for high illumination, low wind speed 
conditions.
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Tables  

Table 1. Independent parameter values and solar transmission results for a subset of the modeled irradiance profiles. Sea 
surface albedo is given as total albedo, albedo for the visible spectral region (300–700 nm), and albedo for the near-infrared 
spectral region (700–2500 nm). 
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Table 2. Summary of chlorophyll concentration (chl), cloud index (CI), solar zenith angle (θ), and wind speed (WS) influences 
on solar transmission. Implications are indicated by the depth scale where “En (mixed layer base)”  indicates penetration through 

the mixed layer (z  10 m), “warm layer”  indicates a warm-layer correction (z  1 m), and “cool skin”  denotes a cool-skin 
correction (z < 1 mm). 
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Figures  
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Fig. 1. Spectral absorption and scattering values used by HYDROLIGHT: (a) pure water absorption; (b) pure water scattering; 

(c) particulate absorption for chlorophyll values of 0.03, 0.3, and 3.0 mg m−3; and (d) particulate scattering for 0.03, 0.3, and 3.0 mg 

m−3 chlorophyll. 
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Fig. 2. (a) Total (spectrally integrated) solar transmission profiles for the HYDROLIGHT model runs considered here (chl = 0.03, 

0.1, 0.3, 1.0, 3.0 mg m−3; θ = 0°, 15°, 30°, 45°, 60°, 75°; CI = 0, 0.2, 0.4, 0.6, 0.9; ws = 2 m s−1). (b) The range in transmission values 
covered by the set of profiles shown in (a). The range is also given in watts per square meter, based on a climatological surface 

irradiance of 200 W m−2. 
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Fig. 3. Solar transmission differences between the base case (chl = 0.03 mg m−3, θ = 0°, CI = 0) and cases of increased 

chlorophyll concentration (chl = 0.1, 0.3, 1.0, 3.0 mg m−3). 
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Fig. 4. Spectral transmission values for chlorophyll concentrations of 0.03, 0.1, 0.3, 1.0, and 3.0 mg m−3 at 1 (solid lines) and 10 
(dashed lines) meters. Curves illustrate bandwidth narrowing with depth and the increased importance of chlorophyll on 
transmission at deeper depths.
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Fig. 5. Spectral albedo for the various chlorophyll concentration cases (chl = 0.03, 0.1, 0.3, 1.0, 3.0 mg m−3) with θ = 0° and CI =
0. 
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Fig. 6. (a) Irradiance spectra incident at the sea surface for the various cloud index cases (CI = clear sky, 0.2, 0.4, 0.6, 0.9) with 

chl = 0.03 mg m−3 and θ = 0°. (b) Relative differences in spectral composition (spectral irradiance normalized to the total incident 
irradiance) between the clear sky base case and cases of varying cloud indices (CI = 0.2, 0.4, 0.6, 0.9). Cloud index increases are 
accompanied by a shift in energy from the near-infrared to shorter wavelengths relative to the total irradiance. Values <0 indicate 
an increase in energy from the base case.
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Fig. 7. Solar transmission differences between the base case (chl = 0.03 mg m−3, θ = 0°, CI = 0) and cases of increased cloud 
amount (CI = 0.2, 0.4, 0.6, 0.9). Values <0 indicate an increase in solar transmission from the base case.
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Fig. 8. Contours of radiant heating rate decreases as a function of cloud index and depth relative to clear sky heating rates. 
Decreases in radiant heating rates with clouds are greater than corresponding decreases in the incident surface irradiance 
(quantified by the cloud index).
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Fig. 9. Spectral albedo for the various cloud index cases (CI = clear sky, 0.2, 0.4, 0.6, 0.9) with chl = 0.03 mg m−3 and θ = 0°.
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Fig. 10. Solar transmission differences between the base case (chl = 0.03 mg m−3, θ = 0°, CI = 0) and cases of increased solar 
zenith angle (θ = 15°, 30°, 45°, 60°, 75°). 
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Fig. 11. Relative differences in spectral composition (spectral irradiance normalized to the incident irradiance) between the 0° 
solar zenith angle base case and cases of varying θ (θ = 15°, 30°, 45°, 60°, 75°). Solar zenith angle increases are accompanied by a 
small shift in energy into the green and red wavebands relative to the total irradiance. Values <0 indicate an increase in energy 
from the base case.
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Fig. 12. Spectral albedo for the various solar zenith angle cases (θ = 0°, 15°, 30°, 45°, 60°, 75°, 90°) with chl = 0.03 mg m−3 and CI 
= 0.
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Fig. 13. Solar transmission differences between wind speed cases (2 and 10 m s−1) for various combinations of θ and CI (θ = 0°, 

CI = 0, θ = 60°, CI = 0; θ = 75°, CI = 0; θ = 0°, CI = 0.4; θ = 75°, CI = 0.4). In all instances chl = 0.03 mg m−3. Values <0 indicate an 
increase in transmission from the base case. Variations in wind speed significantly influence transmission only during periods 
when the sky is clear and solar zenith angle is large.
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Fig. 14. Solar transmission differences from the base case (chl = 0.03 mg m−3, θ = 0°, CI = 0 (a) for increased chl and various CI 
and θ values, (b) for increased θ and various CI, and (c) for increased CI and various θ. Values <0 indicate an increase in 
transmission from the base case. Values of chl, CI, and θ for each curve are indicated only if different from the base case. 
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Fig. 15. Sea surface albedo from radiative transfer model runs compared with parameterized values from Payne (1972; n = 150, r2 
= 0.94, rms error = 0.006).
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